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Streszczenie
Niniejsza praca bada wzorce hybrydyzacji w obrgbie gatunkow z rodzaju Canis,

obejmujac wolno-zyjace psy (Canis lupus familiaris), wilki szare (Canis lupus) oraz
szakale ztociste (Canis aureus) na obszarze Eurazji. W oparciu o dane obejmujace
polimorfizmy pojedynczych nukleotydow w skali calego genomu zbadano czynniki
ekologiczne 1 ewolucyjne ksztaltujace wzorce hybrydyzacji pomigdzy tymi gatunkami.
Cho¢ hybrydyzacja pomigdzy psami domowymi a wilkami byta juz wcze$niej badana,
wiaczenie do analiz szakala ztocistego pozwala uzyskaé nowe informacje na temat
wptywu odleglosci ewolucyjnej miedzy krzyzujacymi si¢ gatunkami na czgstosé
hybrydyzacji i introgres;ji.

Niniejsza praca przedstawia kompleksowa analiz¢ hybrydyzacji w obrgbie rodzaju
Canis, majaca na celu glebsze zrozumienie, w jaki sposob hybrydyzacja dziata nie tylko
jako zrédto przeptywu gendéw migdzy gatunkami, lecz takze jako mechanizm lokalnej
adaptacji 1 zmian ewolucyjnych. W tym celu praca realizuje pie¢ gldownych zadan: (1)
zbadanie mozliwych konsekwencji hybrydyzacji i jej wptywu na gatunki rodzicielskie,
(2) znalezienie najlepszego sposobu szacowania proporcji wariantow pochodzacych z
hybrydyzacji u wilkdw, szakali i wolno-zyjacych pséw, (3) oszacowanie czestosci
hybrydyzacji migdzy badanymi taksonami przy uzyciu wybranej metody, (4) ocena roli
hybrydyzacji w adaptacji gatunkow poprzez identyfikacje fragmentow chromosomow
podlegajacych introgresji adaptacyjnej 1 analize funkcji genow w nich zawartych, (5)
zbadanie wptywu zmiennych $rodowiskowych na proporcje wariantow pochodzacych z
hybrydyzacji oraz czgsto$¢ introgresji adaptacyjnej w populacjach psowatych. Cele te
zostaly zrealizowane w czterech rozdziatach pracy.

Rozdziat 1 przedstawia systematyczny przeglad literatury dotyczacej skutkow
hybrydyzacji w réznych rzedach i1 rodzinach ssakow. Nasze wyniki pokazuja, zZe
negatywne konsekwencje hybrydyzacji, takie jak wypieranie rodzimego genotypu
(wystepujace w 21% analizowanych prac) czy introgresja alleli pochodzacych od
zwierzat udomowionych (18%), s3 opisywane w literaturze znacznie czesciej niz
pozytywne skutki, takie jak nabycie nowej, adaptacyjnej zmiennosci genetycznej (8%).
Przewaga negatywnych skutkdéw w literaturze moze wynika¢ z faktu, ze wiele badan
opiera si¢ na neutralnych markerach genetycznych, ktore maja ograniczong zdolnos¢ do
wykrywania bardziej ztozonych proceséw, takich jak introgresja adaptacyjna czy

specjacja hybrydowa. Z tego wzgledu potaczenie analiz loci neutralnych i markerow

ii



zlokalizowanych w regionach kodujacych moze zapewni¢ petniejszy 1 bardziej
zrownowazony obraz zjawiska hybrydyzacji, uwzgledniajacy zarowno jego negatywne
skutki, jak i1 korzysci adaptacyjne oraz czynniki determinujace te efekty.

Rozdzial 2 realizuje drugie zadanie poprzez ocen¢ metod rekonstrukcji pochodzenia
osobnikéw na poziomie globalnym (tzn. w catych genomach) i lokalnym (w obrebie
chromosomow) w kontek$cie analizy introgresywnej hybrydyzacji pomiedzy trzema
gatunkami psowatych, w oparciu o polimorfizmy pojedynczych nukleotydow w skali
calego genomu. Wyniki pokazuja, ze metody analizy hybrydyzacji na poziomie
globalnym (np. PCA, ADMIXTURE) zwykle zawyzaja poziom hybrydyzacji w
porownaniu z metodami lokalnymi (np. LAMP-LD, ELAI, Ghap). Roznice te moga
wynika¢ z odmiennych zatozen metodologicznych, réznic w rodzaju analizowanych
danych genetycznych oraz podej$cia do brakujacych danych. Zidentyfikowano dwa
gléwne czynniki — niskg jako$¢ genotypow 1 genetyczng strukturg populacji — ktére moga
zwigksza¢ niepewno$¢ 1 zmienno$¢ wynikow miedzy metodami. Wykazano, ze metody
globalne, takie jak ADMIXTURE, sa bardziej podatne na te zaktocenia. Dlatego
zalecamy laczne stosowanie metod lokalnych i globalnych, przy czym wynikom lokalnej
analizy pochodzenia powinno si¢ dawa¢ priorytet w celu precyzyjnego oszacowania
poziomu introgresji.

Rozdziat 3 odnosi si¢ do trzeciego i1 czwartego zadania, badajac konsekwencje
ewolucyjne hybrydyzacji u psowatych. Bazujac na ustaleniach metodologicznych z
poprzedniego rozdzialu oraz wysokiej skuteczno$ci metody ELAI w szacowaniu
proporcji mieszanego pochodzenia osobnikow, oszacowano poziomy introgresji migdzy
gatunkami. Wyniki wykazaly, ze hybrydyzacja w obrebie rodzaju Canis jest
powszechnym zjawiskiem na wielu obszarach ich wystgpowania. Szczeg6lnie wysoka
czgstos¢ hybrydyzacji stwierdzono na Batkanach, w Indiach, na Kaukazie oraz w
potnocno-wschodniej Europie — co moze by¢ zwigzane ze znacznymi zaburzeniami
antropogenicznymi, duza liczebnos$cig wolno-zyjacych psow oraz ekspansjg zasiegu
szakala zlocistego. ZaobserwowaliSmy takze wplyw odlegtosci ewolucyjnej migdzy
gatunkami na czestos¢ introgresji —udziat wariantow pochodzacych z introgresji od psow
byl wiekszy u wilkow niz u szakali (6,4% vs. 1,2%). Konsekwencje ewolucyjne
hybrydyzacji wskazuja, ze zar6wno dzikie psowate, jak 1 psy wolno zyjace moga odnosic¢
korzys$ci z tego procesu. Introgresja adaptacyjna moze umozliwia¢ dzikim gatunkom
nabywanie od psoéw alleli zwigkszajacych przystosowanie, m.in. takich, ktore

wzmacniaja uktad odporno$ciowy. Moze to zwigksza¢ odporno$¢ na nowe patogeny,
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szczegbdlnie w srodowiskach, gdzie kontakt miedzy dzikimi psowatymi a psami jest
czgsty, a patogeny dynamicznie si¢ zmieniajg. Z kolei wolno-zyjace psy nabywajg wiecej
korzystnych wariantow genetycznych od wilkow, co moze wptywaé na ich cechy
morfologiczne, behawioralne i fizjologiczne. Obok sygnatow pozytywnej selekcji,
stwierdzono réwniez S$lady selekcji negatywnej w blokach chromosomowych o
obnizonym poziomie introgresji u pséOw 1 szakali. Wskazuje to, ze niektoére warianty
genetyczne moga by¢ dla nich szkodliwe, ale sa skutecznie eliminowane z ich puli
genowej. Podsumowujac, ta praca podkresla ztozony charakter hybrydyzacji i introgresji
jako procesow ewolucyjnych, ktére moga wprowadza¢ zaréwno korzystne, jak i
szkodliwe warianty genetyczne.

Rozdzial 4 realizuje ostatnie zadanie pracy poprzez zastosowanie analizy Random Forest
(RF) oraz Redundancy Analysis (RDA) w celu identyfikacji kluczowych czynnikow
srodowiskowych wptywajacych na czgstos¢ wystepowania wariantdow genetycznych
pochodzacych od pséw w genomach dzikich psowatych. U wilkéw udzial tych
wariantow byl dodatnio skorelowany z lagodniejszymi zimami, natomiast u szakali
obserwowano odwrotng zalezno$¢. Obszary o lagodniejszym klimacie moga sprzyjac
wiegkszej liczebno$ci wolno-zyjacych psow, zwiekszajac prawdopodobienstwo kontaktu
1 krzyzowania si¢ z wilkami. Z kolei nizsze roczne temperatury moga sktania¢ szakale
do zblizania si¢ do ludzkich osiedli w poszukiwaniu pozywienia, zwigkszajac
prawdopodobienstwo interakcji z psami i tym samym czgsto$¢ hybrydyzacji. Ponadto,
stwierdzono pozytywng korelacje miedzy udzialem wariantow genetycznych
pochodzacych od pséw u dzikich psowatych a §ladem dziatalnosci czlowieka (ang.
human footprint). Obszary silnie przeksztalcone przez czlowieka charakteryzujag sig¢
wigkszg liczebno$ciag wolno-zyjacych psow, co zwieksza szanse kontaktu z dzikimi
psowatymi. Dodatkowo wykazano istotne powigzania migdzy loci pochodzacymi od
psoOw bedacymi pod wpltywem introgresji adaptacyjnej u wilkow a zmiennymi
srodowiskowymi. Geny objete introgresja adaptacyjng byly zwigzane z ukladem
nerwowym, uktadem odporno$ciowym oraz metabolizmem. Wyniki te podkreslaja
znaczenie introgresji adaptacyjnej, ktora moze pomodc wilkom lepiej przystosowac si¢ do
srodowisk zmodyfikowanych przez cziowieka, gdzie moga by¢ narazone na nowe
patogeny, stresory srodowiskowe 1 zmiany w dostepnosci pokarmu. Podkresla to rowniez
znaczenie hybrydyzacji jako aktywnego procesu ewolucyjnego, ktory moze odgrywac

wiekszg rolg w adaptacji niz wczesniej sadzono.



Podsumowujac, praca ta przedstawia kompleksowg analiz¢ czynnikow ekologicznych i
konsekwencji ewolucyjnych hybrydyzacji miedzy dzikimi psowatymi a psami wolno
zyjacymi. Zastosowanie podejsScia integrujacego analizy genomowe, testy doboru
naturalnego i analizy srodowiskowe pozwolito na poglgbione zrozumienie hybrydyzacji
nie tylko jako zrodta przeptywu gendw miedzy gatunkami, ale rowniez jako
potencjalnego mechanizmu lokalnej adaptacji. Wyniki tej pracy uwypuklajg ztozony
charakter hybrydyzacji i introgresji w procesach ewolucyjnych. Chociaz warianty pod
wptywem introgresji adaptacyjnej moga wspiera¢ lokalne dostosowanie, hybrydyzacja
moze rowniez wprowadza¢ warianty szkodliwe, zakldcajac lokalnie dostosowane
kompleksy genow lub zwigkszajac podatnos$¢ na choroby 1 inne stresory. Wyniki te maja
praktyczne znaczenie dla zarzadzania populacjami dzikich zwierzat i ochrony przyrody.
Kluczowe jest rozrdznianie przypadkow, w ktorych hybrydyzacja wspiera potencjat
adaptacyjny gatunkoéw, od tych, w ktorych zagraza ich integralnosci genetycznej —
szczegoOlnie w odniesieniu do taksondw obejmujacych formy udomowione, takich jak

rodzaj Canis.
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Summary

This thesis investigates hybridization patterns among Canis species, including free-
ranging dogs (Canis lupus familiaris), Eurasian gray wolves (Canis lupus), and golden
jackals (Canis aureus), across Eurasia. The genome-wide single nucleotide
polymorphisms (SNP) data was applied to explore the ecological and evolutionary
factors shaping hybridization patterns among these species. While hybridization between
domestic dogs and grey wolves has been previously studied, including the golden jackal
provides new insights into the effect of the evolutionary distance between the cross-
breeding species on hybridization and introgression rates.

This thesis presents a comprehensive analysis of hybridization within the genus Canis,
aiming to achieve a deeper understanding of how hybridization operates not only as a
source of interspecific gene flow but also as a mechanism for local adaptation and
evolutionary change. For this purpose, the thesis addresses five key objectives: (1)
investigate possible consequences of hybridization and its impact on the parental species,
(2) find the best method for estimating proportions of hybridization-derived variants in
gray wolves, golden jackals, and free-ranging dogs, (3) estimate the rate of hybridization
between the studied taxa using this method, (4) assess the role of hybridization in species
adaptation by identifying adaptive introgressed chromosomal fragments and assessing
the functions of genes included in these fragments, (5) test the effect of environmental
variables on the proportions of hybridization-derived variants and adaptive introgression
rates in canid populations. These objectives are addressed in four chapters of the thesis.

Chapter 1 presents a systematic literature review of studies that have reported the
consequences of hybridization across various mammalian orders and families. Our
results showed that negative consequences of hybridization, like genetic swamping
(reported in 21% of studies) and introgression of variants from domestic animals
(reported in 18% of studies), have been reported in the literature more frequently
compared to the positive consequences, like gaining novel adaptive variation (reported
in 8% of studies). The predominance of negative outcomes reported in the literature can
be explained by the fact that many studies are based on neutral genetic markers, which
are limited in detecting complex processes like adaptive introgression or hybrid
speciation. Therefore, integrating both neutral loci and markers located in coding regions
can provide a more comprehensive and balanced understanding of hybridization,
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capturing not only its potential negative consequences but also its adaptive benefits and
the underlying factors that shape these outcomes.

Chapter 2 addressed the second objective by evaluating the methods of individual
ancestry reconstruction at the global (i.e. in the entire genomes) and local levels (within
chromosomes) in the context of the analysis of introgressive hybridization among the
three canids, based on genome-wide SNP data. The results revealed that global ancestry
methods (e.g., PCA and ADMIXTURE) generally estimated higher hybridisation levels
than local ancestry methods (e.g., LAMP-LD, ELAI, and Ghap). The inconsistency
between the results may result from differences in their methodological frameworks, the
types of genetic information they utilize, and their strategies for handling missing data.
Two key factors, low-quality genotypes and subpopulation structure, were identified as
major factors that can contribute to increasing uncertainty and variability between
methods. We found that global ancestry analyses such as ADMIXTURE are more likely
to be affected by these confounding factors. Therefore, we recommend a joint use of
local and global methods, with results of local ancestry analysis being prioritized for
precise estimation of introgression levels.

Chapter 3 addressed the third and fourth objectives by exploring the evolutionary
consequences of hybridization in canids. Based on the methodological knowledge from
the last chapter and the robust performance of ELAI in estimating individual ancestry
proportions, the introgression rate among species was estimated using ELAI. Our results
showed that hybridization in the genus Canis is common in their distribution range. In
some regions, including the Balkans, India, the Caucasus, and northeastern Europe, a
higher frequency of hybridization was found, which may have resulted from high
anthropogenic disturbances, large population size of free-ranging dogs, and the range
expansion of golden jackals. We also clearly show the effect of evolutionary distances
between the species on introgression rates between them, since a higher frequency of dog
introgression was found in wolves compared to golden jackals (6.4% vs. 1.2%). The
evolutionary consequences of hybridization showed that both wild canids and free-
ranging dogs may gain benefits from hybridization. Adaptive introgression may enable
wild canids to acquire from dogs gene variants conferring adaptive advantage, including
those that strengthen their immune systems. These beneficial genes may increase the
resistance of wild canids to new pathogens, which would be particularly beneficial in
environments where wild canids encounter dogs frequently and where pathogens are

constantly evolving. Free-ranging dogs appear to have acquired a larger pool of
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beneficial genetic variants from wolves, which may have contributed to some
characteristics like morphological, behavioural, and physiological traits. Alongside
detecting signals of positive selection, we also found signatures of negative selection in
chromosomal blocks with reduced introgression levels in dogs and golden jackals. These
results suggest that some introgressed gene variants may also have a deleterious effect
on these species, but they can be efficiently removed from their gene pools. Overall, we
highlight the complex nature of hybridization and introgression in the evolutionary
process, showing that it can introduce both beneficial and maladaptive genetic variation.

Chapter 4 addresses the last objective by performing the Random Forest (RF) analysis
and Redundancy analysis (RDA) to identify the key environmental factors that may
contribute to the frequency of dog-derived genetic variants in wild canids. In wolves, the
frequency of such variants showed positive association with milder winters, while in
golden jackals, a reverse trend was observed. Regions with milder winters likely support
larger free-ranging dog populations, increasing the likelihood of contact and
interbreeding between dogs and wolves. Conversely, in golden jackals, lower annual
temperatures may drive individuals toward human settlements in search of food,
increasing interactions with domestic dogs and thereby hybridization rates. Additionally,
our results showed that frequency of dog-derived genetic variants in wild canids is
positively correlated with human footprint. Regions with high human disturbance often
have a greater abundance of free-ranging dogs, increasing the likelihood of encounters
with wild canids. Furthermore, we found a significant association between dog-derived
loci under adaptive introgression in wolves and environmental factors. The genes under
adaptive introgression were associated with the nervous system, immune system, and
metabolism. These results emphasize the role of adaptive introgression, which can help
wolves to better adapt to human-modified environments, where wolves may encounter
new pathogens, environmental stressors, and dietary shifts. We highlighted the role of
hybridization as an active evolutionary process, possibly being more important for
adaptation than previously believed.

Overall, this thesis presents a comprehensive investigation into the ecological drivers
and evolutionary consequences of hybridization between wild canids and free-ranging
dogs. Using an integrative approach that combined genomic analyses, selection scans,
and environmental associations, we achieved a deeper understanding of how
hybridization operates not only as a source of interspecific gene flow but also as a

mechanism for local adaptation. The results of this study highlight the complex nature of
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hybridization and introgression in the evolutionary process. While variants under
adaptive introgression may enhance local adaptation of species, hybridisation may also
introduce deleterious variants, potentially disrupting locally adapted gene complexes or
increasing vulnerability to disease and other stressors. The results of this study have
practical implications for wildlife management and conservation. Recognizing when
hybridization contributes to adaptive potential and when it threatens species integrity will
be critical for informed decision-making in conservation genetics, particularly for taxa

that include domesticated lineages, such as the genus Canis.
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General Introduction

Hybridization (the process of cross-breeding between two genetically distinct taxa)
has a significant effect on many evolutionary processes such as speciation and adaptation
(Harrison and Larson 2014; Chan et al., 2019; Elworth et al., 2019). Evolutionary
biologists have been interested in interspecific hybridization since Darwin first described
it in the context of speciation (Darwin, 1859). The term "introgression™ (or "introgressive
hybridization™) was first introduced by Anderson and Hubricht in 1938. They described
introgression as a widespread process of adaptive significance, in which alleles from one
species are transferred into the gene pool of another species (Anderson and Hubricht
1938; Anderson, 1949). The theoretical framework explaining the evolutionary
importance of introgression was later developed by Barton (2001). However, until 1990,
less than 50 articles were published each year about interspecific hybridization (Schwenk
et al., 2008). New molecular laboratory techniques such as Polymerase Chain Reaction
(PCR) led to major advances in studies of hybridization (Dowling and Secor, 1997). Over
the past decade, advances in genome sequencing resulted in genomic studies on a large
number of non-model organisms, which demonstrated that hybridization is ubiquitous in
nature and occurs in a broad range of taxa such as plants (Goulet et al., 2017), butterflies
(Mallet et al., 2007), fishes (Porto-Foresti et al., 2008), birds (Ottenburghs, 2023), and
mammals (Moroni et al., 2022). Many studies documented that ecosystem structure could
be influenced by the introgression of genetic variants among different taxa (Payseur &
Rieseberg, 2016; McFarlane and Pemberton, 2019; Edelman and Mallet, 2021).

The first step to answering questions regarding the impact of hybridization is
accurately identifying hybrid individuals (McFarlane and Pemberton, 2019).
Historically, introgression between species was inferred based on morphological
characteristics, as intermediate phenotypes were often observed in hybrid individuals
(Anderson and Hubricht, 1938; Anderson, 1948). However, since phenotypic traits can
be influenced by environmental conditions, and in some cases the parental species
display limited phenotypic differentiation, identifying admixed individuals using
morphological traits can be problematic (Rieseberg et al., 1998; Randi, 2008). Hybrid
individuals display distinct genome-wide patterns, which facilitates detection of first-
generation hybrids and backcrosses using genetic data compared to morphological
characteristics (Nason and Ellstrand, 1993; Anderson and Thompson, 2002; Mallet,
2005; Rogers & Bernatchez, 2007). In early 2000, some methods such as Multi Locus
Sequence Typing (MLST), were the common frameworks to identify introgression,
however, these methods were rapidly replaced by other approaches using a larger number
of loci (e.g. AFLPs and microsatellites) (Dagilis et al., 2021). Although with the use of
these genetic markers it was possible to identify the first-generation hybrids (F1) and
early-generation backcrosses, detecting ancient backcrosses, multigenerational
admixture, and fully understanding the extent of hybridization within populations was
impossible. Because in later generations of backcrosses only a small proportion of loci
retains the signature of hybridization, a large number of loci is needed to detect historical
or ancient hybridization events (Taylor and Larson, 2019; Hibbins and Hahn, 2022).
Over the past decade, the rapid advances in next-generation sequencing technologies
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have resulted in the development of powerful methods to identify introgression between
species. The whole genome sequencing and the genotyping of genome-wide single-
nucleotide polymorphisms (SNPs) allowed researchers to study hybridization and
introgression in more details (e.g., quantifying global admixture as well as identifying
putatively introgressed regions in each chromosome).

During the past 20 years, many studies have documented the evolutionary
consequences of hybridization (Grant, 1981; Arnold, 1997; Arnold, 2006; Arnold et al.
2008; Abbott et al., 2013; Arnold, 2015; Abbott et al., 2016; Sankararaman et al., 2016).
Among different consequences, great attention has been paid to the possible negative
impacts (e.g. genetic swamping and outbreeding depression), however, genome
sequencing and genome-wide SNP markers provide an opportunity to assess both the
negative and positive consequences of hybridization (e.g. adaptation and increase in
genetic variation) (Edelman and Mallet, 2021). Due to rapid human-induced
environmental changes, hybridization could potentially provide novel adaptive variations
and reduce the risk of extinction through increasing genetic variation and creating new
genetic combinations, especially in small and fragmented populations (Chan et al., 2019).
Therefore, knowledge of various possible consequences of hybridization may lead to
improved success in biodiversity conservation.

Hybridization between domestic animals and their wild relatives has been well-
documented (McFarlane & Pemberton, 2019). In such cases, the chance of hybridization
is higher due to the lack of fully developed reproductive barriers. An example of the
negative consequences of hybridization between domestic and wild taxa can be observed
in wildcats (Felis silvestris silvestris). The gene pool of Scottish wildcat is at serious risk
of extinction due to the extensive genetic swamping caused by hybridization with
domestic cat (Felis catus) (Howard-McCombe et al., 2023). The term 'genomically
extinct' was used for this species as no pure individuals were identified in the study
(Howard-McCombe et al., 2023).

Hybridization between species in the genus Canis is a notable example of this process
in mammals (e.g. Randi, 2008; Galov et al., 2015; Pilot et al., 2018; Stronen et al., 2022;
Stefanovi¢ et al., 2024). Although species from this genus are genetically distinct, they
can produce fertile offspring, which can back-cross to their parental populations
(Leonard et al., 2013). This natural hybridization provides an opportunity to study the
ecological, evolutionary, and genetic/genomic consequences of hybridization in nature.

Genus Canis is an ideal model species for assessing different consequences of
hybridization because of many reasons: (1) Since domestic dogs (Canis lupus familiaris)
have adapted well to human-modified landscapes, investigating hybridization between
this species and its wild relatives, such as the golden jackal (Canis aureus) and the grey
wolf (Canis lupus), offers an ideal framework for studying anthropogenic introgression
and evaluating the human influence on the genetic integrity of wild species; (2) species
from the genus Canis occupy diverse ecological niches, ranging from anthropogenic to
natural habitats, which makes them an ideal model to assess the influence of
environmental conditions on the rate of hybridization and understand how changes in
habitat may affect hybridization rates across different ecosystems; (3) Since
hybridization can significantly influence the adaptive evolution of species (Barton,

2



2001), studying hybridization in various canid species offers a valuable opportunity to
explore how it introduces new genetic variation that may facilitate adaptation to changing
environments; (4) As hybridization between wild canids and domestic dogs can threaten
the genetic integrity of wild species (Hindrikson et al., 2017; Donfrancesco et al., 2019),
studying hybridization within this genus can help develop strategies to manage and
conserve threatened species that are at risk of genetic swamping because of hybridization
with other canids.

Therefore, studying genus Canis hybrids can help address broader questions in
evolutionary biology, including the mechanisms of speciation, the impact of
hybridization on genetic variation, and the effects of human disturbance on wildlife.

The aims of the study

This thesis presents a comprehensive study of hybridization within the genus Canis,
aiming to answer key questions about its evolutionary consequences. The main aims of
the study were addressed in four chapters by combining genetic (SNPs) and spatial data
(environmental variables);

Investigating different possible consequences of hybridization

The first chapter establishes the context for the thesis by synthesizing existing
research on hybridization in mammals and aims to broaden the theoretical understanding
of its evolutionary consequences. While many studies have mostly focused on
documenting whether hybridization occurs, much less is known about its consequences
for the species. This chapter addresses that gap through a systematic review, with two
main goals: (1) estimate the frequency of hybridization in different mammalian orders
and families, and (2) evaluate its consequences (positive and negative) for parental
species.

Identifying the best approach to estimating hybridization rate

In the second Chapter, local (i.e. chromosome-level) and global (genome-wide)
ancestry inference methods were applied to estimate introgression rates in wolves, golden
jackals, and free-ranging dogs. This chapter aims to: (1) assess the consistency between
the results obtained from different methods, (2) compare the admixture proportions in
the same individuals obtained from the analysis of the entire dataset versus populations
from two different geographic regions (two local datasets), and (3) identify factors that
can confound the results of local and global ancestry analyses.

Estimating the rate of hybridization between the studied taxa and assessing the role of
hybridization in species adaptation

Building on the findings from Chapter 2, this chapter uses the most reliable method
identified to investigate the evolutionary outcomes of hybridization in wild canids and
free-ranging dogs. The central aim is to explore how hybridization contributes to
adaptation through the introgression of beneficial gene variants. Specifically, this chapter
addresses the following objectives: (1) identify genomic blocks showing
overrepresentation of introgressed variants in wild canids and free-ranging dogs, (2)
assess how the degree of genetic differentiation between species can influence the

3


https://www.frontiersin.org/journals/ecology-and-evolution/articles/10.3389/fevo.2019.00175/full#B30

proportion of introgressed gene variants under selection, (3) identify genes within
adaptive introgressed blocks that are under positive selection, and (4) determine the
functions of these positively selected gene variants and their potential benefits for
admixed individuals.

Assessing the effect of environmental variables on introgression and adaptive
introgression rates

Human disturbance is usually considered a main factor that may contribute to
facilitating hybridization between wild canids and free-ranging dogs (e.g., Godinho et
al., 2011; Lescureux and Linnell, 2014; Pilot et al., 2021), however, this relationship has
never been proven, and there is still a lack of direct empirical evidence confirming this
link. In this chapter, we address this gap by testing the hypothesis that introgression rate
in admixed individuals are associated with environmental variables. The main aims of
this chapter were to: (1) identify the key environmental factors that may be associated
with hybrid ancestry in wild canids, (2) detect adaptive introgressed loci associated with
environmental variables, and (3) identify genes within adaptive introgressed regions that
are linked to environmental factors.
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Consequences of Hybridization in Mammals: A
Systematic Review

This chapter has been published as: Adavoudi, R., & Pilot, M. (2021). Consequences of
hybridization in mammals: A systematic review. Genes, 13(1), 50.
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Abstract: Hybridization, defined as breeding between two distinct taxonomic units, can have an
important effect on the evolutionary patterns in cross-breeding taxa. Although interspecific hy-
bridization has frequently been considered as a maladaptive process, which threatens species genetic
integrity and survival via genetic swamping and outbreeding depression, in some cases hybridization
can introduce novel adaptive variation and increase fitness. Most studies to date focused on docu-
menting hybridization events and analyzing their causes, while relatively little is known about the
consequences of hybridization and its impact on the parental species. To address this knowledge gap,
we conducted a systematic review of studies on hybridization in mammals published in 2010-2021,
and identified 115 relevant studies. Of 13 categories of hybridization consequences described in these
studies, the most common negative consequence (21% of studies) was genetic swamping and the most
common positive consequence (8%) was the gain of novel adaptive variation. The total frequency of
negative consequences (49%) was higher than positive (13%) and neutral (38%) consequences. These
frequencies are biased by the detection possibilities of microsatellite loci, the most common genetic
markers used in the papers assessed. As negative outcomes are typically easier to demonstrate than
positive ones (e.g., extinction vs hybrid speciation), they may be over-represented in publications.
Transition towards genomic studies involving both neutral and adaptive variation will provide a
better insight into the real impacts of hybridization.

Keywords: adaptive introgression; genetic swamping; hybridization; hybrid speciation; hybrid zones;
outbreeding depression; mammals

1. Introduction

Until recently, hybridization was considered as a rare phenomenon in the animal king-
dom and thus its role in animal evolution has been underappreciated [1]. Growing amount
of whole genome sequence data produced in recent years made it possible to demonstrate
that a broad range of animal species have experienced hybridization events [2]. Although
hybridization frequency (i.e., the proportion of individuals interbreeding with another
species and producing hybrid offspring) is low in most species [3], it has been estimated
that around 25% of plant species and 10% of animal species have been affected by hybridiza-
tion [4]. Hybridization is most frequent among recently diverged sister species, which are
frequently characterized with incompletely developed prezygotic isolation (behavioural
and mechanical) and postzygotic isolation (zygote mortality and hybrid inviability and
sterility) [5]. Hybridization is now recognized as a widespread phenomenon with signif-
icant impact on species evolution [6,7] and potentially serious consequences for species
conservation and management [8].

Cross-breeding between species with limited postzygotic isolation can often lead to
an intake of genetic variation typical of one species into another species’ gene pool—a
process called introgression. Introgressive hybridization can affect creation, maintenance
and loss of biodiversity [9]. In some cases, introgression may facilitate species evolutionary

Genes 2022, 13, 50. https:/ /doi.org/10.33%0/genes13010050

https:/ /www.mdpi.com/journal /genes



Genes 2022, 13, 50

20f 26

10

responses to environmental changes by promoting rapid acquisition of new adaptive ge-
netic variants [10,11], thus increasing adaptive potential of these species [12-15]. Moreover,
introgressive hybridization can contribute to speciation by creating new genetic variation
and functional novelty [6,16]. Introgression of alleles from one species into another one
can create novel adaptive combinations of alleles and form a new admixed population,
which is genetically distinct from both parental populations [17]. Such population may
develop reproductive isolation from the parental populations and thus maintain distinc-
tiveness even in a contact zone [18]. However, speciation through hybridization occurs
less frequently in mammals compared to other vertebrates, because reproductive barriers
between mammalian species are in general well established [19]. In species with low
genetic variation, introgressive hybridization could increase genetic variation and decrease
inbreeding, without any signs of outbreeding depression [20,21].

On the other hand, hybridization can be also considered as a potential threat to species
survival [22-24]. Accumulation of deleterious variation [25], outbreeding depression [26-28]
and genetic swamping [29-31] are among detrimental consequences of hybridization. In
extreme cases, severe outbreeding depression and decline in the population growth rate
below the replacement rate due to wasted reproductive effort in one or both parental
lineages may lead to extinction [32]. High risk of extinction due to hybridization has been
reported for rare or endangered species interbreeding with more common relatives [33,34].
However, hybridization was mentioned as a factor contributing to extinction in only
11 species out of 120,369 extinct species assessed [23]. The negative impact of hybridization
should not be neglected, but the conservation policies should not be focused on the negative
aspects of hybridization only [23]. From a conservation perspective, hybridization outcomes
may range from considerable introgression with significant negative impacts, e.g., reduced
survival or reproductive success of hybrids, through minimal introgression with negligible
impact, to moderate introgression with significant positive impacts, e.g., increased fitness
of admixed individuals [35]. Given than hybridization can represent either a threat to
species survival or a potential pathway to evolutionary rescue, it is important to examine
its impacts case-by-case [35].

Hybridization may be particularly common in widespread, abundant species and in
non-indigenous species that were intentionally or unintentionally introduced into a new
habitat by humans [32,36]. Hybridization has also been frequently reported for domesti-
cated species and their wild relatives, e.g., wild boar and domestic pig [20,37], gray wolf
and domestic dog [35-43], wild cat and domestic cat [44-47]. In such cases hybridization
may lead to the introgression of gene variants typical for domestic animals into gene pools
of wild species [48,49]. This may have a range of negative consequences, such as the loss
of specific adaptations [41] and reduced viability [50]. These negative consequences are
particularly pronounced in small, fragmented and isolated populations [51]. Moreover,
introgressive hybridization can also affect feral populations of domesticated animals [52,53].
Cross-breeding between individuals originating from captive-bred populations and their
wild conspecifics may have similar consequences as that between domesticated and wild
populations [54].

In recent decades, several review papers on hybridization have been published. They
were focused on specific aspects of hybridization and/or particular taxonomic groups, for
example the evolutionary importance of natural hybridization [2], the role of hybridization
in extinction [32], hybrid fitness [55], introgression during anthropogenic hybridization [56],
mammalian hybrid zones [57], taxonomic problems associated with inter-specific gene
flow [58], hybridization in European ungulates [59] and hybridization in New Zealand
taxa [60]. Most studies to date focused on documenting hybridization events and analyzing
their causes, while relatively little is known about the consequences of hybridization and its
impact on the parental species [23]. To address this knowledge gap, we conducted a system-
atic review of studies on hybridization in mammals and assessed the frequency of different
consequences of hybridization reported. In addition, we evaluated the contribution of dif-
ferent mammalian orders and families in published studies on hybridization. We selected
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mammals as the focal class because of the large number of available studies, resulting in
part from the profound role of species from this class in ecosystem functioning [61].

2. Materials and Methods

We focused on papers on hybridization in mammals published between 2010 and 2021.
The database search for papers published in 2021 was completed on the 3rd of December
of that year, so papers published after that date are excluded from the results. For finding
relevant papers in the Web of Science, we employed the following string: (“hybridiza-
tion*” OR “hybridisation*” OR “outbreeding*” OR “outcrossing” OR “admixture*” OR
“admixed individual*” OR “hybrid zone” OR “hybrid individual$*” OR “backcrosse$”)
AND (“mammal$*” OR “vertebrate$” OR “consequence” OR “implication” OR “Extinc-
tion” OR “genetic swamping” OR “adaptive introgression” OR “hybrid speciation” OR
“outbreeding depression”) NOT (“protein$” OR “fish$” OR “plant$” OR “invertebrate$”
OR “avian reptile$” OR “non avian reptile$” OR “fung$” OR “bird$” OR “Lizard$” OR
“penguin$” OR “turtle$” OR “insect$” OR “frog$” OR “butterfl$” OR “homoploid” OR
“moth$” OR “salamander§”). With these keywords we found limited numbers of relevant
papers (49 papers), we therefore applied different sets of keywords: (“hybridization*” OR
“hybridisation*” OR “hybrid$*” OR “outbreeding” OR “outcrossing” OR “admixture*”
OR “introgression*” OR “admixed individual *"OR “hybrid zone” OR “hybrid individ-
ual$*” OR “backcrosse$”) AND (“mammal$ *) NOT (“protein§” OR “cellS” OR “fish§" OR
“plant5” OR “invertebrate§” OR “avian reptile$” OR “non avian reptile§” OR “fung$” OR
“Cell$” OR “bird$” OR “Lizard$” OR “penguin$” OR “turtle$” OR “insect$” OR “frog$”
OR “butterfls” OR “homoploid” OR “moth$” OR “salamander$”). We combined the search
results based on these two sets of keywords.

We excluded from the search books, review papers, theses, annuals or meeting reports.
We also excluded papers published in journals that were outside of the following categories:
Evolutionary Biology, Genetics and Heredity, Ecology, Biology, Zoology, Biodiversity Con-
servation, Multidisciplinary Science and Biochemistry and Molecular Biology. Abstracts of
the papers that were identified after applying this automatic exclusion (793 and 641, respec-
tively) were read and these papers that were not focused on the hybridization process in
mammals were removed. We also removed one of the two copies of papers that overlapped
between the paper sets resulting from the search with each set of keywords (Figure 1).
We then combined the results from the two sets of papers, including only the papers
meeting the following criteria: experimental studies, focused on mammalian species, that
investigate hybridization among different species and subspecies. Studies that evaluated
admixture among populations of the same species were removed from the analysis, with
the exception of wild and domesticated forms that have been classified as the same species
(e.g., wild cat Felis silvestris silvestris and domestic cat Felis silvestris catus), as well as wild vs
captive/farmed populations of the same species. Although we designed the search terms
to be as comprehensive as possible in the detection of studies on mammalian hybridization,
some relevant studies could have been missed. Nevertheless, the resulting set of papers is
free of human bias (except for the choice of keywords) and therefore provides a reliable
overview of the current knowledge on the consequences of hybridization.
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Figure 1. Flow diagram showing the selection stages of studies to be included in the review based on
the two sets of keywords used.

3. Results

According to the inclusion criteria defined above, a total of 49 and 87 published
papers were selected based on the first and second set of keywords. This was a small
subset of papers initially identified with each set of keywords; we tried multiple versions
of keywords and did not manage to improve the accuracy of results. After excluding
overlapping papers between the two sets of keywords (15.4%), 115 papers were retained
for the subsequent analysis (Figure 1). These papers are listed in Supplementary Table S1.

We calculated the frequency of mammalian orders and families involved in hybridiza-
tion process in the surveyed studies (Figure 2). 39.13% of these studies focused on the
order Carnivora (45 papers), of which Canidae (24.34%, 28 papers), Felidae (6.95%, eight
papers), and Mustelidae (6.08%, seven papers) were the most-studied families. Order
Cetartiodactyla was the second most-studied order (26.95%, 31 papers), in which Cervidae
(7.82%, nine papers), Bovidae (6.95%, eight papers) and Suidae (5.21%, six papers), were the
most-studied families. The third most represented order was Rodentia (15.65%, 18 papers),
in which Cricetidae (8.69%, 10 papers), Sciuridae (5.21%, six papers) and Muridae (1.75%,
two papers) had the largest contribution. Other orders were represented by only two
families (Chiroptera, 5.21%, six papers and Diprotodontia 2.60%, three papers) or one
family (Primates (3.40%, four papers), Lagomorpha (4.34%, five papers), Macroscelidea
(0.86%, one study), Perissodactyla (0.86%, one study) and Soricomorpha (0.86%, one study).
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Figure 2. Relative frequencies of (a) orders represented in 115 papers included in the systematic
review, (b) orders represented across all currently recognized mammalian species [62] and (c) families
represented in 115 papers included in the systematic review.

We compared the frequencies of species representing different mammalian orders
in the surveyed studies on hybridization with the frequencies of all currently recognized
contemporary mammalian species [62] representing different mammalian orders. This
comparison demonstrated a considerable bias in the number of studies on hybridization
focused on representatives of different mammalian orders (Figure 2a,b).

We classified the hybridization outcomes described in the 115 papers included in
the systematic review into 13 categories (Table 1). These categories were non-exclusive
and in some cases the consequences of hybridization reported could be classified to more
than one category. Among the 115 surveyed papers, 10 papers did not provide sufficient
information to classify them in any category, e.g., [63,64]. Therefore, this classification
is based on 105 papers. The reported frequencies of different hybridization outcomes in
these papers should not be considered as reliable estimates of the real frequencies, because
of the biases discussed below. We classified the impacts of each possible outcome as (1)
positive (e.g., gaining novel adaptive variation), (2) neutral or unknown, (3) negative (e.g.,
extinction, loss of reproductive output) and (4) considered as negative. In this last category
we included genetic swamping and introgression from a domesticated lineage, which are
frequently described as negative in the literature [29,30,65-67]. Given that direct empirical
evidence for their negative effects is limited, we did not classify them as unequivocally
negative outcomes, It is important to note that extinction due to extreme genetic swamping
is classified in a separate category, given its clearly negative impact.
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Table 1. Outcomes of hybridization described in papers included in the systematic review. The
outcomes are grouped by the character of their impact. The reported frequencies of different hy-
bridization outcomes in the papers studied should not be considered as reliable estimates of the
real frequencies.

Results Impacts Noberal Percentage Description
Papers
ST Considered as Genetic integrity of a species involved in hybridization
! Censticbwanping negative 29 A being threatened by introgression from another species
Introgression from a Considered as Genetic integrity of wild species being threatened by
2 X A . 25 17.85 : 2 A :
domesticated lineage negative introgression from a domesticated lineage
3 Exhnctmr} dueto extreme Negative 3 214 Complete Ioss.of genetic maten.al‘ of one of the species
genetic swamping involved in hybridization
4 Outbreeding depression Negative - 50 Reduction or loss of specific adaptations and
overall fitness
5 Morpholagical anomalies Negative ) 14 Morphological anomal.les with negative effects
on fitness
- 2 Decrease in growth rate of parental species because of
6 Loss of reproductive output Negative 3 2.14 wasted reproductive effort
Ticiasa ligenstic divers] Increase in genetic diversity via low rates of
7 {-ipen iy Positive 3 2.14 introgression, without any evidence of outbreeding
and reduction of inbreeding ; e 4
depression; reduction of inbreeding levels
8 Gaining n(?ve{l adaptive Positive 1 785 Transferring of ada‘pt'lve variants through
variation hybridization
9 Hybrid speciation Positive 4 285 Creation of a new species via hybridization
Intermediate phenotypic Neutral or Intermediate morphological characteristics of hybrid
10 : 10 7.14 W : )
traits unknown individuals relative to the parental species
1 Hybid sonie Neutral or 1" 100 Geographlc.al.ly restnc.tcd zones where genetically
: unknown distinct species meet and mate
2 Hybridization without Neutral or 5 357 Evidence of hybridization without substantial changes
significant impacts unknown ' in the gene pools of each species
No or rare evidence of Neutral or Hybridization is rare and does not result
13 e 24 17.14 G g
hybridization unknown in introgression

14

Of 115 studies considered, 21 (18.26%) identified hybrids using microsatellite loci as
the only genetic markers, 18 studies (15.65%) used mtDNA fragments, 35 (30.43%) studies
used both microsatellite loci and mtDNA, 12 studies (10.43%) used genome-wide single
nucleotide polymorphisms (SNPs) or whole genome sequencing, two studies (1.73%) used
all these three types of markers, and the remaining studies used another method of hybrid
detection. Altogether, 50.42% of studies used microsatellite loci as either the only type of
genetic markers or together with other types.

To assess whether the analysis of genome-wide data may affect the type of hybridiza-
tion outcomes observed, we calculated the frequencies of different outcomes based on
14 papers that used genome-wide SNPs or whole genome sequencing. As more than half
of these papers (eight studies) focused on hybridization between domestic animals and
their wild relatives, introgression from a domesticated lineage was the most common
negative effect (36% of studies), followed by genetic swamping (18%). Novel adaptive
variation was the only positive impact of hybridization and was reported in five studies
(23%). In total, negative outcomes were reported more frequently than positive ones (54%
and 23%, respectively). The frequencies of both negative and positive outcomes were
higher than in the entire dataset (49% and 13%), while the frequency of neutral outcomes
was smaller. However, these frequencies should be treated with caution due to the small
number of studies and overrepresentation of hybridization with domestic animals among
the studies considered.
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4. Discussion
4.1. Hybridization in Mammalian Orders and Families
4.1.1. Mammalian Orders

The frequency of different mammalian orders in the studies included in this systematic
review does not reflect the number of species within each order. Representatives of orders
Carnivora and Cetartiodactyla prevail among the species studied, with the frequencies
of 39% and 27%, respectively. The frequency of species from these orders among all
mammalian species are 5% and 6%, respectively [62]. In contrast, two most species-
rich mammalian orders, Rodentia (42% of species) and Chiroptera (21% of species) were
represented in only 16% and 5% of studies, respectively. In studies of hybrid zones, rodents
have been represented more frequently than other mammalian orders, but nevertheless only
eight rodent genera have been studied, as reported in a review paper [57]. Therefore, the
underrepresentation of rodents in hybridization studies may result from the focus on well-
studied genera only, such as e.g., the genus Mus. Several studies published in the previous
decade (i.e., not considered in this systematic review) detected signatures of hybridization
in several bat species e.g., [68-71], but altogether hybridization was reported for less than 20
of over 1000 known bat species. This may be associated with a limited number of studies on
hybridization in bats [72] or a stronger reproductive isolation in bat species compared with
other mammals [70,73]. As bats can form mixed-species groups during mating seasons [74]
and during maternal care [75], reproductive barriers are particularly important for the
maintenance of species distinctiveness.

Accordingly, overrepresentation of orders Carnivora and Cetartiodactyla in hybridiza-
tion studies may result from more relaxed reproductive barriers between congeneric species
from these orders compared with other mammals, overrepresentation of studies focused on
these orders, or a combination of both. High interest in studying species from these orders
may result from their important roles in ecosystems and in some cases their high commer-
cial value. Large species from the order Carnivora are keystone species in their ecosystems
and are frequently subject to active management and conservation strategies [76-79]. Ac-
cordingly, many representatives of Artiodactyla are valuable game species. Moreover,
species from Carnivora and Cetartiodactyla orders can compete with humans over re-
sources by consuming game species, livestock depredation and fisheries depredation, as
well as damaging crops and wild vegetation [78,80]. For these reasons, they are of particular
interest to wildlife researchers, also in the context of hybridization.

In theory, the proportion of species within each mammalian order that are subject
to introgressive hybridization could be used as a measure of the strength of reproductive
barriers between species within each order. However, to achieve a reliable comparison
between mammalian orders, several sources of bias would have to be accounted for,
including the above-mentioned differences in intensity of research on different mammalian
orders as well as differences in criteria used to define species. Therefore, in practice the
frequency of detected hybridization cases is not a reliable measure of the strength of
reproductive isolation.

4.1.2. Mammalian Families

The frequency of families within each mammalian order that are subject to hybridiza-
tion studies is biased as well. For example, the Canidae family is represented in 62% of
studies on the order Carnivora and 24% of all 115 studies on mammalian hybridization
assessed in this systematic review. The second most frequently represented family within
Carnivora is the Felidae family, represented in 18% of studies on this order. Canidae
and Felidae are the only families within the order Carnivora that include domesticated
species, the domestic dog (Canis lupus familiaris) and the domestic cat (F. s. catus), respec-
tively. Among the studies included in this systematic review, most (68%) of studies on
the Canidae family were focused on hybridization between gray wolves and domestic
dogs [38,81-84]. Accordingly, seven out of eight studies (87%) on the Felidae family were
focused on hybridization between domestic cats and wild cats [85,86]. Due to a recent
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origin of domestic animals, their hybrids with the wild relatives are fertile and thus can
back-cross into parental populations [87-89]. Moreover, global populations of domestic
dogs and cats have been increasing with human population growth, and the majority of
individuals globally are free-ranging and thus can breed freely [%0]. Widespread occurrence
of free-ranging domestic dogs and cats may have promoted their interactions with their
wild relatives and as a result increased the rate of hybridization between them [81,91,92].
The presence of a domesticated species within a particular family and order may be thus
an important factor increasing the hybridization rate.

Within Artiodactyla, Cervidae, Bovidae and Suidae were the most studied families. All
hybridization cases described in the family Suidae were between the wild boar (Sus scrofa)
and domestic pig (Sus scrofa domesticus). Although free-roaming domestic pigs are rare,
hybridization with wild boars may occur in open domestic boar farms [93]. Cross-breeding
with wild boars is also used intentionally by humans to obtain less aggressive and larger-
sized animals, and to increase growth rate of offspring [93]. Climate change, low frequency
of predators, supplementary feeding, reforestation of agricultural areas and intentional
releases for hunting have led to the range expansion of the wild boar, which as a result
has become one of the most widespread large mammals in the world and the second most
frequent ungulate in Europe [94-97]. In many regions, the wild boar has been considered
as a pest species for croplands [93,98]. One hypothesis for the vast distribution of wild
boars is that introgression from domestic pigs could have led to their increased fitness
and invasiveness [99,100]. Hybridization between domestic yaks (Bos grunniens) and wild
yaks (Bos mutus) [101] (Bovidae) is spatially more restricted, given geographically restricted
ranges of the wild species, but similarly as in the case of pig-wild boar hybridization, it
occurs as both a spontaneous admixture and intentional cross-breeding by humans. Overall,
36% of studies (41 papers) considered in this review were focused on hybridization between
domestic animals and their wild relatives, suggesting that the presence of domesticated
forms within a family facilitates hybridization.

The effect of human activities on hybridization has long been known [102], and
domestication is one of many anthropogenic factors that may increase the frequency of
hybridization. The introduction of invasive species to distribution ranges of closely related
species may have a similar effect [36,103]. Together with habitat fragmentation and destruc-
tion, introduced species are an important threat to global biodiversity [104-107]. Many
wild ungulates are valuable game species, and therefore are strongly affected by humans
by extensive translocations and introductions of non-native species, hunting, and artificial
management; all these factors contribute to hybridization within ungulate families [108].

In particular, the Cervidae family includes multiple valuable game species. One of
them, the sika deer (Cervus nippon), was deliberately introduced to many European coun-
tries for hunting [109], which has led to hybridization with native deer species in some
regions [110-112]. Another cervid, European roe deer (Capreolus capreolus), is known to
hybridize with Siberian roe deer (Capreolus pygargus) [15,113] and Ttalian roe deer (Capreolus
c. italicus) [114]. Although natural processes (e.g., range expansion) could have caused
hybridization in this genus, human-mediated introductions of Siberian roe deer, aimed at in-
creasing body mass and trophy size of European roe deer, affected the rate of hybridization
between these species [15]. In Bovidae family, hybridization was reported between Tatra
chamois (Rupicapra rupicapra tatrica) and introduced Alpine chamois (Rupicapra rupicapra
rupicapra) [21]. In that case, the introduction was carried out for conservation purposes.

In cetacean species, hybridization has been documented both in captive breeding sites
and in the wild [115,116], with around 20% of species known to hybridize [117]. Cross-
breeding was shown to be more common between species that have similar morphological
and behavioral traits [117-119], and to be facilitated by population fragmentation [120-122].
Although until recently it was believed that hybridization in cetaceans is a dead-end process,
as most known hybrids seemed to be infertile [120], a study on hybridization between
fin whale (Balacnoptera physalus) and blue whale (Balaenoptera musculus) showed that the
hybrid individuals can reproduce and survive to adulthood in specific circumstances [123].
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4.2. Typical Outcomes of Hybridization between Mamimalian Species

Depending on species and environmental conditions, hybridization may have either
negative or positive impacts, and sometimes there may be very limited consequences.
In some cases, hybridization can drive species toward extinction, while in others it pro-
vides an opportunity to create new species [124]. Genetic swamping, outbreeding depres-
sion, introgression of variants originating from domesticated lineages, and morphological
anomalies are typically associated with negative consequences, such as loss of adaptive
variation [26,125-130], high mortality rates [131], and even extinction [30]. However,
hybridization can be considered as a beneficial process in some circumstances. Introgres-
sion from a closely related species may facilitate adaptation by providing novel adaptive
variation; this may be particularly important when a population occupies a sub-optimal,
poor-quality habitat, expands to a new habitat, or experiences rapid changes in local
environmental conditions [15,20,132].

Of 13 categories of hybridization outcomes identified in the studies considered in this
review (Table 1), genetic swamping and introgression of variants originating from domesti-
cated lineages were two most common outcomes (21% and 18% of studies, respectively).
Both these outcomes are commonly considered as negative. Another common outcome
(17% of studies), “no or rare evidence of hybridization”, can be classified as neutral. The
most common positive outcome (8%) was the gain of novel adaptive variation. Graphical
representation of the common outcomes of hybridization is presented on Figure 3.
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Figure 3. Graphical representation of the common outcomes of hybridization.
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The frequencies of different outcomes of hybridization may be affected by the specific
sets of keywords that were employed in the literature search. We included keywords
such as “Genetic swamping”, “Hybrid zone”, “Hybrid speciation”, “Extinction”, and
“Outbreeding depression”, and therefore studies focusing on these topics may be overrepre-
sented. Furthermore, information about the consequences of hybridization is missing from
some studies, which could also affect the result. Nonetheless, we also identified outcomes
that were not included in the keywords, and some which were included had very low

frequencies among the selected papers (e.g., “Hybrid speciation”).

4.2.1. Negative Outcomes
Genetic Swamping

Genetic swamping refers to the process where genotypes of one or both parental
species are partially replaced by hybrid genotypes [32]. Genetic swamping is typically
considered as a negative consequence of hybridization due to its disruptive effects on
genetic integrity of species and potential to eliminate unique adaptations. Negative results
of this process are well documented in some cases, e.g., when it leads to extinction (see
below) or results in outbreeding depression e.g., [133]. However, many studies reporting
genetic swamping do not assess its fitness consequences or long-term effects on the gene
pool composition, and therefore it remains unclear whether the negative consequences of
this process prevail among all the cases when it occurs. Genetic rescue, i.e., a reduction
of extinction probability of a small, isolated population by restoring gene flow [134] is
necessarily associated with genetic swamping, especially if the source of gene flow belongs
to another species. Therefore, in some cases negative effects of genetic swamping on the
species genetic integrity may be compensated by positive effects, such as reduction of
inbreeding depression in isolated populations.

Nearly half (48%) of studies included in this systematic review that reported ge-
netic swamping were focused on hybridization between domesticated mammals and
their wild relatives, including wolf and domestic dog [38,51,135], wild boar and domestic
pig [20,30,93] and wild cat and domestic cat [44]. More than a quarter (28%) of the stud-
ies reported genetic swamping of a native gene pool as the main result of hybridization
between introduced species and native species, e.g., in Cervidae [36,136] and Mustelidae
families [29,137,138]. Over 80% of the studies reporting genetic swamping focused on
cases where hybridization was directly or indirectly caused by human actions, i.e., either
domestication or species translocation (deliberate or unintentional). This implies that either
such cases are considered as greater concern than introgression resulting from natural
hybridization between pairs of wild native species and thus are studied more frequently, or
genetic swamping is indeed more frequent when it involves a domesticated or introduced
species cross-breeding with a native wild species.

Reproductive barriers between closely related species that evolved in geographic
isolation may be weak, and therefore after the secondary contact due to translocation, cross-
breeding and production of fertile offspring may be common. In such cases, continuous
cross-breeding across generations may result in considerable genetic swamping [36]. Ac-
cordingly, reproductive isolation between domesticated mammals and their wild ancestors
is frequently incomplete due to their recent divergence. For example, hybridization between
wolves and domestic dogs results in introgression of hybridization-derived variants into
gene pools of both canids [139]. In wolves, introgression of dog variants is mostly driven
by drift, with only a small number of genes experiencing negative or positive selection due
to this process [139]. In free-ranging domestic dogs, the observed proportion of candidate
genes under positive selection was larger than those under negative selection, suggesting
that introgression from wolves may provide dogs with an adaptive advantage [139]. This
last case demonstrates that genetic swamping is not an unequivocally negative process,
and its outcomes should be considered on an individual basis.
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Extinction via Genetic Swamping

In extreme cases, extensive genetic swamping may lead a population or an entire
species towards extinction [32,140]. Endemic species with patchy, isolated habitats are
under a particularly high risk of extinction via hybridization with introduced or invasive
closely related species. Of 115 papers considered in this systematic review, three papers
mentioned the risk of extinction by genetic swamping [30,114,141]. One of these papers
describes the case of the Java warty pig (Sus verrucosus), which is endangered with extinc-
tion via genetic swamping from the common Indonesian banded pig (Sus scrofa vitattus),
because of high hybridization rates resulting from the breakdown of reproductive barriers
and reduced fertility of hybrids [30]. The second paper reports the case of extinction of
the endemic Italian roe deer (C. c. italicus) due to extreme genetic swamping from the
introduced European roe deer (Capreolus c. capreolus) [114]. The third study presents a
mathematical model on hybridization between the mountain hare (Lepus timidus) and
European hare (Lepus europacus), showing that under climate change scenarios, increased
hybridization rate can lead to the mountain hare’s extinction via genetic swamping [141].
These studies focused on endemic species, which are threatened by habitat fragmentation
and overhunting, and are interbreeding with common, closely related species. Extinction
of endemic species through genetic swamping has also been reported in other taxonomic
groups, including plants e.g., [140].

Notably, identifying key factors involved in the extinction process is very challenging.
In many cases, interaction of different forces such as environmental stress, low genetic
diversity and small population size, may lead to the extinction vortex [142,143]. Therefore,
while hybridization may play an important role in pushing a species towards extinction, it
may not be the only contributing factor. Overall, hybridization contributed to extinction in
only 11 documented cases [23].

Outbreeding Depression

Outbreeding depression occurs when cross-breeding between two species or pop-
ulations that are adapted to different environmental conditions results in a loss of local
adaptations and reduction of fitness in hybrid individuals [144]. In the studies reviewed
here, outbreeding depression has been reported in native species that cross-bred with
non-native or invasive species, such as the roe deer interbreeding with the introduced
sika deer [36,145], and also in cases of admixture between wild and captive-bred popu-
lations e.g., wild versus captive-born American mink, [26]. In both cases, introgression
may break-up co-adapted gene complexes, reducing fitness in wild populations and result-
ing in outbreeding depression [146,147]. Selection pressures in captive-bred populations,
associated with adaptations to the captive environment and artificial selection on traits
desirable for humans result in the presence of gene variants that are maladaptive in natural
habitats [32,148]. Moreover, captive-bred populations have small sizes, which leads to low
genetic diversity and inbreeding depression. Introgressive hybridization may introduce
maladaptive gene variants present in such captive populations to natural populations, with
negative effects on their fitness.

On the other hand, captive breeding programs for conservation purpose have become
a conservation tool to prevent extinctions and support reintroductions in cases when
remaining wild populations are small and have low genetic diversity [149,150]. For example,
captive breeding program of European mink was lunched as a conservation tool for this
critically endangered species [151,152].

Among the papers discussed in this systematic review, five studies were focused on
admixture between wild and captive-bred populations of the same species. Two of these
studies did not detect any signatures of hybridization, and the remaining three studies
reported both outbreeding depression and genetic swamping. One of them reported genetic
swamping for the native population and increase in genetic diversity for the captive-bred
population studied.
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Introgression from a Domesticated Lineage

Hybridization between wild species and their domesticated relatives frequently results
in the introgression of gene variants typical of domesticated animals to wild populations.
Although there is a considerable overlap between the studies included in this category with
other categories, we consider it separately due to specific conservation problems resulting
from this type of introgression [153]. Domesticated mammals are not separated from their
wild ancestors by strong reproductive barriers, and therefore they are likely to cross-breed
in regions where their ranges overlap. Introgression of domesticated species’ alleles to wild
species’ gene pool may threaten the genetic integrity of wild species [154], and therefore it
is typically considered as a negative process. However, such introgression may increase
the genetic variability in wild species suffering the effects of a severe bottleneck, and/or
accelerate the process of adaptation to changing environmental conditions by providing
novel genetic variation [155]. For example, the Alpine ibex (Capra ibex ibex) acquired one
of its two MHC DRB alleles from domestic goats (Capra acgagrus hircus), which critically
increased diversity of this genetically impoverished species at the key component of the
immune system [156].

Among 25 studies from our systematic review that fit in this class, 15 studies focused
on hybridization between the grey wolf or the dingo and the domestic dog, four studies
focused on the wild boar and the domestic pig, four studies on the wild cat and the
domestic cat, one study on the wild sheep and the domestic sheep, and one study on the
wild yak and the domestic yak. These studies show that the introgression from domestic
animals into their wild relatives is more frequent than in the opposite direction. Population
sizes of domestic animals are dependent on the human population size, and therefore
human population growth combined with the fragmentation of natural habitats increases
both the numbers of domestic animals and the probability of encounters with their wild
relatives. Given that wild populations are typically considerably smaller than populations
of domestic animals, a single hybridization and back-crossing event will have a larger effect
on gene pools of wild populations compared with domestic ones.

Studies focused on hybridization between domestic animals and their wild relatives
constituted 36% of studies considered in this systematic review, and thus they had sig-
nificant impact on the overall proportions of different consequences of hybridization. By
default, they were responsible for all the cases of introgression from domesticated lineages,
which were reported in 44% of studies focused on hybridization with domestic animals.
Further 24.5% of studies reported genetic swamping; in this case, the difference between
these two consequences is only in wording, with the exception of introgression cases from
wild to domestic populations. The most common positive consequence was gaining novel
adaptive variation (7%). Overall, the frequency of hybridization outcomes considered as
negative (70%) was considerably higher than the frequency of positive outcomes (9%). This
suggests that studies on hybridization between domestic animals and their wild relatives
have a disproportional contribution to the negative hybridization outcomes in the overall
assessment. However, this is based on the assumption that introgression from domesticated
lineages and genetic swamping are negative outcomes by default, which has rarely been
tested. Given low divergence between domesticated animals and their wild relatives, it
may be expected instead that introgression will rarely lead to increased mortality and
infertility of admixed individuals, but the presence of atypical phenotypic traits may result
in reduced fitness.

Morphological Anomalies

Interspecific hybridization influences phenotypic traits and may create novel or un-
usual traits [157,158]. Morphological anomalies and abnormal growth are common among,
hybrid individuals [159] and are sometimes used as a proxy to detect hybridization [160].
Morphological anomalies usually reduce fitness and in extreme cases may cause inviability,
and therefore we classified them as a negative outcome of hybridization. In cases where
morphological anomalies increase fitness of hybrid individuals, they are considered as
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novel adaptive variation, which is a separate category of hybridization outcomes identified
in this review (see below).

The divergence of phenotypic traits of admixed individuals from average traits within
each of the cross-breeding species increases with their divergence time [157,161,162]. De-
pending on the species, the anomalies can occur in different body parts, including teeth,
skull, horn shape, body size etc. Among the papers considered in this systematic review,
we found only two papers that reported morphological anomalies in hybrid individuals,
including abnormal placental growth in hybrids between two species of dwarf hamsters
(Phodopus campbelli and Phodopus sungorus) [131] and skull, dental and horn anomalies in
the wildebeest hybrids (Connochaetes taurinus and Connochaetes gnu) [157].

Loss of Reproductive Output

Hybridization can change reproductive output by leading to changes in mating behav-
ior [163] or by wasting reproductive efforts. These changes typically involve reduction in
reproductive success, and therefore are considered as a negative consequence of hybridiza-
tion. For instance, unidirectional introgression from the fin whale to blue whale resulted in
the reduction of reproductive rate of the blue whale, reducing its recovery [123]. In cases
when most hybrid individuals are infertile and inviable, introgression does not happen or
is rare, and therefore the consequences of hybridization are reduced to the production of F1
hybrids only. Moreover, in some cases the reproductive output differs between different
generations of hybrids. For example, hybridization between Microtus hartingi lydius and
Microtus hartingi strandzensis produces viable and prolific F1 hybrids, while in the F2 gener-
ation, males are sterile and the mortality rate is high [164]. Falling fertility rates and loss
of reproductive outputs may lead to severe demographic declines in parental species and
even a rapid extinction of local populations involved in cross-breeding.

4.2.2. Positive Outcomes
Increase in Genetic Diversity and Reduction of Inbreeding

In a specific case when genetic diversity of a population is very low and the rate of
inbreeding is high, introgression from a non-native population or species can increase
genetic diversity without any signs of outbreeding depression. This can be considered as a
positive consequence of hybridization. Moreover, in small and fragmented populations
that have low genetic diversity and experience inbreeding depression, hybridization can
restore population viability [165,166]. Genetic rescue, i.e., restoration of genetic diversity
and mitigation of inbreeding depression through gene flow can be a valuable tool in
conservation of small, isolated populations [167]. For instance, introgressive hybridization
with a non-native Alpine chamois (R. . rupicapra) was shown to improve genetic diversity
of Tatra chamois (R. r. tatrica), an endangered endemic population in the Tatra Mountains
that suffered from a high level of inbreeding depression [21].

Although introgression from domesticated lineages can be considered as a threat for
wild populations, in some circumstances it can increase genetic diversity and viability
of wild populations. For example, increase in genetic diversity has been reported in
European wild boars that cross-bred with domestic pigs [20]. Accordingly, admixture
between feral and farmed populations of American mink (Neovison vison) increased genetic
diversity of the invasive populations of these species in Europe, which could increase their
adaptive potential and therefore compromise management efforts to control them [137].
Although this is a negative process from the conservation perspective, it can be considered
as a positive outcome of hybridization in terms of increasing individual fitness in the
invasive population.

Novel Adaptive Variation

In some cases, creation of novel genetic diversity via hybridization can facilitate species
adaptation to variable or novel environmental conditions, without a loss of its genetic
integrity [132,168]. Admixed individuals may acquire new adaptive traits, providing them
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with selective advantages in comparison to their parental species [169,170]. For instance, in
eastern Poland, introgression from the Siberian roe deer (C. pygargus) allowed the European
roe deer (C. capreolus) to adapt better to severe winters, which are an important contributing
factor of roe deer mortality [171]. Furthermore, hybridization between the coyote (Canis
latrans) and the grey wolf (Canis lupus) in Canada has resulted in the introduction of novel
adaptive variation to the coyote populations, allowing them to increase in body size, which
in turn improved their success in hunting deer [172].

In several mammalian species, including humans, the presence of adaptive variation
from their extinct relatives has been detected [173-175], implying that ancient hybridization
events provided long-lasting positive fitness effects [176]. For example, Tibetan and Hi-
malayan wolves experienced ancient introgression from an unknown canid lineage, which
resulted in the introgression of an EPAST haplotype that confers an adaptive advantage in
high altitude environments [175]. In humans, ancient cross-breeding with Neanderthals
and Denisovans in Eurasia resulted in introgression of novel adaptive variation, but also
increased the genetic load compared with non-admixed African populations [25,177]. Alto-
gether, among 14 papers considered in this systematic review that used genome-wide SNPs
or whole genome sequencing, there were six papers reporting cases of ancient introgression.
Three of these studies showed that ancient introgression was associated with gaining novel
adaptive variation, and the remaining three papers reported ancient introgression without
investigating its consequences.

Hybrid Speciation

Hybrid speciation refers to the process in which hybridization results in the creation of
a new species, which is characterized by mixed ancestry and distinct genetic composition
from its parental species [18]. Hybridization may act as a driving force in speciation by cre-
ating new hybrid phenotypes or providing necessary material for adaptive divergence [17].
Given that the creation of a new species increases biodiversity, it can be considered as a
positive outcome of hybridization.

Three criteria should be met to demonstrate speciation via hybridization; first, con-
firmed evidence of a past hybridization event in the putative hybrid species, second,
reproductive isolation between the hybrid species and its parental species, and finally the
presence of isolating impacts of hybridization [178]. Hybrid speciation may allow the new
species to colonize a new habitat [179].

In this review we found four studies that reported hybrid speciation [131,180-182].
These studies showed that the emergence of distinct phenotypic traits in hybrid individ-
uals may play an important role in speciation by impeding gene flow between parental
species and hybrid individuals [131]. For instance, differentiation in facial patterns in the
primate genus Cercopithecus is one of the key mechanisms driving hybrid speciation in
this genus [1581,183]. Abnormal growth patterns in hybrids between two dwarf hamster
species, P. campbelli and P. sungorus, were suggested to play an important role in speciation
by contributing to reproductive isolation between these recently diverged species [131].
Despite its potentially important role in mammalian speciation, the genetic basis of growth-
related developmental inviability is still unknown [131]. However, studies on a hybrid
zone between subspecies the house mouse (Mus musculus), which is a model species in
genetics, provided an insight into the molecular mechanisms underlying hybrid specia-
tion. Dysfunction in the Mecp2 protein in the house mouse resulting from introgressive
hybridization within the hybrid zone may induce changes in the expression of thousands
of genes, which may initiate the speciation process [182].

4.2.3. Neutral or Unspecified Outcomes
Intermediate Phenotypic Traits
Although in some cases interspecific hybridization may create deleterious morpho-

logical anomalies or novel adaptive traits (see above), hybrid individuals frequently show
intermediate phenotypic traits compared to their parents [184]. The additive effect, domi-



Genes 2022, 13, 50

15 of 26

23

nance effect, and/or epistatic effect may create variation in polygenic traits [157,185]. In
the additive model, F1 hybrid offspring shows intermediate phenotypes relative to their
parents [185]. A classic example of the effect of hybridization on morphological traits are
the Darwin finches in Galapagos, where most hybrid individuals have intermediate body
size and beak shape compared with the parental species [186]. Several studies in this review
reported intermediate phenotypes, e.g., in cetaceans [187], mustelids [188], camelids [189]
and primates [181]. The presence of admixed individuals with intermediate phenotypes
may impede species identification in the field. For instance, field identification of four
chipmunk species (Tanias spp.) in the Sierra Nevada, USA, was associated with 14% error
rate, which was in part attributed to sporadic hybridization among these species [190].
The fitness consequences of intermediate phenotypic traits have rarely been studied and
therefore this outcome of hybridization could not be classified as either positive or negative.

Hybrid Zones

Hybrid zones are areas where two genetically distinct linages meet, mate and create
viable offspring [191]. These geographic regions are usually narrow, with the width ranging
from several meters to several kilometers [192]. Hybrid zones can be created through
natural hybridization between parapatric or sympatric species [193,194]. Most hybrid zones
are maintained by the balance between natural selection against hybrids and dispersal
capabilities of the cross-breeding taxa [179,191]. If before the range expansion or removal
of a geographic barrier, reproductive isolation between closely related species has not
been complete, hybrid zone may be formed. For example, due to a recent divergence and
weak reproductive isolation between the pine marten Martes martes and the sable Martes
zibellina in Western Siberia, a vast hybrid zone has formed between these species after
the Last Glacial Maximum [138]. Features of hybrid zones, such as fertility or sterility
of hybrid individuals, directionality of mating, hybridization frequency, and geographic
extent of introgression, vary considerably, and their examination can help understand
the mechanisms of hybrid zone maintenance [195]. In woodrat species (Neotoma bryanti
and Neotoma lepida), a hybrid zone has been maintained as a result of sporadic cross-
breeding between these species and hybrid fertility [196]. Among studies included in this
literature review, hybrid zones have been described in mice (Mus musculus musculus and
Mus musculus domesticus) [197], different woodrat species [195,196,198-200], marmots [201],
primates [181], artiodactyles [157,202], Diprotodontia [203,204] and carnivores [138,205].

Hybridization without Significant Impacts

Some studies included in this review showed that despite hybridization, populations
maintained their genetic distinctiveness [206]. For instance, despite extensive rate of hy-
bridization among different bat species in Poland, their gene pools have not been disrupted
by introgression [74]. Furthermore, admixture between Italian wolves and domestic dogs
did not affect the integrity of wolves’ gene pool [207]. The lack of significant effects on the
gene pool does not necessarily imply the lack of any effects, e.g., loss of reproductive effort.
Given that these effects were not studied, we classified this type of outcome as neutral.

No or Rare Evidence of Hybridization

This category includes studies that have not found any signs of hybridization in the
populations studied or found only very limited evidence e.g., [154,208-215]. We found
24 studies that fitted this category. This could include cases where hybridization was rare
or did not occur, as well as cases where limitations in sampling and the use of low number
of genetic makers could result in poor detection of hybridization [216-225]. The number
of genetic markers is important to detect signatures of hybridization, especially if cross-
breeding and/or back-crossing events are rare [56,124]. Moreover, small data sets may
show only a preliminary assessment of hybridization [226], and comprehensive sampling
is necessary to obtain reliable results.
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In some cases, efficient conservation management may result in low rate of hybridiza-
tion [212,227]. For example, because of careful monitoring and management, the Scan-
dinavian wolf population shows a lower level of hybridization with dogs compared to
other European wolf populations, which was demonstrated based on the comprehensive
sampling and the analysis of whole genomes [82]. The rate of hybridization between the
same pairs of species may differ regionally depending on environmental conditions [228].
For example, hybridization between bat species Myotis myotis and Myotis blythii has been
reported in Europe, but in Turkey no signs of hybridization between these species have
been detected [229].

Altogether, 38% of the studies assessed in this systematic review reported neutral
or unspecified outcomes of hybridization. Within this group, “no or rare evidence of
hybridization” was the most common hybridization outcome, which occurred in 17% of
all the studies on hybridization. This result suggests that one of the five categories of
hybridization outcomes delineated for the purpose of species conservation [35], “negligible
impact and minimal introgression of genes into the species of concern”, occurs relatively
frequently. Therefore, a presumption that hybridization always constitutes a threat to
biodiversity is incorrect, and instead the decision-making regarding the management and
conservation of wild-living hybrids should be based on the examination of hybridization
outcomes case-by-case [35].

4.2.4. Consequences of Hybridization for Threatened Species

Only 18% of studies considered in this review were focused on threatened species
(having the IUCN Red List categories of Near Threatened (NT), Vulnerable (VU), Endan-
gered (EN), Critically Endangered (CR), Extinct in the Wild (EW)). Negative consequences
(e.g., genetic swamping, extinction via genetic swamping, introgression from domesticated
lineages and loss of reproductive output) were reported in 38% of these studies and positive
consequences (with only one category, gaining novel adaptive variation) were reported
in 14% of them. In the remaining studies, the authors did not mention any positive or
negative consequences or did not find any evidence of hybridization. The frequency of
the positive consequences reported for all the studies assessed in this systematic review
was very similar (13%), while the frequency of the negative consequences was higher (49%)
compared to those observed in the studies on threatened species. This suggests that the
negative consequences of hybridization are not intensified in endangered species, at least
the mammalian species considered in this review.

5. Conclusions

Among the papers included in this systematic review, hybridization outcomes typically
considered as negative had considerably higher frequency (49%) than those considered
as positive (13%). However, these frequencies could have been biased by several factors
and therefore should be treated with caution. For instance, two most frequent outcomes of
hybridization, genetic swamping and introgression of variants from domestic animals are
typically considered as negative, but this is not always the case. In some circumstances,
moderate levels of genetic swamping or introgression of domestication-related variants
may result in increased fitness and genetic rescue [155,230]. The cases where hybridization
outcomes are unequivocally negative, leading to extinction or loss of reproductive output,
are relatively rare. They were reported in 13% of the studies considered in this review—
the same frequency as that of the positive outcomes. In cases when the hybridization
outcome cannot be easily determined, e.g., when genetic swamping occurs at a low rate,
long-term monitoring of admixed populations is required to conclude about advantages
and disadvantages of introgressive hybridization. For this purpose, at least two consecutive
generations should be monitored [12,13], but currently, many studies are based on a singular
sampling effort, and fitness of sampled individuals is rarely assessed.

It is also important to stress that the detection of different outcomes of hybridization
depends on the type of molecular markers applied. Microsatellite markers enable identifi-
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cation of first-generation hybrids and recent back-crosses, but cannot reliably detect more
distant hybridization events [56]. Since microsatellites are neutral genetic markers and
are typically genotyped in small numbers (<100), they cannot be used to detect adaptive
introgression or hybrid speciation, which are among the most frequently reported positive
outcomes of hybridization. In contrast, some negative outcomes, such as genetic swamp-
ing, can be detected using a small number of neutral markers. Given that until recently
microsatellite loci were the most frequently chosen markers in hybridization studies, and
they were used in 50% of studies considered in this systematic review, the frequency of
negative outcomes of hybridization may be overestimated.

A combination of neutral loci and those located within coding genes is better suited to
provide an unbiased insight into the relative frequencies of positive and negative hybridiza-
tion outcomes and identify factors that affect them. Single Nucleotide Polymorphisms
(SNPs) can be genotyped in large numbers (hundreds of thousands to millions) using arrays
or next generation sequencing, which makes them suitable for identification of adaptive
loci [231,232] as well as detection of small proportions of hybrid ancestry and identification
of F2-F4 backcrosses [233,234]. Therefore, the application of this type of genetic markers
creates an opportunity to identify both positive and negative impacts of hybridization.

In some circumstances, hybridization can be used as a conservation tool to facilitate
adaptation of populations to changing habitat conditions and to increase individual fitness
in populations experiencing inbreeding depression [12,13]. To use hybridization this
way, we need to achieve a better understanding on how to prevent negative effects of
hybridization without eliminating the potential for the positive effects. This will require
comprehensive studies focusing on the genetic effects of hybridization on both neutral
and functional parts of the genome and fitness effects of cross-breeding on F1 hybrids and
several generations of back-crosses. Experimental studies simulating different evolutionary
scenarios may be the best way to achieve an unbiased assessment of the frequency of
different hybridization outcomes.
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2 Chapter 2

Evaluation of Global and Local Ancestry
Reconstruction Methods for Admixture Detection
Using Genome-Wide SNP Data in Genus Canis

Abstract

Introgressive hybridization plays an important role in shaping gene pools of
populations and species. Investigations of the hybridization process require accurate
estimates of the introgression rates. This can be achieved using global or local ancestry
estimates. While global ancestry represents the proportion of different ancestral
populations across the entire genome, local ancestry identifies the alleles derived from
different ancestries at each specific locus, which may be then averaged across loci to
obtain the genome-wide estimates. In this study, we aimed to evaluate the methods of
global and local ancestry reconstruction in the context of the analysis of introgressive
hybridization. For this purpose, a dataset comprising 229120 SNPs from representatives
of the genus Canis (gray wolves, golden jackals, and free-ranging dogs) was used to
perform global ancestry analyses (PCA and ADMIXTURE) and local ancestry analyses
(LAMP-LD, ELAI, and GHap). The results obtained from these methods were compared
to assess their consistency. Furthermore, factors contributing to discrepancies among the
results were evaluated, providing insights into the robustness and limitations of global
and local ancestry analyses. We found that the global ancestry method (Admixture)
estimated higher admixture proportions than local ancestry methods. The comparison of
the three local ancestry methods showed that while the results of LAMP_LD were highly
consistent with the results of ELAI in most samples, the ancestry proportions estimated
by GHap were lower. The differences between local and global ancestry results can be
attributed to their methodological approaches, the type of information they utilize, and
their strategies for handling missing data. We emphasize two key factors, low-quality
genotypes and the presence of subpopulation structures, as major contributors to
inconsistencies between the methods, increasing the uncertainty and variability of
estimates. We found that global ancestry analyses such as ADMIXTURE are more likely
to be affected by these confounding factors. Therefore, global ancestry methods such as
ADMIXTURE may not be suitable as standalone approaches for the precise inference of
admixture proportions due to their susceptibility to confounding factors. We recommend
a joint use of local and global methods of ancestry analysis, with local ancestry results
being prioritized for precise inference of introgression rates.

Keywords: Introgressive hybridization, Global ancestry, Local ancestry, Genus Canis
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2.1. Introduction

Rapid advances in genome sequencing and computational technologies have shown
that introgressive hybridization, interbreeding between representatives of different taxa
that results in the transfer of alleles between them, is a common process (Dagilis et al.,
2021). Introgression can have a substantial impact on evolutionary patterns in the species
affected, ranging from extinction via genetic swamping to hybrid speciation (Todesco et
al., 2016; Adavoudi and Pilot, 2021). Given the broad range of potential consequences
of introgressive hybridization, it is crucial to obtain accurate estimates of introgression
rates, especially in the context of species management and conservation. In recent years,
different methods have been developed to estimate introgression based on genetic and
genomic data (reviewed in: Wangkumhang and Hellenthal, 2018; Elworth et al., 2019;
Hibbins and Hahn, 2021; Dagilis et al., 2021; Thawornwattana et al., 2023; Sun et al.,
2025). Methods for inferring introgression can be classified into six main categories
based on the type of information they use, including sequence similarity (Fst, dxy), clinal
changes along space or the genome, tree topology, clustering analyses, demographic
models, and D-statistics and their extensions (Dagilis et al., 2021).

The methodology of inferring introgression and identification of hybrid individuals
varies in different studies depending on the type of applied molecular markers. Nuclear
microsatellite loci and SNP markers are the main molecular markers that have been used
for the identification of hybrids (Goli et al., 2024). However, SNPs can provide more
details about hybridization than microsatellite markers because of technologies that
enable the simultaneously obtain data from a large number of loci (thousands to millions)
spanning the entire genome, via the microarray genotyping or next-generation
sequencing. The use of a large number of loci can improve the accuracy of ancestry
estimates and enable the identification of older-generation backcrosses (Goli et al.,
2024). Therefore, SNPs are currently most suitable markers for studying introgressive
hybridization.

Global ancestry inference is one of the widely used approaches for estimating the
proportion of ancestry across the entire genome. Global ancestry methods can identify
introgression by assigning individuals to their major population or ancestry group and
identify those individuals that carry genetic variants originating from different ancestry
groups (Padhukasahasram, 2014). Methods for calculating global admixture are
classified into model-based and algorithm-based approaches (Padhukasahasram, 2014;
Tan and Atkinson, 2023). STRUCTURE (Pritchard et al., 2000), fastSTRUCTURE (Raj,
et al., 2014), and ADMIXTURE (Alexander et al., 2009; Alexander and Lange, 2011)
are model-based (Bayesian clustering) methods. These are the most commonly used
software to infer global admixture proportions and identify the presence of introgression.
Both STRUCTURE and ADMIXTURE are based on the probabilistic models and
estimate an individual's ancestry and hybridization status using allele frequency
differences. Probabilistic quantities of different genetic groups (ancestry coefficients, g-
values) can be estimated without any prior taxonomic information (Anderson, 2008). The
admixture score (membership coefficient) indicates the proportions of genetic material
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that are inherited from parental populations. Non-admixed individuals are expected to
have scores of 0 or 1, or closely approaching these values. However, both STRUCTURE
and ADMIXTURE rely on arbitrary thresholds and there is no standard way to interpret
the membership coefficient. In addition, the assignment membership coefficient might
be affected by errors in genotyping (Ottenburghs, 2021). Therefore, arbitrary probability
thresholds are usually used to classify individuals as non-admixed, first-generation
hybrids, or backcrossed (Randi 2008; Ottenburghs, 2020). Moreover, results could be
biased by the number of individuals in each population, as these models are based on
allele frequencies. In addition, selecting an optimal value for the number of populations
(K parameter) is important to avoid overinterpreting barplots of STRUCTURE and
ADMIXTURE results (Lawson et al., 2018). This may be challenging in the case of
complex datasets containing multiple species with nested structures within each species.

Algorithmic-based approaches rely on the characteristics of Principal Component
Analysis (PCA) and are much faster and easier than model-based approaches (Price et
al., 2006). PCA is widely applied for the inference and visualization of population
structure (Patterson et al., 2006; Seldin et al., 2011), the analysis of the demographic
history and admixture between populations (Elhaik, 2022). PCA is a multivariate
analysis that projects samples into a PC space that captures the largest variation, instead
of producing an intuitive admixture proportion output (Tan and Atkinson, 2023). In a
PCA plot, admixed individuals are scattered between the clusters of the two unadmixed
populations in the first two PCs (Ma and Amos, 2012). Also, the relative distance of each
admixed individual from the centroids of parental population clusters can be used to
estimate the proportions of admixture for each individual (Ma and Amos, 2012). Similar
to determining the K parameter in model-based approaches, the choice of the number of
PCs has a significant impact on PCA results (Waaij et al., 2023).

Global inference methods provide a broad overview of admixture proportions across
the entire genome but lack the resolution to detect admixture at finer scales, such as along
individual chromosomes or at specific loci. These methods operate on the assumption
that each individual has identical genetic ancestry ratios at every genomic locus (Long,
1991). This constraint results in variability in admixture proportions across loci, leading
to discrepancies between local ancestry and overall global ancestry in admixed
individuals. The ability to infer admixture at specific chromosomal locations has been
significantly advanced by developments in genome sequencing, SNP genotyping
technologies, and computational tools (Kidd et al., 2012; Wu et al., 2021; Vi et al., 2023).
The genomes of admixed individuals can be described as mosaics of chromosomal
segments with different ancestries (Price et al., 2009; Gravel, 2012; Ma et al., 2015).
Local ancestry can provide us with information about the proportions of introgression in
admixed individuals by identifying alleles derived from different ancestries at a specific
locus (Duan et al., 2017; Martin et al., 2018).

Many local ancestry estimation methods have been developed for human population
studies (Padhukasahasram, 2014; Yuan et al., 2017; Mazandu et al., 2018; Geza et al.,
2019; Wu et al., 2021; Tan and Atkinson, 2023). Hidden Markov Models (HMMs) and
Conditional Random Fields (CRFs) are two main methods for inferring local ancestry
(see Tan and Atkinson, 2023 for details). Curretly, more than 70% of local ancestry tools
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are based on HMMs (Wu et al., 2021). HapMix (Price et al., 2009), ELAI (Guan, 2014),
Saber (Tang et al., 2006), LAMP-LD (Baran et al., 2012), and MOSAIC (Salter -
Townshend and Myers, 2019) are based on HMMs and utilize genotype data from
ancestral populations (also known as source or reference populations) to predict the
ancestry classification of admixed individuals by identifying the hidden ancestral states.
In contrast, RFMix (Maples et al., 2013) and AICRF (Alizadeh et al., 2023) leverage a
conditional random field (CRF) parameterized by random forests trained on reference
panels. A CRF is a statistical model that can model the dependencies between multiple
variables (Lafferty et al., 2001). For example, in RFMix, a conditional random field
(CRF), parameterized by a random forest trained on reference panels, is used to infer
local ancestry within each block (Maples et al., 2013). Additionally, some methods rely
on different algorithms. For example, GHap (Utsunomiya et al., 2020)employs the K-
means clustering method. Ghap can approximate ancestral lineages by grouping all
observed haplotypes using the K-means algorithm (Hartigan and Wong, 1979).

The fundamental concepts, methods for estimating local and global ancestry, and the
tools/software used for these analyses, along with their applications, have been discussed
in detail in recent reviews (e.g., Yuan et al., 2017; Goli et al., 2024). Several studies
compared the performance of various methods for inferring admixture proportions,
primarily using human genome data. For example, the performance and computational
speed of HAPMix and LAMP-LD were evaluated against a newly developed method,
the two-layer HMM implemented in software ELAI, using simulated datasets,
demonstrating that the two-layer HMM offers certain advantages, such as effectively
handling missing data and making fewer errors in small regions spanning a few hundred
SNPs (Guan, 2014). In another study, the mathematical and statistical approaches used
by different local ancestry deconvolution methods were compared through simulations,
providing guidance for researchers in selecting appropriate methods based on their data
characteristics (Geza et al., 2019). This analysis showed that ELAI (Guan, 2014) as an
effective tool for estimating admixture events.

Additionally, the accuracy, runtime, memory usage, and usability of five local
ancestry methods, LAMP-LD, ELAI, RFMix, Loter, and MOSAIC, were compared
using both simulated and real human genome data (Schubert et al., 2020). The study
found that RFMix demonstrated the highest overall performance among the evaluated
methods. However, depending on the specific application, other methods could provide
comparable results while offering faster runtimes (Schubert et al., 2020).

While numerous studies evaluated the performance of various local and global
ancestry methods, most assessments relied on simulation datasets based on the human
genome. Simulated data often fail to capture the full complexity of real genomic data,
which may involve varying levels of quality due to poor DNA yield, sequencing errors,
and missing data. Additionally, real genomic data are shaped by complex demographic
histories and intricate population structures, factors that significantly impact the
outcomes of ancestry analysis.

In this study, we aimed to apply different methods to infer the proportions of
introgression from both global and local perspectives and evaluate the consistency of
results among these methods in a dataset composed of three canids, gray wolves (Canis
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lupus), golden jackals (Canis aureus), and domestic dogs (C. lupus familiaris), known
from earlier studies to interbreed (Gopalakrishnan etal. 2018; Wang et al., 2020;
Werhahn et al., 2020).). For this purpose, PCA and ADMIXTURE representing non-
parametric and model-based approaches, respectively, were applied for global ancestry
estimation. Additionally, multiple tools for local ancestry analysis, including LAMP-LD,
ELAI, and GHap, each offering distinct advantages and methodological strengths, were
applied. LAMP-LD is optimized for high-speed and efficient analysis, particularly suited
for datasets with large sample sizes and dense SNP coverage (Baran et al., 2012). ELAI
uses a probabilistic framework based on multi-layer hidden Markov models, making it
highly effective for analyzing complex admixture histories (Guan, 2014). GHap, in
contrast, focuses on haplotype-based analysis, leveraging phased genomic data to
provide fine-scale insights into local ancestry patterns (Utsunomiya et al., 2020). These
diverse methodological approaches enabled a comprehensive assessment and
comparison of the introgression rate results. Moreover, the effects of the quality of
genotype data, demographic histories such as population structure within the species
studied, on the results of different methods were explored, and methods that have better
performance under different conditions were assessed. The SNP genotype data from
different populations of gray wolves, golden jackals, and domestic dogs were used to
create multiple data sets. We aimed to (1) apply different methods and tools to infer the
proportions of introgression in the canid dataset from both global and local perspectives,
(2) assess the consistency between the results obtained from different methods, (3)
compare the results of global ancestry in the entire dataset versus two different
geographic populations (regional datasets), and (4) identify factors that can confound the
results of local and global ancestry analyses.

2.2. Material and methods

Sample collection and laboratory procedures

Our samples were collected opportunistically and therefore represented various
tissues. Muscle and skin tissue samples were collected from gray wolves, golden jackals,
and domestic dogs across their Eurasian range. Additionally, saliva samples from
domestic dogs were collected using the PERFORMAgene animal DNA collection kit
(DNA Genotek), providing an alternative and non-invasive sampling method. We also
incorporated golden jackal tissue samples from a prior study (Rutkowski et al., 2015) to
expand the dataset and enhance comparability (Fig. 2.1). DNA was extracted from tissue
samples using NucleoSpin Tissue Kit (Macherey Nagel, Duren, Germany), and DNA
from saliva samples was extracted by PG-AC extraction Kkit, following the
manufacturer’s instructions with slight modifications (for more details see
supplementary file).
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Fig. 2.1. Distribution of genetic samples and spatial range of grey wolves and golden jackals according
to the IUCN (IUCN, 2024). Each marked sampling location can represent several samples.

SNP genotyping

The Axiom Canine HD Array and Axiom Canine Genotyping Array Set A (Thermo
Fischer Scientific, USA) were used for the genotyping of 1378 and 249 samples,
respectively. The Array Set A was used before the HD array was available. Axiom
Analysis Suite version 5.1.1.1 (Thermo Fischer Scientific, USA) was applied to carry out
SNP genotype calling. Identification of poor-quality samples was done using Dish QC
(DQC), and sample QC call rate test. To achieve high-quality genotype data, the Axiom
Best Practices Genotyping Analysis Workflow suggests very strict thresholds of 82 and
97% for DQC and QC call rates, respectively. While studies on model organisms can
provide high quality data from all sampled individuals, this is not possible in studies on
wild or feral animals, where samples are obtained opportunistically and individuals
cannot be resampled. Therefore, more relaxed quality parameters were applied here to
avoid discarding many individuals.

A two-stage approach in the Axiom Analysis Power Tools command line (version
2.11.4) was used for SNP genotyping of all samples. In the first step, Dish-QC threshold
of 0.75 and sample call rate threshold of 80%were applied. In the next step, the genotype
accuracy has been improved by using the Ps_CallAdjust SNPolisher function with the
SNP confidence score threshold lowered to 0.01 and the SNP calling rate lowered to 90%
to improve genotype accuracy as the number of missing calls increased. Samples with
QC call rate threshold between 80 and 97% as well as those with DQC values between
0.75 and 0.82 were identified as low-quality samples and were distinguished by
appending an "LQ" suffix to their identifiers. Genotypes generated using the Axiom
Canine HD Array and the Axiom Canine Genotyping Array Set A, which were processed
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separately using the two-stage approach described above, were merged as a single dataset
(229,120 SNPs) and exported to the Plink file format.

Dataset creation

After merging individuals genotyped on Axiom arrays, a dataset of 1444 individuals
including 338 samples of gray wolf, 483 samples of golden jackal, and 623 samples of
free-ranging dog with 229,120 autosomal SNPs was created, hereafter referred to as the
WJD dataset. Besides the WJD dataset, three different datasets have been generated for
pairwise comparison between gray wolf and domestic dog (WD dataset), golden jackal
and domestic dog (JD dataset), and gray wolf and golden jackal (WJ dataset), with the
same number of SNPs (Table S 2.1).

Initial data processing

Plink software v 1.9 (Chang et al., 2015) was used for filtering genotypes of all
datasets. SNPs with more than 10% missing data and a minor allele frequency (MAF)
below 0.01 were removed. A relaxed 20% threshold for filtering out individuals with a
high rate of missingness was applied. This allowed us to retain individuals with relatively
high proportions of missing data (10-20%) to be kept in the dataset to test for the effect
of missing data on the accuracy of admixture inference. The kinship coefficient between
each pair of individuals was estimated using the KING (Manichaikul et al. 2010)
algorithm in PLINK v 2.0 (Chang et al., 2015). To eliminate duplicate samples, we
excluded one individual from each pair with a kinship coefficient exceeding 0.48, as
duplicate samples typically exhibit a kinship coefficient of approximately 0.5 (Lee and
Chen, 2016). The kinship coefficient is defined as the probability that two homologous
alleles drawn from each of two individuals are identical by descent (IBD) (Jiang et al.,
2022). Based on the kinship analyses, 58 duplicated individuals were identified and
subsequently removed from the dataset. Only data from autosomal chromosomes 1-38
were used. Additionally, to meet the assumption of global ancestry models (such as PCA
and Admixture), the WID dataset was filtered to remove loci in strong linkage
disequilibrium (LD; r?> > 0.1), using sliding windows of 50 SNPs with a step size of 3
SNPs, and 172,357 SNPs were removed through linkage disequilibrium pruning. The
rest of the datasets, including WD, JD, and WJ, were created after passing all filtering
steps. The sample sizes for each dataset and the number of SNPs retained after quality
control, categorized by whether global or local ancestry analyses were conducted, are
provided in Table S 2.1.

Regional datasets

To analyze the population structure for each canid, Discriminant Analysis of Principal
Components (DAPC) was carried out (Fig S 2.1, Fig S 2.2, Fig S 2.3). Based on the
results from the population structure, we selected two regional populations to address
potential confounding factors arising from population divergence, sample size,
intrapopulation structure, and the composition of reference populations' influence on
hybridization level estimation. To select regional datasets, we aimed to choose regions
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with good sampling coverage from each of the three canids with different genotyping
quality and sample sizes.

The first regional dataset included samples from India, consisting of 100 individuals:
21 gray wolves, 33 golden jackals, and 46 dogs (Fig 2.2, Table S 2.2). Nearly half of the
samples from India (47 individuals) were low-quality samples (LQ). The second dataset,
comprising 327 individuals: 110 gray wolves, 167 golden jackals, and 50 dogs from the
Balkans (Bosnia and Herzegovina, Serbia, and Bulgaria; Fig 2.2, Table S 2.2), was
selected based on high-quality genotyping data. The data from both datasets were
extracted from the main filtered datasets. All subsequent analyses were conducted on
both the main and regional datasets (Table S 2.2).
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Fig. 2.2. Distribution of regional datasets, including India and the Balkans

Global Ancestry Analysis

For inferring global ancestry, both model-based and non-model-based approaches
were used. Since one of the important assumptions of the global ancestry analysis is the
absence of correlations between allele frequencies in different loci, datasets pruned
according to LD were used for performing PCA and ADMIXTURE. To obtain three-way
ancestry estimates, WJD dataset with 36K variants was used, while datasets WD, JD, and
WJ were used for pairwise comparisons among gray wolves, golden jackals, and
domestic dogs.

PCA

To compute eigenvalues and eigenvectors and visualize the predominant components
of variability in all datasets, Plink software v. 1.9 (Chang et al., 2015) was used. PCA
was performed independently for each dataset (WJD, WD, JD, and WJ), to obtain both
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three-way and two-way admixture estimates. The values of the first and second principal
components were used to visualize the results of the PCA and the position of putative
hybrids in R v. 3.4.3. Samples located between the clusters in the first two PCs were
identified as admixed samples based on the visual inspection of the plots.

ADMIXTURE

We applied the Bayesian clustering method implemented in ADMIXTURE software
v. 1.3.0 (Alexander et al., 2009) for quantifying the proportions of different possible
ancestral origins within the genome of each individual and determining potential
signatures of dog ancestry in the wild canid populations and vice versa. Utilizing
maximum likelihood methods like ADMIXTURE can significantly reduce the
computational time required for estimating genetic ancestry compared to STRUCTURE
(Goulet et al., 2017). Furthermore, compared to principal component analysis (PCA),
ancestry coefficients (g-values) offer greater interpretability as they represent
proportions of ancestry from multiple founding populations (Ko et al., 2023). We
performed the ADMIXTURE analysis for K values ranging from 2 to 10, employing
default termination criteria. For each K value, the analysis was repeated 10 times with
different random seeds, and the cross-validation error was computed. The same as in the
PCA analysis, the ADMIXTURE analysis was performed separately for each dataset
using the LD-pruned data. The lowest cross-validation error was used to find the optimal
ancestry clusters. Ancestry coefficients were then utilized to differentiate between
purebred and admixed individuals. Bar plots illustrating the estimated ancestry
proportions derived from g-values were generated using R v. 3.4.

Local ancestry inference (LAI)

In addition to global admixture, our study inferred the presence of chromosomal
ancestry blocks resulting from hybridization through local ancestry analysis for all 38
autosomal chromosomes. We applied three distinct approaches (LAMP-LD, Ghap, and
ELAI) with different algorithms to estimate local ancestry across all pairwise
comparisons. All local ancestry analyses were performed using non-LD-filtered datasets.

LAMP-LD

Local Ancestry in Mixed Populations (LAMP) is based on the clustering algorithm
(ICM) for the estimation of LA in recently admixed populations (Sankararaman et al.,
2008). LAMP-LD (Baran et al., 2012) is an advancement of the LAMP algorithm
designed to address multi-way admixtures, by integrating Hidden Markov Models
(HMMs) with a window-based framework, resulting in highly accurate estimations
(Padhukasahasram, 2014). LAMP-LD was carried out with two objectives: first, to
estimate introgression rates between all pairwise comparisons (between domestic dogs,
gray wolves, and golden jackals) and second, to identify non-admixed individuals.
LAMP-LD estimates the admixture proportions without the need to define a priori
ancestral non-admixed populations. Due to the presence of signatures of past admixture
with dogs in most Eurasian wolf populations (Pilot et al., 2018), we used the results of
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LAMP-LD analyses to identify non-admixed individuals to be included in reference
panels in the ELAI analyses. In the LAMP-LD analysis, the mixture proportion (alpha)
between two main clusters was set up so as to correspond to the frequency of the two
taxa compared in each dataset (see Table 2.1). This was a conservative assumption that
allowed for the scenario of no admixture. For all pairwise comparisons, the r? cutoff of
0.1 (Idcutoff = 0.1) was selected for pruning SNPs in linkage disequilibrium, and the
fraction of overlap between adjacent windows (offset) was 0.2.

The recombination rate of 1 x 10720 per base pair per generation was set (as in Pilot et
al. 2021). We attempted to use a high-density recombination map from available
sources (Campbell et al., 2016), but with its inclusion in the model, we were not able to
obtain reliable admixture results. This was not caused by any problems with the
recombination map, as we used it successfully in the ELAI analysis (see below).
Therefore, we used a fixed recombination rate instead, an approach that was successfully
applied in earlier studies (Pilot et al., 2018; Pilot et al., 2021; Sarabia et al., 2025). We
considered the last 10 generations since admixture because the precision of the admixture
estimates in LAMP-LD decreases with the increase in the number of generations since
the admixture event (Suarez-Pajes et al., 2021).

Table 2.1. Mixture proportions were applied in the LAMP_LD analysis for the global, Indian, and
Balkan datasets.

(wolves vs dogs) (jackals vs dogs) (wolves vs jackals)
Global datasets 0.35:0.65 0.45:0.55 0.40: 0.60
India datasets 0.31:0.69 0.45:0.55 0.35:0.65
Balkan datasets 0.32:0.68 0.77:0.23 0.40:0.60

ELAI

In the next step, the inference of local ancestry was performed with ELAI v. 1.01
(Guan, 2014). ELAI uses a two-layer hidden Markov model to detect haplotype structure
between unrelated individuals and assigns each local haplotype probabilistically to
groups (Guan, 2014). Although LAMP-LD was used without defining any source
populations, ELAI required the provision of reference populations. We defined reference
populations for wild canid species and domestic dogs as sets of individuals that were not
admixed or had very low levels of inferred admixture based on the LAMP-LD results.
Different thresholds were set for wild canids and dogs for the classification of individuals
as non-admixed to obtain at least 150 non-admixed individuals for each dataset
representing all geographic regions studied (Table 2.2). For pairwise comparisons, ELAI
was run with 30 steps in the expectation—-maximization (EM) run between two main
clusters (wolves vs dogs), (wolves vs jackals), and (jackals vs dogs) assuming 10
generations of admixture. The values for upper-layer clusters (the number of hybridizing
taxa) and lower-layer clusters (representing population structure within each taxon) were
set to 2 and 10, respectively. Moreover, three-way ELAI was applied to all admixed
samples, including 568 admixed dogs, wolves, and golden jackals. The same parameters
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described above were used, with a slight modification in the EM (20 steps). For the
clustering structure, the upper-layer clusters (representing hybridizing taxa) were set to
3, while the lower-layer clusters (representing population structure within each taxon)
were set to 15.

Table 2.2.Thresholds applied for the selection of pure and admixed individuals for the ELAI analysis in
each dataset

Datasets Threshold Threshold for Threshold for Admixed
for pure pure jackals pure dogs samples (N)
wolves

Dataset 0.01 0.003 0.003 568
WDJ

Global datasets Dataset 0.01 - 0.003 314
WD
Dataset JD - 0.005 0.001 315
Dataset 0.001 0.003 - 257
JW
Dataset 0.005 - 0.001 26
IWD

Indian datasets Bzgaset - 0.001 0.001 20
Dataset 0* 0.01 - 10
IWJ
Dataset 0.005 - 0.002 91
BWD

Balkan datasets g;altjaset - 0.002 0.001 100
Dataset 0* 0.005 - 59
BWJ

*as no wolf samples in these populations had golden jackal admixture, ELAI was run only based on
admixed jackal samples.

GHap

In addition to LAMP-LD and ELAI, which are both based on the Hidden Markov
Model (HMM), we also applied another method with a different underlying approach.
GHap can predict ancestries by constructing haplotype blocks, without the need to define
non-admixed reference populations (Utsunomiya et al., 2020). We used an algorithm
implemented as part of the GHap (Genome-wide Haplotyping) package v. 3.0.0
(Utsunomiya et al., 2016) in R v. 3.4.3, to identify the tracks of local ancestry based on
the observed haplotypes (Utsunomiya et al., 2020). In contrast to LAMP-LD and ELAI,
which analyze unphased genotypes, GHap requires phased and imputed datasets.
Therefore, before the GHap analysis, genotype data for each chromosome were phased
using Beagle v. 5.4 (Browning et al., 2021). To increase the accuracy of phasing, the
values for the burn-in and iteration parameters were set up at 10 and 1000, respectively,
and the genetic map file for the recombination rate was prepared based on the CanFam3
dog genome for each chromosome. After conducting phasing for the wolf, golden jackal,
and dog genotypes separately, the phased data were merged to form phased pairwise
datasets. The phased genotypes of each dataset (WD, JD, and WJ) were used as input

45



files for GHap. We used GHap to estimate haplotype ancestry without reference samples.
The K-means algorithm (Hartigan & Wong, 1979) was employed to simultaneously infer
haplotype structure and ancestry in an unsupervised manner (Utsunomiya et al., 2020).
Subsequently, a random sample of seeding markers was used to group all haplotypes in
groups with K from 2 to 10. After choosing the best K, the ancestry proportions of each
K were estimated using ‘ghap.anctest’ function (Utsunomiya et al., 2020). For
visualization of the estimated ancestry proportions for each dataset, ‘ghap.karyoplot’
function was used.

Comparisons of global ancestry and local ancestry inference methods

The results obtained from global and local ancestry analyses were compared using the
squared pairwise Pearson correlation test (Pearson, 1895). The scatter plots were plotted
using MedCalc software (Schoonjans, 2020). The degree of correlation and significance
were used as indices of consistency between the results of different methods.

Comparison between the results from the regional datasets and the entire dataset

To find the effect of sample size and subpopulation structures on the results of global
and local ancestry, we compared the results from both regional datasets with the entire
dataset. The squared pairwise Pearson correlation test was used to estimate the degree of
consistency. Moreover, Bland-Altman plots (Giavarina, 2015) were employed to detect
discrepancies in ancestry proportion estimates between the datasets. Samples showing
substantial differences in ancestry proportions between the regional and entire datasets
were identified as outliers. Specifically, any samples falling outside the standard
deviation lines from the mean difference on the Bland-Altman plots were flagged as
outlier samples. This approach enabled us to assess the influence of dataset composition
and structure on ancestry estimates.

2.3. Results
WJD dataset

Global ancestry analysis

The results of PCA identified wolves, dogs, and golden jackals as three distinct
clusters (Fig 2.3). The first and second axes of the PCA explained approximately 31.4%
and 17.7% of the total variance, respectively, and separated wolf, dog, and golden jackal
as three different clusters. Nine putative hybrids, positioned between the species clusters,
were identified (Table 2.3). Similar to the PCA results, the results of ADMIXTURE
showed that at K=3, wolves, dogs, and golden jackals were identified as three distinct
groups (Fig 2.3). However, compared to the PCA, more first-generation (F1) hybrids (25
putative hybrids) were identified based on the ADMIXTURE results. Six canids sampled
as wolves were assigned to the dog cluster with 55-47% probability and were identified
as F1 wolf-dog hybrids (Table 2.3). 18 canids sampled as golden jackals were identified
as first-generation hybrids with either dogs or wolves (Table 2.3). Given the high genetic
similarity and close evolutionary relationship between wolves and domestic dogs,
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distinguishing between wolf and dog contributions to ancestry in admixed jackal samples
is challenging (see Discussion).

Local ancestry analysis

The three-way ELAI analysis identified five possible F1 hybrids between wolves and
dogs. However, only three of these individuals exhibited 50% dog ancestry across most
of their chromosomes — a pattern expected from true hybrids (Table 2.3). In the case of
admixed golden jackals, three first-generation hybrids with dogs were identified, all
showing 50% dog ancestry across all chromosomes. No wolf-golden jackal hybrids were
detected using the three-way ELAI analysis. A comparison of global and local ancestry
results using the WJD dataset revealed inconsistencies, with more F1 hybrids detected
based on global ancestry. These discrepancies were particularly evident in samples of
lower quality (LQ) (Table 2.3).

Table 2.3. Putative F1 hybrids identified based on the results of different methods using the WID
dataset.
ADMIXTURE ELAI (three-way)

gs)
O
>

Sample_ID
WSERA466
WSER483
WBOS18
WIRA616
WIndD2449
WIRA631_LQ
WIRA1042_LQ
JROM10658 LQ
JHUN9531
JBEL598 LQ
JIndD471_LQ
JIndD473_LQ
JIndD474_LQ
JIindD2629_LQ
JIndDF4398 LQ
JindD2743_LQ
JIndD2639_LQ
JBUL241-19 LQ
JWBOS38 LQ
JKAUS8321_LQ
JWKAU5740_LQ
JWKAU5741_LQ
JGEO42_LQ
JGRE9066_LQ
JURK8926_LQ

o
)

Sf - Y- RIS

000000000V HHOHOHLLOLOLO
CECECECECECECRCECECRCRORORORORCICRORCACICIOICICIO,

0000000000000001Q

Samples show 50% of ancestry from each of the two canids
Samples show 50% of ancestry from each of the two canids in each chromosome.
@ Samples Show an average of 50% ancestry from each of the two canids but not within each

chromosome
# Samples not identified as F1 hybrids
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Fig. 2.3. PCA plot of first two principal components for the WJD and Admixture plots for K =3 in
wolves, dogs, and golden jackals using the WJD dataset. In the PCA plot, the putative hybrids are
marked with a black dashed circle.
WD dataset

Global ancestry analysis

The first and second axes of the PCA separate wolves from dogs and explain 30.47%
and 11.03% of the total variance, respectively (Fig 2.4). Six putative hybrids, positioned
between the species clusters, were identified as F1 hybrids based on the PCA result
(Table 2.4). Based on the results of ADMIXTURE, seven canid samples were identified
as F1 hybrids (Table 2.4, Fig 2.4). The average proportion of estimated dog ancestry in
admixed wolves is reported in Table 2.5.

Local ancestry analysis

The proportion of chromosomal blocks of dog ancestry in wolf samples estimated in
LAMP-LD varied between 0% and 55%. Six wolves displayed an average of 40%-55%
dog ancestry and were identified as F1 hybrids. These six samples were also identified
as F1 hybrid based on the ADMIXTURE results for the WJD and WD datasets. However,
only four of these samples showed 50% dog ancestry in all their chromosomes and the
last two samples (WBOS18 and WSERA483) showed different proportions of dog
ancestry in each chromosome (Table 2.4). Although all Indian wolf samples had varying
proportions of dog ancestry based on the global analysis, LAMP_LD identified them as
pure wolves, with more than 95% wolf ancestry, except two canids that were identified
as an F1 and F2 hybrids. We found strong consistency between the results of ELAI and
LAMP-LD, since the same six wolf samples were identified as F1 hybrids based on both
methods. However, only four of them showed around 50% dog ancestry in all
chromosomes based on the EIAI and LAMP_LD (Table 2.4). Although ELAI and
LAMP-LD are independent methods that differ in their approaches, they produced
consistent chromosomal patterns for these samples. In contrast, the results from GHap
identified a greater number of apparently pure individuals compared to both LAMP-LD
and ELAI (Fig. 2.5). The estimated proportion of dog ancestry in wolves based on the
different methods presented below (Table 2.5).
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Table 2.4. Putative F1 hybrids identified based on the results of different methods using the WD dataset.

Sample_ID PCA ADMIXTURE LAMP-LD ELAI GHap
WSER466 © © [ W ©
WSER483 ©) © ] /] @
WBOS18 ©) ©) (V) V) ©)
WIRA616 © © () W ©)
WindD2449 © © (& © ()
WIRA631_LQ @) © W W o
WIndD3078_LQ (%] © (x ) o (]

Samples show 50% of ancestry from each of the two canids
© Samples show 50% of ancestry from each of the two canids in each chromosome.
@ Samples Show an average of 50% ancestry from each of the two canids but not within each

chromosome
€ Samples not identified as F1 hybrids

Table 2.5. The estimated dog ancestry proportions in wolves and jackals based on the different ancestry
inference methods

Method Dog ancestry in wolves  Dog ancestry in jackals Wolf ancestry in
jackals
ADMIXTURE 0.064 0.048 0.054
LAMP-LD 0.044 0.031 0.044
ELAI 0.042 0.020 0.036
GHap 0.034 0.006 0.006
Dog walf
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Fig. 2.4. PCA plot of two first principal components for the WD and Admixture plots for K =2 in wolves
and dogs using the WD dataset. In the PCA plot, the putative hybrids are marked with black dashed line.
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Fig. 2.5. Karyoplots of some wolf samples (including admixed and pure) in all 38 chromosomes based
on the results of GHap using the WD dataset
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JD dataset

Global ancestry analysis

The first and second axes of the PCA distinguished dog and golden jackal clusters
(Fig 2.6) and explained approximately 40.6% and 14.9% of the total variance,
respectively. Only three putative F1 hybrids, positioned between the species clusters,
were identified based on the PCA (Table 2.6). Based on the results of ADMIXTURE, 17
more samples (20 samples altogether) were identified as F1 hybrids (Table 2.6, Fig 2.6).
The proportion of estimated dog ancestry in jackals was 4.8% based on the
ADMIXTURE results (Table 2.5).

Local ancestry analysis

The proportion of chromosomal blocks of dog ancestry in golden jackals varied
between 0 and 50% based on the LAMP-LD. While dog samples showed limited signs
of admixed ancestry (no more than 0.2%), 22 golden jackal samples showed 50% dog
ancestry on average and were identified as putative F1 hybrids. However, only 12
samples showed 50% dog ancestry in all their chromosomes (Table 2.6). These results
were mostly consistent with the results of ADMIXTURE, however, the estimated
proportion of dog ancestries based on the LAMP_LD was smaller than ADMIXTURE
in most cases. Based on the ELAI results, only four samples displayed 50% dog ancestry
in all chromosomes and therefore were identified as F1 hybrids (Table 2.6). For other
samples that were based on the LAMP-LD and identified as F1 hybrids, ELAI recognized
them as F2 or even backcrosses. Therefore, compared to the results of the WD dataset,
less consistency was found between the results of ELAI and LAMP-LD. GHap identified
only three samples as F1 hybrids (Fig 2.7). In this case, the result of GHap was more
consistent with the result of ELAI compared to other methods (Table 2.6). Among 24
golden jackal samples that were identified as F1 hybrids based on different methods, only
one sample was not an LQ sample. The estimated proportion of dog ancestry in golden
jackals based on the different methods presented below (Table 2.5).
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Table 2.6. Putative F1 hybrids identified based on the results of different methods using the JD dataset.

Sample_ID PCA ADMIXTURE LAMP-LD ELAI GHap
JROM10658_LQ [

JHUNO531 (]
JBEL598_LQ

JIndD471_LQ

JIndDF4398_LQ
JIndD2743_LQ
JIndD3274_LQ
JIndD2175_LQ
JIndD3018_LQ
JIndD45_LQ
JIndDF417_LQ
JIndD480_LQ
JBUL241-19_LQ
JBUL410-19_LQ
JBUL78-19_LQ
JWBOS38_LQ
JKAU8B321_LQ
JWKAU5740_LQ
JWKAU5741_LQ
JKAUS086_LQ
JKAU8341_LQ
JUKR8926_LQ
JGRE9066_LQ
JUKRS8600_LQ

00000000000 00000O00000VVO
O < SORORCK < EORORON - X < SORCECEONGECEORONCRCICIOXG!
RQOQAAIINVNLRRARRRARYRRRO0RQR
000000000 00000000000

000000000000 000000O00HOO

Samples show 50% of ancestry from each of the two canids
Samples show 50% of ancestry from each of the two canids in each chromosome.
@ Samples Show an average of 50% ancestry from each of the two canids but not within each

chromosome
€  Samples not identified as F1 hybrids
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Fig. 2.6. PCA plot of two first principal components for the JD and Admixture plots for K =2 in golden
jackals and dogs using the JD dataset. The putative hybrids are marked with black dashed circle.
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results of GHap.

WJ dataset

Global ancestry analysis

The results of PCA identified golden jackals and wolves as two separate clusters (Fig
2.8). The first and second axes of the PCA explained approximately 34.2% and 13% of
the total variance, respectively. The identified F1 hybrids based on the results of PCA
for all datasets are provided in Table 2.7. The result of ADMIXTURE analysis at K=2
including golden jackals and wolves showed that 65 golden jackal samples had lower
than 90% of golden jackal ancestry proportions including all Indian golden jackals (Fig
2.8). Of these samples, 15 samples showed between 41% and 58 % golden jackal ancestry
(Table 2.7). We also found that 20 wolves from Iran, India, and the Balkans had golden
jackal admixture proportions between 10-23%, which corresponds to F2 or F3
backcrosses.
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Local ancestry analysis

In the wolf-golden jackal admixture analysis, all wolves carried less than 0.1 of golden
jackal ancestry in their chromosomes (except for two samples from Iran that were
identified as F1 and backcrosses).

The proportion of chromosomal blocks of wolf ancestry in golden jackal samples was
estimated at between 0 and 50%. The average proportions of wolf ancestry in 21 golden
jackals were estimated between 43 to 50%, however, only 17 golden jackals displayed
around 50% of chromosomal blocks originating from recent admixture with wolves in
most of their chromosomes (Table 2.7). Most of these samples were recognized as
backcrosses based on the results of ADMIXTURE, therefore inconsistency was found
between the results of global ancestry and LAMP-LD. Based on the results of ELAI, 37
jackal samples carried less than 90% golden jackal ancestry, including nine samples
where the average proportion of wolf ancestry was estimated to be between 40% and
50%. However, of these samples, only four individuals displayed 50% wolf ancestry in
all chromosomes (Table 2.7). These results were consistent with the results of LAMP-
LD. The mean percentage of different ancestries has been reported in Table S 2.9. In the
wolf-golden jackal admixture analysis in GHap, all wolf samples had more than 98%
wolf ancestry and two golden jackal samples were identified as F1 hybrids (2.7, Fig 2.9).
The estimated proportion of wolf ancestry in golden jackals based on the different
methods presented below (Table 2.5).
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Table 2.7. Putative F1 hybrids identified based on the results of different methods using the WJ dataset.
Sample_ID PCA ADMIXTURE LAMP-LD  ELAI GHap
JROM10658_LQ

JHUN9531
JBEL598_LQ
JIndD471_LQ
JIndDF417_LQ
JIndDF4398_LQ
JIndD45_LQ
JIndD473_LQ
JIndD480_LQ
JIndD2175_LQ
JIndD2743_LQ
JDIndD3018
JIndD3274_LQ
JIndDF4398rep_LQ
JUKR8600_LQ
JIndD2628_LQ
JIndD2202_LQ
JIndD2219_LQ
JIndD2637_LQ
JIndD2630_LQ
JIndD3014_LQ
JIndD476_LQ
JIndD467_LQ
JIndD479_LQ
JIndD554_LQ
JIndDF2250_LQ
JBUL241-19_LQ
JBUL410-19_LQ
JBUL78-19_LQ
JGEO42_LQ
JHUN9025_LQ
JROM3500_LQ
JUKR8600_LQ
WIRAB31-LQ

o
V]

[ X < NORGEGON < JOX < EOECEORGEORORCRORORORON > N x N > X > M x X > X x M X > X x > X x X x X x X x]
0000000000 LA ®

0000000000000 0000O00000O00O00OOOHV

0000000000000 0000000000000000000V OO
00000 2000000000000 0000VOODOODOLAcC

QROOIRRAR

Samples show 50% of ancestry from each of the two canids
Samples show 50% of ancestry from each of the two canids in each chromosome.
@ Samples Show an average of 50% ancestry from each of the two canids but not within each

chromosome
# Samples not identified as F1 hybrids
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Fig. 2.8. PCA plot of two first principal components for the WJ and Admixture plots for K =2 in golden
jackals and wolves using the WJ dataset. The putative hybrids are marked with black dashed circle.
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Regional dataset

Global ancestry analysis

For the India dataset (IWJD), the first and second axes of the PCA explained
approximately 21.5% and 14.1% of the total variance, respectively (Fig 2.10). For the
Balkan dataset (BWJD), the first and second axes of the PCA explained approximately
34.8% and 14.8% of the total variance (Fig 2.10). In both datasets the first and second
components separate clusters of wolves, dogs, and golden jackals from each other. While
seven F1 hybrids were identified using the BWJD dataset, only three individuals were
classified as F1 hybrids based on the entire dataset (WJD) (Table S 2.3).

In the ADMIXTURE analysis for the Indian dataset (IWJD) at K=3, Indian wolves,
dogs, and golden jackals were identified as three distinct groups (Fig 2.10). The single
F1 hybrid identified using the India dataset was also identified as an F1 hybrid when
analyzed with the entire dataset (Table 2.8). However, there were some inconsistencies
between the results of the entire dataset and the India dataset. For example, none of the
Indian samples identified as F1 jackal-dog hybrids based on the entire dataset were
identified as hybrids when analyzed using the Indian datasets. Furthermore, all
Himalayan wolves were identified as admixed individuals (Fig 2.10, Table 2.8) using the
Indian dataset. In contrast, the results of ADMIXTURE for the Balkan dataset (BWJD)
were mostly consistent with the results of the entire dataset (Table 2.8, Fig 2.10).
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Fig. 2.10. PCA plot of two first principal components and Admixture plots for K =3 in wolves, golden
jackals, and dogs using (a) the IWJD dataset and (b) the BWJD dataset. The putative hybrids are marked
with black dashed circles. Himalayan wolves are marked with a red circle and black arrows in PCA and

Admixture plots.
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Table 2.8. Putative F1 hybrids identified based on ADMIXTURE results using the entire dataset and

both regional datasets. Samples identified as F1 hybrids in both the regional and entire datasets are

highlighted in bold.

Putative hybrids Entire datasets India Balkan
India Balkan Wb WD JID WD WD 1D BWJD BWD BJD
WIndD2449 © © © ©
WIndD3078_LQ © [x)
WIndD3011 [x) o © [x)
WIndD3012 [x) o © [x)
WIndDLDK_LQ [x) o © [x)
WIndD48 [x) Qo © [x)
JIndD471_LQ © Ol & [x)
JIndD473_LQ © o O [x)
JIndD474_LQ © o O [x)
JIndD2629_LQ © o O [x)
JIndDF4398_LQ © Ol [x
JIndD2743_LQ © Ol & [x)
JIndD2639_LQ © (%) (%) o
JIndD3274_LQ [x) Ol & [x)
JIndD2175_LQ [x) Ol & [x)
JIndD3018_LQ [x) Ol & [x)
JIndD45_LQ [x) Ol & [x)
JIndDF417_LQ [x) Ol & [x)
JIndD480_LQ [x) Ol & [x)
WSERA466 © © © ©
WSER483 © © © ©
WBOS18 © © @ ©
JBUL241-19 LQ | © © @ ©
JBUL410-19 LQ | © © © ©
JBUL78-19 1LQ | @ [x) © ©
JWBOS38_LQ © © © ©

Samples show 50% of ancestry from each of the two canids
® Samples not identified as F1 hybrids

Local ancestry analysis

We found consistent results between the results of LAMP-LD and ELAI using the
Indian wolf-dog dataset (IWD) and the entire dataset (WD) (Table 2.9). In contrast,
inconsistencies were found between the results of LAMP-LD and ELAI using the dog-
jackal dataset from India (1JD) and the entire dataset (JD) (Table 2.9, Table S 2.8). The
results of GHap in both Indian wolf-dog and jackal-dog datasets were consistent with the
entire dataset (Table S 2.10, Fig S 2.8). The results of LAMP-LD and ELAI using the
Balkan dataset (wolf-dog (BWD) and jackal-dog (BJD datasets) were completely
consistent with these results from the entire dataset (WD, JD) (Table 2.9, Table S 2.9).
Although consistent results were found between the results of Ghap using BWD and the
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entire dataset (WD), inconsistent results were found between the Ghap results using BJD
and the entire dataset (JD) (Table S 2.10, Fig S 2.9). The proportion of estimated dog
ancestry in wolves and golden jackals based on different methods in both datasets (India
and Balkan) is provided below (Table 2.10).

Table 2.9. Putative F1 hybrids identified based on LAMP-LD results using the entire and both regional
datasets. Samples identified as F1 hybrids in both the regional and entire datasets are highlighted in bold.

Putative hybrids Entire datasets India Balkan
India Balkan WD JD IWD 13D BWD BJD
WIndD2449 )
JIndD471_LQ
JIndD2743_LQ V] [ x)
JIndD3274_LQ Vi [
JIndD2175_LQ W (x )
JIndD3018_LQ W (%]
JIindD45_LQ (] [ x)
JIndDF417_LQ (] (%]
JIndD480_LQ ) (%]
WSER466 W j
WSERA483 /] V]
WBOS18 /] V]
JBUL241-19_LQ ()
JBUL410-19_LQ (]
JBUL78-19_ LQ (] ()
JWBOS38_LQ (] v

Samples show 50% of ancestry from each of the two canids in each chromosome.

@ Samples Show an average of 50% ancestry from each of the two canids but not within each
chromosome

@ Samples not identified as F1 hybrids

Table 2.10. The estimated dog proportions in wolves and jackals in the Indian and Balkan datasets based
on the different methods

Method Dog ancestry in Dog ancestry in Dog ancestry in Dog ancestry in
wolves (India) jackals (India) wolves (Balkan) jackals (Balkan)
ADMIXTURE 0.150 0.023 0.019 0.021
LAMP-LD 0.082 0.000 0.023 0.016
ELAI 0.097 0.000 0.022 0.010
GHap 0.034 0.000 0.021 0.003

Comparisons of global and local ancestry inference methods

The estimated ancestry proportions for each species using global ancestry were

compared to the local ancestry methods (Table 2.5). We found that the estimated global
ancestry proportions by ADMIXTURE for each individual were higher than those
estimated by local ancestry methods in all datasets. In most samples, the local ancestry
estimated by GHap was lower than that estimated by other methods. For instance, while
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many samples were identified as backcrosses or F3/F4 by ELAI and LAMP-LD, GHap
classified these samples as pure individuals.

Comparing the estimated dog ancestry in wolf samples based on the local and global
ancestry methods

The squared Pearson correlation was significant for each pairwise comparison
between different methods of inferring ancestry proportions (Table 2.11, Fig 2.11). The
dog ancestry proportions in wolves estimated by ADMIXTURE showed a higher
correlation with LAMP-LD and ELAI results (Pearson correlation= 0.87 and 0.86,
respectively), compared to GHap. In local ancestry analyses, a particularly strong
correlation was detected between LAMP-LD and ELAI, with a Pearson correlation
coefficient of 0.97. The differences in estimated admixture proportions between ELAI
and LAMP-LD were generally minor, with most discrepancies being below 0.1.
However, two samples, WIRA595 LQ and WMON8160 LQ, exhibited differences
greater than 0.1. These samples were classified as F1 hybrids by LAMP-LD, but as
backcrosses by ELALI, showing 22% and 15% dog ancestry, respectively, based on ELAI
estimates. After excluding all low-quality samples from the WD dataset, the correlation
coefficients increased consistently across all methods, exceeding 90% (Table 2.11).

Comparing the estimated dog ancestry in jackal samples based on the local and
global ancestry methods

Based on the ADMIXTURE results, among 33 golden jackal samples from India, 30
samples were identified as F2/F3, which indicates the sensitivity of ADMIXTURE
analysis to the global population structure within the golden jackal samples.
ADMIXTURE estimated higher rates of dog ancestry in golden jackal samples compared
to the local ancestry analyses. Moreover, in both pairwise comparisons,
ADMIXTURE/LAMP-LD and ADMIXTURE/ELAI, samples with differences
exceeding 0.1 in estimated admixture proportions were consistently low-quality samples.
This variability in admixture estimates among different methods indicates that low-
quality genotype data introduces inconsistencies in the estimation process. Although all
pairwise comparisons among methods showed statistically significant correlations,
weaker correlations were observed between GHap and the other analyses, particularly
between ADMIXTURE and GHap (Table 2.11, Fig. 2.12). According to GHap results,
most jackal samples had more than 97% jackal ancestry, with the exception of four
samples identified as F1 hybrids or backcrosses. This likely explains the weaker
correlation between GHap and the other methods. After excluding low-quality samples
from the JD dataset, the correlations between GHap and the other methods improved
substantially, reflecting the impact of data quality on consistency across analytical
approaches (Table 2.11). Comparing the estimated wolf ancestry in dog and jackal
samples are provided in the supplement (Fig S 2.10, Fig S 2.11).
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Table 2.11. The squared pairwise Pearson correlation of dog ancestry in wolves and golden jackals was
estimated by global and local ancestry.

Dog ancestry | Dog ancestry in Dog ancestry in Dog ancestry in
in wolves wolves (No-LQ golden jackals golden jackals (No-
samples) LQ samples)
Method r P-value r P-value r P-value r P-value
Admixture- 0.87 <0.001 0.92 <0.001 0.91 <0.001 0.84 <0.001
LAMP-LD
Admixture- 0.78  <0.001 0.90 <0.001 0.28 <0.001 0.81 <0.001
GHap
Admixture- 0.86  <0.001 0.97 <0.001 0.84 <0.001 0.91 <0.001
ELAI
LAMP-LD- 0.97 <0.001 1 <0.001 0.93 <0.001 0.96 <0.001
ELAI
LAMP-LD- 0.87 <0.001 0.99 <0.001 0.37 <0.001 0.99 <0.001
GHap
GHap-ELAI 0.93  <0.001 0.99 <0.001 0.52 <0.001 0.95 <0.001
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Fig. 2.11. The scatter plots between the estimated dog ancestry in wolves between ADMIXTURE and
ELAI (a), ADMIXTURE and GHap (b), ADMIXTURE and LAMP-LD (c), LAMP-LD and GHap (d),
ELAI and GHap (e), and LAMP-LD and ELAI (f).
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Fig. 2.12. The scatter plots between the estimated dog ancestry in jackals between ADMIXTURE and
ELAI (a), ADMIXTURE and GHap (b), ADMIXTURE and LAMP-LD (c), LAMP-LD and GHap (d),
ELAI and GHap (e), and LAMP-LD and ELAI (f).

Comparison of the results of the Indian dataset with the entire dataset

The average estimated dog ancestry in Indian wolves was higher than in other pairwise
comparisons (Table 2.10). The estimated global ancestry proportions by ADMIXTURE
for each individual were higher than those estimated by local ancestry methods in all
datasets. We compared the results obtained from the Indian datasets with those from the
entire dataset to investigate their consistency, using the squared Pearson correlation
coefficient. For dog ancestry in Indian wolves, significant correlations were observed
between the results from the entire dataset and the Indian dataset (Table 2.12). The
Bland-Altman plot identified Himalayan wolves as outliers in the analyses of dog
ancestry in wolves based on the ADMIXTURE result (Fig. 2.13, Table S 2.12, S 2.14).
These samples exhibited differences of more than 0.38 in the estimated dog ancestry
proportions when comparing results from the entire dataset to those derived from the
India-specific dataset. The estimates of dog admixture in Indian jackals derived from the
entire dataset were notably higher than those obtained from the Indian dataset alone.
Significant correlations between the Indian and entire datasets were observed only for
the Admixture and GHap analyses (Table 2.12). These findings suggest substantial
differences in dog ancestry estimations when comparing the two datasets. Bland-Altman
plots revealed outlier samples with notable discrepancies in dog ancestry among the
jackals (Figure 2.13, Table S 2.14, S 2.18). Tables S 2.12 — S 2.18 and Figs S 2.12 — S
2.15 show the list of outlier samples.
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Table 2.12. The average and squared pairwise Pearson correlation of dog ancestry in wolves and golden
jackals using both the entire dataset and the Indian dataset.

Dog ancestry in wolves

Dog ancestry in golden jackals
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Method Average  Average r P-value | Average Average r P-value

(Entire (India) (Entire (India)

dataset) dataset)
Admixture 0.150 0.159 0.45 0.039 0.287 0.023 079  <0.001
LAMP-LD 0.048 0.082 0.73 <0.001 0.149 0.000  0.07 0.7
GHap 0.031 0.034 1.00 <0.001 0.000 0.000 037  0.035
ELAI 0.041 0.097 0.86 0.01 0.078 0.003  0.44 0.45
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Fig. 2.13. Bland-Altman plots of average estimated dog ancestry in wolf samples from India by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
dog ancestry using the entire and Indian datasets and the y-axis shows the difference between estimated

ancestry using the entire and Indian datasets. The outlier samples are displayed in yellow color.
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Fig. 2.14. Bland-Altman plots of average estimated dog ancestry in jackals samples from India by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
dog ancestry using the entire and Indian datasets and the y-axis shows the difference between estimated
ancestry using the entire and Indian datasets. The outlier samples are displayed in yellow color.

Comparison of the results of the Balkan dataset with the entire dataset

Table 2.10 shows the average ancestral proportions in the Balkan wolf and golden
jackal samples using global and local ancestry. The estimated global ancestry proportions
by ADMIXTURE for each individual were higher than those estimated by local ancestry
methods in all datasets.

High consistency was observed between the entire and Balkan datasets in estimating
dog ancestry in Balkan wolves (Table 2.13). Bland-Altman plots revealed outlier samples
with discrepancies in dog ancestry estimates among Balkan wolves (Fig. 2.15, Table S
2.19). However, these discrepancies were negligible, with differences lower than 0.03
between the two datasets. Significant correlations were found between global and local
ancestry estimates for dog ancestry in jackals (Table 2.13), but outliers appeared in
ADMIXTURE, LAMP-LD, ELAI, and GHap results (Fig 2.15, Table S 2.21). Most of
these outlier samples were low-quality samples. Tables S 2.19 — S 2.25 and Figs S 2.16
— S 2.21 show the list of outlier samples.
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Table 2.13. The average and squared pairwise Pearson correlation of dog ancestry in wolves and golden
jackals using both the entire dataset and the Balkans dataset.

Dog ancestry in wolves Dog ancestry in golden jackals
Method Average Average r P-value | Average  Average r P-value
(Entire (Balkan) (Entire (Balkan)
dataset) dataset)
Admixture 0.017 0.019 0.99 <0.001 0.017 0.021 1 <0.001
LAMP-LD 0.017 0.023 1 <0.001 0.015 0.016 1 <0.001
GHap 0.021 0.021 1 <0.001 0.003 0.003 0.87 <0.001
ELAI 0.021 0.022 1 <0.001 0.009 0.010 1 <0.001
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Fig. 2.15. Bland-Altman plots of average estimated dog ancestry in wolf samples from the Balkans by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
dog ancestry using the entire and Balkan dataset and the y-axis shows the difference between estimated
ancestry using the entire and Balkan datasets. The outlier samples are displayed in yellow color.
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Fig. 2.16. Bland-Altman plots of average estimated dog ancestry in jackal samples from the Balkans by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
dog ancestry using the entire and Balkan datasets, and the y-axis shows the difference between estimated

ancestry using the entire and Balkan datasets.

2.4. Discussion

Global ancestry analysis

Based on our results of PCA, the two first components explained more than 40% of
the variance. However, some samples with low-quality SNP genotype data, especially
jackal samples, could not be properly clustered into their groups using PCA. Although
all datasets were filtered based on missing genotypes, minor allele frequency, and linkage
disequilibrium, the presence of individuals with low-quality SNP genotypes may
potentially confound the results of PCA. Himalayan wolves (Canis lupus chanco), a
highly distinct wolf lineage (Werhahn et al., 2017) did not cluster with the other wolf
samples in the PCA plots, which might have led to an incorrect conclusion of these
individuals being admixed if the evolutionary history of the Himalayan population was
unknown. This indicates that underlying intraspecific population structure can
complicate the interpretation of principal components for the purpose of interspecific
admixture detection. Although PCA is commonly used as an initial analysis in many
population genetics studies, it has faced criticism (Chari et al., 2021; Bjorklund, 2019;
Elhaik et al., 2014; McVean, 2009; Novembre et al., 2008). We recommend using PCA
as one of the simplest and fastest initial methods for inferring admixture, which can
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effectively identify outliers and potential hybrid samples. However, while it’s a great
starting point, PCA should not be used on its own to draw conclusions.

Unlike PCA, which captures the largest variation and projects samples into a PC space
(Tan and Atkinson, 2023), model-based approaches such as ADMIXTURE (Alexander
etal., 2009), estimate admixture proportions between 0 and 1, enabling the quantification
of individual ancestries. Based on the results of ADMIXTURE at K=3, wolf, dog, and
golden jackal were identified as three clusters, and putative hybrids were determined
based on the ancestry coefficients. The results from the pairwise comparisons (datasets
WD, JD, and WJ) were mostly consistent with those from dataset WDJ. However, we
found inconsistencies in samples from India (Himalayan wolves), which demonstrates
how genetic substructures may influence ADMIXTURE results. Although increasing the
number of clusters (K) in ADMIXTURE can help to account for genetic substructures, it
may also introduce several problems. Higher K values can lead to overfitting and the
appearance of false admixture signals (Liu et al., 2022; Wang, 2022). Besides this
challenge, ADMIXTURE overestimated admixture proportions in comparison with other
methods. Therefore, we recommend using ADMIXTURE in conjunction with additional
methods to ensure the robustness and accuracy of the findings.

Local ancestry analysis

The comparisons of the three methods of local ancestry analysis, showed high
consistency between the results of LAMP-LD and ELALI. It may arise from their shared
methodological principles; both of them are based on Hidden Markov Models (HMMs)
and similar assumptions (e.g. using genotype information of source populations to
predict the classification of ancestries of admixed individuals) (Baran et al., 2012).
Moreover, since the results of LAMP-LD were used to define the source population in
the ELAI analysis, we expected a high level of consistency between the outcomes of
these methods. Significant differences were observed between the results of GHap and
those of the two other methods, LAMP-LD and ELAI, with GHap producing the lowest
proportions of introgressed ancestries. Utsunomiya et al. (2020) identified three factors
that can significantly reduce the accuracy of local ancestry estimation by GHap: (1) an
increase in the number of divergent lineages, (2) a decrease in the degree of divergence
among lineages, and (3) the presence of shorter ancestry tracts. When source populations
are insufficiently divergent and the number of generations since admixture increases,
ancestral chromosome segments become shorter and harder to identify (Cottin et al.,
2020). These shorter tracts contain fewer SNPs, reducing their informativeness and
potentially introducing biases in ancestry inference (Avadhanam and Williams, 2023;
Gravel, 2012). Therefore, the relatively low estimates of introgressed ancestry obtained
using GHap in our datasets may be attributed to the varying degrees of evolutionary
divergence and differing admixture histories among wolves, dogs, and golden jackals.
Due to ongoing gene flow among these species, recombination gradually breaks down
ancestral chromosomal blocks into shorter tracts. These shorter tracts contain fewer
informative SNPs, making it more difficult for GHap to accurately infer local ancestry.

Although local ancestry analyses are powerful, they have some limitations. Most of
these analyses require specific and complex information, such as the number of
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generations since the last admixture event. This becomes particularly challenging in
cases where admixture occurs continuously over time, as is likely in canids, rather than
as a single, well-defined event. In such scenarios, accurately determining the number of
generations since admixture is difficult, which complicates the application of local
ancestry inference methods. Consequently, uncertainty or the lack of accurate population
information can lead to biased estimates in local ancestry methods (Suarez-Pajes et al.,
2021). Our findings highlight that the selection of appropriate methods for local ancestry
analysis depends on the characteristics and quality of the dataset, as well as the specific
objectives of the study. GHap showed lower consistency with other local ancestry
inference methods, such as LAMP-LD and ELAI. In contrast, LAMP-LD and ELAI
showed strong consistency and were effective for fine-scale ancestry analysis. However,
the accuracy of LAMP-LD and ELAI can be affected by genotype quality (see below).
These results also emphasize the need for careful consideration of methodological
assumptions and input data quality when interpreting local ancestry estimates.

Comparisons of global ancestry and local ancestry inference methods

Although the estimated ancestry proportions by global and local ancestry typically
should be consistent (Tan and Atkinson, 2023), some individuals with the same
proportions of global ancestry can display differences in the distribution of local ancestry
blocks due to the differences in population substructure (Secolin et al., 2019). The
differences in accuracy between local and global ancestry results can be attributed to
their methodological approaches and the type of information they utilize. For example,
while the three-way ELAI model successfully distinguishes between wolf and dog
ancestry in jackals, ADMIXTURE lacks the resolution to differentiate between these
closely related sources. Local ancestry methods incorporate additional information such
as linkage disequilibrium, haplotype structure, and relatedness which may make them
more accurate than global ancestry methods. These features enable a more detailed
analysis of ancestry at specific genomic regions. In contrast, ADMIXTURE, particularly
its widely used unsupervised algorithm, relies on estimations that are not based on
haplotypes, which limits its performance in identifying fine-scale population structure in
admixed populations (Uren et al., 2020). In this study, ADMIXTURE estimated higher
admixture proportions than local ancestry methods. The differences in the estimated
admixture proportions between ADMIXTURE and local ancestry analysis methods can
be attributed to several factors.

First of all, higher admixture proportions may be estimated due to ADMIXTURE’s
lack of limitations for the number of generations since hybridization was considered,
while in local ancestry analysis a maximum of 10 generations since admixture was
assumed, given that assuming a larger number of generations may lead to a significant
overestimation of admixture in local ancestry methods (Pilot et al., 2018). Second, a
significant limitation of ADMIXTURE is its assumption of independence for alleles
present at neighboring SNPs, requiring the removal of SNPs in linkage disequilibrium
(LD). This often leads to the exclusion of valuable information and usually retains many
SNPs still in weak LD (Ko et al., 2023), which potentially leads to reduced estimation
accuracy and increased false positives in ancestry inference (Padhukasahasram, 2014;
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Gezaetal., 2019; Uren et al., 2020). In this study, LD filtering removed 172,104 variants
from all datasets, while all these SNPswere kept in local ancestry analyses. Third, since
ADMIXTURE uses all markers across the genome to obtain global ancestry estimates,
the obtained results may not reflect accurately the amount of ancestry variation in local
chromosomal regions (Wang et al., 2011). Fourth, as the allele frequencies between
subpopulations differ and ADMIXTURE assumes that individuals are sampled from the
same homogeneous population, the presence of population stratification
(subpopulations) may lead to false positive findings in the ADMIXTURE results (Skotte
et al., 2013). For instance, the genetic substructuring within Indian samples (e.g.
Himalayan wolves) caused most of these samples to be identified as F2/F3 or backcrosses
based on the ADMIXTURE results. However, this problem can be fixed by increasing
the number of clusters (K) and choosing the optimal K value. Moreover, various
evolutionary processes could affect ancestry coefficients calculated in ADMIXTURE
(Lawson et al. 2018; Anderson and Dunham 2008; Barilani et al. 2007). For example,
the presence of close relatives violates the assumptions of the admixture model. This can
result in biased outcomes by creating subclusters of related individuals, making it
difficult to distinguish between ancestral groups and clusters of relatives (Thornton and
Bermejo, 2014; Anderson & Dunham, 2008). Therefore, detecting related individuals is
useful in identifying potential biases in admixture model results (Garcia-Erill and
Albrechtsen, 2020).

Besides revealing higher proportions of introgressed variants through ADMIXTURE
compared to local ancestry analysis, we identified some samples that, despite showing
approximately 50% ancestry from each of the two canids at the global level, did not
display this pattern consistently across individual chromosomes based on the local
ancestry analyses. One possible explanation for this discrepancy is that these samples
may result from F1 x F1 crosses, although such events are considered rare in nature.
Another hypothesis for the inconsistency between local and global ancestry results is that
these samples might indeed be true F1 hybrids, where local ancestry analysis failed to
correctly assign ancestry for certain chromosomes. Methodological factors, such as low
genotype quality, could significantly impact local ancestry inference. For instance, in the
JD dataset, all 18 samples that did not show 50% ancestry across all chromosomes were
low-quality (LQ) samples. This highlights the role of poor genotype quality and technical
issues in producing inaccurate results. However, in the WD dataset, we identified two
samples (WSER 483 and WBOS 18) that were not LQ samples but still failed to show
50% ancestry across all chromosomes, and showed the same chromosomal pattern based
on the ELAI and LAMP-LD results. In this case, it is possible that these samples are F1
x F1 crosses, though further investigation is needed to confirm this hypothesis.

Although the Pearson correlation between the estimated dog ancestry by GHap and
the other local and global ancestry methods was highly significant, a low correlation was
found between them. This low correlation may be explained by the fact that GHap
requires phased genotype input to infer individual ancestry proportions and local ancestry
(Utsunomiya et al., 2020), while LAMP-LD and ELAI can operate with unphased
genotype inputs. The quality of phased data depends on sample size (Avadhanam and
Williams, 2023; Browning et al., 2021) and is also closely related to the density of genetic

69



markers (Browning and Browning, 2011). Therefore, a large datasets increase the
accuracy of statistical phasing (Browning and Browning, 2022). In local ancestry
analyses, the use of phased genotype datasets as input files can influence results due to
phasing uncertainties in admixed samples (Thornton and Lorenzo Bermejo, 2014). For
example, Chen et al. (2013) demonstrated that local ancestry estimation is more reliable
when using unphased datasets, as phasing errors in admixed populations can compromise
accuracy. Similarly, Avadhanam and Williams (2023) found that phase-free approaches
outperform phase-based methods in local ancestry analysis, largely because the quality
of phased data can introduce biases. These findings highlight the advantages of using
tools like LAMP-LD and ELAI, which do not require pre-phased genotypes. Their ability
to work with unphased input data makes them particularly valuable when high-quality
phased genotypes are unavailable or uncertain. However, when high-quality, well-phased
genotypes are available, GHap can use this information to provide precise estimates of
ancestry proportions.

Factors confounding the results of local and global ancestry analysis

Low-quality genotype data

Our findings emphasize the impact of genotype quality on the consistency of global
and local ancestry estimates across different methods. For example, using ADMIXTURE
at K=3, we identified 25 first-generation hybrids, but only eight of these were classified
as F1 hybrids by the three-way ELAI analysis. The majority of LQ samples were not
recognized as F1 at the chromosomal level using ELAI. This suggests that
inconsistencies between the methods are more likely to occur in low-quality (LQ)
samples, as all high-quality F1 samples yielded consistent results in both local and global
analyses. This pattern is further supported by results from the WD and JD datasets. In
the WD dataset, 30 of 315 wolf samples were classified as LQ. Among these, global
ancestry analysis identified 21 samples (70%) with less than 90% wolf ancestry, whereas
LAMP-LD and ELAI classified only five samples (17%) below this threshold. However,
in these LQ samples, GHap identified just one sample with approximately 89% wolf
ancestry. In the JD dataset, LQ samples were more prevalent, comprising 102 out of 478
golden jackal samples. Of these, global ancestry analysis using Admixture identified 53
samples (52%) with less than 90% jackal ancestry. However, LAMP-LD and ELAI
identified 28 and 25 samples, respectively, in this category, while GHap identified only
two. GHap uses an imputed dataset, where all missing data are imputed based on the
pure samples. This may explain why it detected considerably fewer hybrids.

These findings suggest that global ancestry analyses are particularly sensitive to the
effects of low-quality (LQ) genotypes compared to local ancestry methods, leading to a
higher frequency of inconsistencies among methods. This variability stems from the fact
that each method uses different algorithms to handle missing or erroneous data, which
can cause discrepancies in admixture estimates. After removing low-quality samples, the
Pearson correlations between methods improved significantly, indicating that data
quality plays a crucial role in ensuring reliable and consistent ancestry results. This result
was consistent with the result from the earlier study (Kendall et al., 2024), which found
a high correlation between global ancestry (ADMIXTURE) and local ancestry (RFMix)
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when the quality of input genotypes was improved after phasing and imputation (Kendall
etal., 2024).

In addition, it is possible that the high admixture proportions in genotyped individuals
may result in an increased proportion of missing data, contributing to low-quality
genotyping. If the genotyping array is not well-suited or specifically designed for more
than one species, the inclusion of admixed samples may contribute to a higher number
of LQ samples. Therefore, we do not recommend the exclusion of all low-quality
samples, as this may lead to the unintended removal of individuals with admixed
ancestry. For instance, samples such as WIRA631 LQ, JBEL598 LQ, and
JROM10658_LQ, despite their lower quality, were consistently identified as F1 hybrids
across all chromosomes. Instead, we recommend the selective removal of LQ samples
that produce highly inconsistent results across different analytical approaches.

Subpopulation structures

Population structure is a potential confounding factor in global and local ancestry
analysis (Martin et al., 2018; Schubert et al., 2020). Using a regional dataset from India,
we observed that population structure significantly impacted the ancestry inference. For
instance, all Himalayan wolves (Canis lupus chanco) were identified as backcrosses or
F1 hybrids with dogs based on the ADMIXTURE analysis. However, the ADMIXTURE
analysis based on the entire dataset with sampling range covering the entire Eurasia,
Himalayan wolves were found to have lower admixture proportions. In the local ancestry
analysis (three-way-ELAI), Himalayan wolves showed more than 98% wolf ancestry.
This discrepancy demonstrates that limited datasets containing regional subpopulations
can lead to misclassification in global ancestry analyses, while local ancestry methods
may also be inaccurate if the reference panels do not adequately represent subpopulation
diversity. Therefore, when analyzing geographically widespread datasets, it is important
to compare results from regional and global datasets to assess consistency. Additionally,
conducting a population structure analysis prior to hybridization analysis is crucial to
identify any underlying substructure that could confound the results.

2.5. Conclusion

Despite numerous attempts to identify admixture rates, accurately detecting
hybridization using genomic data remains challenging (Kong and Kubatko, 2021).
Global and local ancestry methods are the most popular techniques for inferring
ancestries. While the individual admixture proportions inferred using different methods
were generally consistent, some inconsistencies were observed. These discrepancies can
be attributed to the effects of demographic histories and intra-specific population
structure, the quality of the input dataset, as well as the varying assumptions of the
methods, and the limitations of the methods themselves. Although global ancestry
methods are widely used, they may not be suitable as the sole methods of inferring
admixture as they are more prone to confounding factors like the presence of population
structure. We recommend using local ancestry analysis alongside global ancestry
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methods, with local ancestry results being prioritized for precise interpretation of
admixture rates.
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3 Chapter 3

The Evolutionary Consequences of Hybridization in
Grey Wolves, Golden Jackals, and Domestic Dogs

Abstract

Interspecific hybridization is a well-documented process, but its evolutionary
consequences are poorly understood. Although hybridization can threaten species genetic
integrity, it can also increase their adaptability by providing novel genetic variation. In
this study, hybridization and adaptive introgression rates between two wild canids
(Eurasian gray wolves and golden jackals) and free-ranging dogs have been evaluated
using chromosome-level admixture analysis (ELAI). Our findings indicate that
hybridization occurs across the distribution ranges of these canid species. The average
dog ancestry proportions in admixed wolves and golden jackals (excluding F1 hybrids)
were estimated at 6.4% and 1.2%, respectively. The average wolf ancestry proportion in
admixed dogs was 1.4%, while no golden jackal ancestry was detected in dogs. The
higher proportion of introgression in wolves and dogs compared to jackals may be
explained by the closer evolutionary similarity between the first two canids. The average
wolf ancestry proportion in admixed golden jackals was 1.7%, while no golden jackal
ancestry was detected in wolves. In wolves and golden jackals, 114 and 94 genes were
identified as candidate genes for adaptive introgression from dogs, respectively. In
wolves, we observed adaptive introgression of MHC genes and the melanocortin receptor
genes (MCRs). In golden jackals, the candidate adaptive genes from dogs were enriched
for GO terms related to the ‘endoplasmic reticulum protein-containing complex (ER)’.
Both MHC and ER play significant roles in the immune system. These findings support
the hypothesis that gene flow from domesticated species, such as dogs, could enhance
immune system diversity in wild canid populations. Free-ranging dogs appear to have
acquired a large pool of beneficial genetic variants from wolves, which may have
affected morphological, behavioural, and physiological traits. Among all genes that were
under positive selection in canids, genes related to the immune and nervous systems were
predominant in wild canids and free-ranging dogs, respectively. While gene flow from
wolves may help mitigate some negative effects of domestication in free-ranging dogs,
dogs may also introduce advantageous genetic variants into wild canid populations.
Alongside of finding positive selection the signs of negative selection by identifying
chromosomal blocks with underrepresented wolf ancestry in admixed dogs, and also
chromosomal blocks with underrepresented wolf and dog ancestry in admixed jackals.
These results suggest that some introgressed gene variants may also have a deleterious
effect on these species, but they can be efficiently removed from their gene pools.

Keywords: Hybridization, Adaptive introgression, Canids
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3.1. Introduction

Introgression results in the transfer of genetic variation between species, which can
lead to various evolutionary consequences. Introgression from domesticated lineages into
their wild relatives is one of the most commonly reported consequences of hybridization
(Adavoudi and Pilot, 2021). While introgression has the potential to dilute a species'
gene pool through genetic swamping, it is also recognized as an important source of
adaptation (reviewed by Edelman and Mallet, 2021). As a result of natural selection
pressures, domesticated species adapted to human-modified environments by developing
new phenotypic variation (Fang et al., 2009; Wilkins et al., 2014; Milla et al., 2015;
Solberg et al., 2020; Andersson and Purugganan, 2022). Progressing anthropogenic
landscape transformation and habitat fragmentation have led to a rise in the population
sizes of domestic species. This has resulted in more frequent contact between domestic
and wild species, increasing the opportunities for hybridization.

Hybridization between domestic and wild species has been extensively documented
across numerous animal and plant taxa (reviewed in: Gray, 2005; Todesco et al., 2016;
McFarlane & Pemberton, 2019; Yadav et al., 2019; Purugganan, 2022; Westbrook and
DiTommaso, 2023). In a rapidly changing environment, gaining advantageous variants
through introgression may help species improve their fitness in a new habitat. This
process might be more efficient than adapting through new mutations (Nelson et al.,
2017), since the rate of acquisition of new alleles or haplotypes through introgression is
faster than the mutation rate (Harrison et al., 2014).

Positive impacts of hybridization between wild and domestic species via adaptive
introgression have been documented in several mammalian species. For instance, the
adaptive introgression from domestic pigs (Sus domesticus) improved fitness and
population growth in wild boars (Sus scrofa) (Mary et al., 2022). Moreover, adaptive
introgression of the immune system gene variants from domestic goats (Capra aegagrus
hircus) to Alpine ibex (Capra ibex ibex) has been observed (Grossen et al., 2014; MUnger
et al., 2024). Introgression as a source of adaptation has also been observed in cattle,
where hybridization with yaks has played a key role in the adaptation of Tibetan cattle
to high-altitude environments (Wu et al., 2018).

Hybridization within the family Canidae has been extensively documented in many
studies (reviewed in Pendragon, 2011; Dziech, 2021; Adavoudi and Pilot, 2021). The
domestic dog (Canis lupus familiaris) is the first species to have been domesticated,
diverging from its primary ancestor, the gray wolf (Canis lupus), between 11,000 and
32,000 years ago (reviewed in Tancredi & Cardinali, 2023). The divergence between the
golden jackal (Canis aureus) (hereafter called jackal) and the grey wolf occurred
considerably earlier, between 1.5-2.4 million years ago (Koepfli et al., 2015). Due to
underdeveloped reproductive barriers between these species, these species can interbreed
and interbreed and produce fertile offspring (e.g. Randi, 2008; Harrison & Larson, 2014;
Hindrikson et al.,, 2017). Growing anthropogenic landscape changes and habitat
fragmentation have contributed to an increase in domestic dog population sizes. These
large populations not only enhance dogs' adaptation to human-modified environments
but also can lead to more frequent interactions with wild canids. Hybridization between
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wild canids and domestic dogs may help admixed populations to quickly adapt to climate
and landscape changes (Randi et al., 2014). For example, adaptation to high altitudes has
been linked to adaptive introgression from ancient lineages in Tibetan dogs and wolves
(Wang et al., 2020). On the other hand, high introgression rate from domestic dogs can
also disrupt the local adaptation and unique genetic variation of wild canids and raise
significant concerns for their conservation (e.g., Vila and Wayne, 1999; Donfrancesco et
al., 2019; Salvatori et al., 2019; Ninausz et al., 2023).

Hybridization in canids has been extensively studied, with particular attention given
to its occurrence and rates. For example, the introgression rate of dog and wolf ancestries
has been identified in hybrid samples between Eurasian wolf and free-ranging dog
populations (Pilot et al., 2021). In this study, we analyzed SNP data from Eurasian wolf,
golden jackal, and free-ranging dog populations to investigate the hybridization rate
among these species. Since the evolutionary consequences of hybridization, particularly
in cases involving wolf-jackal and jackal-domestic dog interactions, remain poorly
understood, we assessed the hybridization pattern among these species. Since jackals are
more distantly related to wolves and dogs, including jackal samples to this analysis will
allow us to understand how the hybridization and introgression rates can be changed
depending on the evolutionary distance between cross-breeding taxa. Additionally, it
provides an opportunity to compare the effects of introgression from domestic dogs on
two different wild canids, compare adaptive introgression rates in both species and assess
whether it involves the same genes and/or the same biological processes. Furthermore,
as jackals continue to expand their range, often into human-modified landscapes, it is
important to investigate whether introgression from dogs or wolves plays a role in their
adaptation to these novel environments.

The main aim of this study is to conduct a comparative analysis of hybridization and
introgression rates between the domestic dog and two wild canids, and to explore how
hybridization contributes to adaptation through the introgression of beneficial gene
variants. By comparing patterns across species, we assess both shared and species-
specific genomic responses to hybridization.

The main aim of this study is to compare the introgression rates from free-ranging
dogs in wolves and golden jackals and explore how hybridization contributes to
adaptation through the introgression of beneficial gene variants. This was achieved by
(1) identifying genomic blocks showing overrepresentation of introgressed variants in
wild canids and free-ranging dogs, (2) assessing how the degree of genetic differentiation
between species can influence the proportion of introgressed gene variants under
selection, (3) identifying genes within adaptive introgressed blocks that are under
positive selection, and (4) determining the functions of these positively selected gene
variants and their potential benefits for admixed individuals.
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3.2. Methods

Sampling

We obtained tissue samples of gray wolves, jackals, and domestic dogs from across
the Eurasian species distribution between 2018 and 2022. Saliva samples from domestic
dogs were additionally collected using the PERFORMAgene animal DNA collection kit
(DNA Genotek). Furthermore, tissue samples from a previous study (Rutkowski et al.,
2015) were included. DNA of tissue samples was extracted using NucleoSpin Tissue Kit
(Macherey Nagel, Duren, Germany) (For more details please see Chapter 2, method).

Dataset creation

We analysed a dataset consisting of wolf, jackal, and free-ranging dog (WJD) samples
as well as three datasets subsampled from this first one: wolf and free-ranging dog (WD),
jackal and free-ranging dog (JD), and wolf and jackal (WJ). These were the same datasets
as those used as in the second chapter (see Chapter 2, Table S 2.1). A detailed description
of the steps (e.g. sampling, genotyping, and data processing) involved in generating these
datasets can be found in Chapter 2 (Methods section).

Admixture proportions in wolves, jackals and dogs

Based on the results of the previous chapter, we showed that local ancestry analysis
is less influenced by confounding factors such as population substructure compared to
global ancestry methods. ELAI and LAMP-LD produced more consistent results among
local ancestry methods than Ghap. This could be because the Ghap analyses were run
using imputed and phased data, which may have caused some admixed individuals to be
misclassified as pure samples (see Chapter 2, Discussion). Therefore, we used ELAI
v1.01 (Guan, 2014) to estimate individual ancestry proportions, with source populations
defined based on LAMP-LD results (Table 3.1; for more details, please see Chapter 2,
methods).

The datasets analysed using three-way and two-way ELAI analysis, respectively,
were as follows: 568 admixed dogs, wolves, and jackals (the WJD dataset), 149 admixed
dogs and 165 admixed wolves (the WD dataset), 124 admixed dogs and 191 admixed
jackals (the JD dataset), and 252 admixed jackals and 5 admixed wolves (the WJ dataset).
The admixed status of these samples was first identified in LAMP-LD and then
reassessed in ELAI. To calculate the mean proportion of different ancestries in each
species, first-generation hybrids were excluded. Moreover, since our results from the
previous chapter showed that low genotype quality samples can cause bias in estimating
ancestry proportions, we also calculated the proportions of hybrid ancestry only for
samples with good quality data, and compared the results. The number of F1 hybrids and
LQ samples removed from the WDJ dataset is presented in Table 3.2.
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Table 3.1. Applied thresholds for selecting pure and admixed individuals for the ELAI analysis

Datasets Threshold for ~ Threshold for ~ Threshold for Admixed
pure wolves pure jackals pure dogs samples (N)

WDJ dataset 0.01 0.003 0.003 568

WD dataset 0.01 - 0.003 314

JD dataset - 0.005 0.001 315

WJ dataset 0.001 0.003 - 257

Table 3.2. Number of samples before and after removing first-generation hybrids.

Datasets Total First- Number of LQ Number of samples
number of  generation samples after removing F1 and
samples hybrids LQ samples
WJD dataset 568 21 117 430
WD dataset 314 6 48 260
JD dataset 315 4 68 243
WJ dataset 257 10 71 176

Detection of chromosomal blocks with overrepresentation or underrepresentation
of introgressed variants

For detecting chromosomal blocks with an overrepresentation or underrepresentation
of introgressed variants, we focused on the results of ELAI in each dataset. The mean
admixture proportions within each autosomal chromosome and across autosomal
chromosomes in all datasets were calculated separately (i.e., dog ancestry in wolves and
jackals, wolf ancestry in dogs and jackals, and jackal ancestry in wolves and dogs).
Chromosomal blocks with hybrid ancestry greater than or lower than three standard
deviations (SD) from the mean were identified for each chromosome, allowing us to
detect blocks with overrepresented or underrepresentation hybrid ancestry, respectively.
Since chromosomes are natural genetic units with independent recombination,
overrepresented blocks were identified based on the SD at the level of individual
chromosomes, rather than using the global SD across all autosomal loci (Pilot et al.,
2021). These overrepresented chromosomal blocks in hybrid individuals containing
excess introgressed ancestry are candidates for adaptive introgression, i.e. selection on
introgressed variants. We only included ancestry blocks containing at least 10
consecutive SNPs to minimize the false-positive rate.
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Identification of loci under positive selection

To identify loci under positive selection in each overrepresented introgressed
chromosomal block, the integrated haplotype score (iHS) test (Voight et al., 2006),
implemented in the rehh package version 3.2.2 (Gautier et al. 2017) in R was used. The
IHS score is based on a ratio of extended haplotype homozygosity (EHH) associated with
each allele which measures the decay of homozygosity in haplotypes as their length
increases. An allele that increases in frequency rapidly due to selection will exhibit
extended haplotype homozygosity over a greater distance than expected under a neutral
model (Sabeti et al., 2002). Since the phased data is required before calculating iHS, the
genotype data of wolf, dog, and jackal for each chromosome were phased using Beagle
v. 5.4 (Browning et al., 2021), separately. After phasing, the iHS statistics and its two-
sided p-value for each SNP were calculated using rehh package's functions scan_hh and
ihh2ihs focusing on chromosomal blocks showing an overrepresentation of
introgression. The phasing and the iHS test was conducted for wolf, dog, and jackal
samples in each dataset separately. The iHS results showing p < 0.05 and |iHS| > 2, were
considered as significant results. Therefore, SNPs selected based on this threshold were
considered as SNP under positive selection. Correction for multiple testing was not
applied since it was not recommended by Voight et al. (2006).

Gene ontology enrichment analysis

To identify protein-coding genes located within overrepresented chromosomal
blocks, we used Ensembl (2024). The identified protein-coding genes in these blocks are
candidates for adaptive introgression. For this purpose, the selected outlier SNPs in these
regions (CAl SNPs) were lifted over to the 10K Boxer Tascha CanFam6 genome using
the liftover tool in the UCSC Genome Browser (https://genome.ucsc.edu/cgi-
bin/hgLiftOver) and annotated using the Ensembl Variant Effect Predictor tool
(https://www.ensembl.org/info/docs/tools/vep/index.html). The Variant Effect
Predictor is a powerful tool for analysing, annotating, and prioritizing genomic variants
in both coding and non-coding regions (McLaren et al., 2016). Mapping was enabled
only for SNPs that overlapped with at least one protein-coding Ensembl gene or were
located within the flanking region of 100 kb downstream or upstream of a gene.

Functional characterization of the candidate genes for adaptive introgression

If more than one candidate gene overlapped with a CAl SNP, all genes were included
for functional enrichment analyses. We created six gene sets, including dog ancestry in
wolves and jackals, wolf ancestry in jackals and dogs, and also jackal ancestry in wolves
and dogs. To test if the candidate genes are related to specific functions (e.g., Molecular
Functions, Biological Processes, and Cellular Components), Gene Ontology (GO)
enrichment analysis was performed for each gene set using the g:Profiler web server
(Raudvere et al. 2019). Additionally, different gene sets were created by translating
canine genes to orthologous human genes using the g:orth function in the g:Profiler web
server, and enrichment analysis also were applied for these genes. A significance
threshold of 0.05 was used and the p-value of the gene enrichment was corrected by
Benjamini—Hochberg FDR (false discovery rate), as well as the more conservative g:SCS
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(Set Counts and Sizes) false discovery rate correction method that accounts for multiple
testing due to the overlap of functional terms (Reimand et al., 2007).

3.3. Results
The average proportion of different ancestries in admixed samples

Three-way ELAI

Among admixed wolves, five F1 hybrids between wolf and dog were identified

(WSER466, WIRA616, WIndD2449, WBOS18, WSER483) (Fig 3.1; Table 3.4). These
samples showed no jackal ancestry. In these samples, only three first individuals showed
50% dog ancestry in most of their chromosomes, and for the last two samples, the
proportions of dog ancestry in each chromosome varied between 0 to 50%. Since the
average proportions of dog ancestry based on the all 38 chromosomes were calculated
around 0.55 and 0.45, these samples were considered as F1 hybrids, but their ancestry
could have been more complex, e.g. they could have been F1 x F1 crosses. Among
admixed jackals, three first-generation hybrids with dogs were identified
(JROM10658_LQ, JHUN9531, JBEL598 LQ), and 50% dog ancestry has been shown
in all chromosomes. These samples showed no wolf ancestry. We also found some
samples that showed different proportions of the three ancestries in their all
chromosomes. For instance, WIRA631_LQ showed 12% jackal, 44% dog, and 43% wolf
ancestries at average, with consistent ancestry proportions across all autosomal
chromosomes (Table 3.3, Fig 3.2). We also identified 12 individuals with jackal ancestry
ranging from 41% to 58%, while their proportions of wolf and dog ancestries varied. For
instance, sample JBUL78-19 LQ exhibited 52% jackal ancestry, along with 21% dog
and 26% wolf ancestry, which was consistent across chromosomes (Table 3.3, Fig. 3.2).
All dog samples, except those from India, had over 99% dog ancestry and were classified
as pure dogs. After excluding first-generation hybrids (all samples with 40-55% ancestry
from a single source), we estimated the mean proportions of dog, wolf, and jackal
ancestry in admixed samples (Table 3.5). Additionally, to assess the impact of LQ
samples, we recalculated the mean ancestry proportions after removing both LQ and F1
hybrid samples (Table 3.5). The inclusion or exclusion of LQ samples influenced the
estimates of wolf ancestry in admixed jackals and dogs (except F1 hybrids). In only
admixed jackal samples (except F1 hybrids), wolf ancestry was estimated at 1.7%, but
this value dropped to nearly 0% when LQ samples were excluded. Similarly, in admixed
dog samples, the estimated wolf ancestry decreased from 1.4% to 0.8% when LQ samples
were removed.
It is important to note that non-admixed individuals were excluded from the ELAI
analysis. To provide average ancestries for the whole population, including admixed
(except F1 hybrids) and non-admixed individuals, we assumed that individuals from the
reference panels had 100% ancestry from one species (Table 3.5).
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Table 3.3. Samples showing more than 10% of different ancestries based on the three-way analysis.

Samples Wolf ancestry Jackal ancestry Dog ancestry
WIRAG631_LQ 0.432 0.125 0.442
JIndDF417_LQ 0.316 0.580 0.10
JBUL78-19 LQ 0.262 0.522 0.215
JUKR8600_LQ 0.239 0.614 0.146

Wolf-dog dataset

In the wolf-dog admixture analysis, the proportion of dog admixture in 165 potentially
admixed wolves ranged from 0.005 to 0.53 (an average of 0.065, excluding F1 samples).
The wolf admixture proportion in 149 potentially admixed dogs was lower, ranging from
0 to 0.20, and all but the Indian dogs showed less than 3% of wolf ancestry (an average
of 0.017). 46 wolf samples had less than 90% wolf ancestry, including six individuals
from India, Iran, and the Balkans, which were recognized as F1 hybrids (Table 3.4). Four
of these individuals (WIndD2449, WIRA616, WIRA631 LQ, WSER466) showed 50%
dog ancestry in most chromosomes. The proportions of dog ancestry in the two remaining
individuals were between 0 to 50%. This result was aligned with the results of the three-
way admixture, however, one sample (WIRA631_LQ), showed 12% jackal ancestry and
44% dog ancestry in the three-way analysis (Fig. 3.2). The jackal ancestry could not be
inferred in the two-way wolf-dog admixture analysis. After excluding first-generation
hybrids, the mean proportions of dog and wolf ancestry in the gene pools of admixed
wolf and dog samples were estimated at 6.5% and 1.7%, respectively (Table 3.6).
Removing LQ samples didn’t change the proportion of dog ancestry in hybrid wolves,
however, the proportion of wolf ancestry in hybrid dogs dropped slightly (1.7% vs.
1.1%).

Jackal-dog dataset

In the jackal-dog admixture analysis, the proportion of dog admixture in 191
potentially admixed jackals ranged from 0.002 to 0.5 (an average of 0.041, excluding F1
samples). Most dog samples showed limited signs of admixed ancestry and carried no
more than 0.3% of chromosomal blocks originating from recent admixture with jackals.
Three jackal samples from the Balkans and one sample from Belarus were identified as
F1 hybrids since they displayed 50% dog ancestry in their chromosomes (JBUL78-
19 LQ, JROM10658_LQ, JHUN9531, JBEL598 LQ) (Table 3.4). These individuals
were also identified as F1 hybrids based on the three-way analysis, except for one sample
(JBUL78-19_LQ), which showed 21% dog and 26% wolf ancestries. Most of the samples
that showed 50% jackal ancestry with different proportions of dog and wolf ancestry in
the WDJ dataset, showed 68-75% jackal ancestry proportions based on the JD dataset.
After excluding first-generation hybrids, the mean proportions of jackal and dog ancestry
in the gene pools of dogs and jackals were estimated at 0.1% and 4.1%, respectively.
Removing LQ samples caused a significant drop in the proportion of dog ancestry in
jackal samples (4.1% vs 1.3%) (Table 3 6).
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Wolf-jackal dataset

In the jackal-wolf admixture analysis, among the five potentially admixed wolves that
were included in the analysis, three samples from India showed more than 99.99% wolf
ancestry and therefore were identified as pure wolf samples. Two wolf samples from Iran
(WIRA6B31_LQ, WIRA1042_LQ) showed 22% and 10% jackal ancestry, respectively
(Table 3.4). However, based on the results of the three-way analysis, WIRA631_LQ
represents 12% jackal and 44% dog ancestry. Sample WIRA1042_LQ showed 9% jackal
and 15% dog ancestry. Due to the small number of admixed individuals in the wolf-
jackal dataset (only five admixed wolves), and the risk of producing biased results, we
did not include these results here. For details, please refer to the Supplementary Material,
Chapter 3. The proportion of wolf admixture in 252 potentially admixed jackals ranged
from 0.0001 to 0.5 (an average of 0.031, excluding F1 hybrids). Out of 37 jackal samples
that showed less than 90% jackal ancestry, four samples were identified as first-
generation hybrids, showing 50-51% jackal ancestry. These samples were also identified
as F1 hybrids using the JD and WDJ datasets. All samples showed around 50% jackal
ancestry, and mixed proportions of dog/wolf ancestry in the WJD dataset showed 30-
40% jackal ancestry proportions based on the WJ dataset. The high rate of hybridization
between wolf and jackal was found in India since 19 of 28 samples had less than 90%
jackal ancestry. These results were consistent with results from the three-way admixture
analysis since jackals from India showed higher proportions of wolf ancestry compared
to dog ancestry. After removing F1 hybrids, the mean proportions of wolf ancestry in the
gene pools of admixed jackals were estimated at 3.1% (Table 3.6). After removing also
LQ samples, the proportion significantly dropped (Table 3.6).
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Table 3.4. Putative F1 hybrids identified based on ELAI results using all datasets.

Sample_ID ELAI (WDJ) ELAI (WD)  ELAI (ID) ELAI (WJ)

WSER466

WSER483
WBOS18
WIRA616

WindD2449
WIRA631_LQ
JBUL78_LQ
JROM10658_LQ
JHUN9531
JBEL598_LQ

JIndD3018_LQ
JIndD45_LQ
JIndD480_LQ
JIndDF417_LQ
JKAU8341_LQ
JUKR8600_LQ
JWKAU5740_LQ
JURK8926_LQ
JWKAU5741_LQ
JKAU8B321_LQ
JWBOS38_LQ
JGRE9066_LQ
JKAUB086_LQ
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@ Samples show hybrid ancestry in most of their chromosomes.

2 Samples with pure ancestry in some chromosomes

o Samples show between 40-58% jackal ancestry and mixed proportions of dog/wolf ancestry
© Samples with proportions highly deviating from 50% (between 30%-70%)

Samples not identified as F1 hybrids or showing hybrid ancestry less than 30%



Table 3.5. The mean percentage of different ancestries in admixed and all dogs, wolves, and jackals
based on three-way analysis, after removing the first-generation hybrids and LQ samples. To provide
average ancestries for the whole populations, including admixed and non-admixed individuals, we
assumed that individuals from the reference panels had 100% ancestry from one species.

Removing just the first-generation Removing the first-generation Considering all samples*
hybrids hybrids and LQ samples (admixed and non-
admixed)
Admixed Admixed Admixed | Admixed Admixed Admixed All All All
wolves jackals dogs wolves jackals dogs wolves jackals  dogs
Wolf - 0.017 0.014 - 0.000 0.008 - 0.009  0.003
ancestry
Jackal 0.000 - 0.000 0.000 - 0.000 0.000 - 0.000
ancestry
Dog 0.064 0.012 - 0.064 0.011 - 0.033 0.006 -
ancestry

*All F1 samples were excluded from the calculation of average percentage of different ancestries.

Table 3.6. The mean percentage of different ancestries in admixed dogs, wolves, and jackals based on

two-way ELALI analyses, after removing the first-generation hybrids and LQ samples. To provide average

ancestries for the whole populations, including admixed and non-admixed individuals, we assumed that
individuals from the reference panels had 100% ancestry from one species.

Removing just the first- Removing the first-generation Considering all samples*
generation hybrids hybrids and LQ samples (admixed and non-admixed)
Admixed Admixed Admixe | Admixed Admixed Admixed All All All
wolves jackals d dogs wolves jackals dogs wolves  jackals dogs
Wolf - 0.031 0.017 - 0.012 0.011 - 0.016 0.004
ancestry
Jackal - - 0.001 - - 0.001 - - 0.000
ancestry
Dog 0.065 0.041 - 0.065 0.013 - 0.033 0.016 -
ancestry

*All F1 samples were excluded from the calculation of average percentage of different ancestries.

Chromosomal blocks with overrepresentation
introgressed variants

or underrepresentation of

Wolf-dog dataset

The number and length of chromosomal blocks with significantly overrepresented or
underrepresented hybridization-derived ancestry were identified based on the calculated
standard deviation within each chromosome. In the wolf-dog dataset, eight blocks with
significantly overrepresented dog ancestry were identified on seven chromosomes in
wolves. The average proportion of dog ancestry within these blocks ranged from 0.104
to 0.157, with a global average of 0.127 across all blocks (Figure 3.3, Table S 3.1). In
dogs, 31 blocks with overrepresented wolf ancestry were identified across 23
chromosomes, with an average proportion of wolf ancestry per block ranging from 0.041
to 0.164 and a global average of 0.066 (Figure 3.4, Table S 3.1). The average block size
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was 982Kb in wolves and 1372 Kb in dogs. A total of 848 and 3,228 SNPs located in
these regions were identified as CAl loci that are putatively under selection in wolves
and dogs, respectively.

The threshold of less than three SD of the mean, was lower than zero in most of the
chromosomes in dog and wolves samples. Therefore, we applied another threshold (less
than 0.1% of hybrid ancestry) following Sankararaman et al. (2014). Based on this
threshold, 71 underrepresented chromosomal blocks (hybrid ancestry deserts) were
found in 28 chromosomes in admixed dogs (Fig 3.4, Table S 3.4), however, no hybrid
ancestry desert was detected in admixed wolves.

Jackal-dog dataset

In the dog-jackal dataset, we identified seven blocks with significantly
overrepresented dog ancestry on seven jackal chromosomes (Figure 3.5, Table S 3.2).
The average proportion of dog ancestry per block ranged from 0.14 to 0.23, with a global
average of 0.184 across all blocks. The average block size was 666 Kb in jackals and the
total of 453 SNPs were identified as CAl loci. By applying a threshold of 0.1% hybrid
ancestry, five hybrid ancestry deserts in three chromosomes were found in admixed
jackals (Fig 3.5, Table S 3.5).Since all dog samples displayed more than 99% dog
ancestry, chromosomal blocks with an overrepresentation of jackal variants were not
identified for dog samples.

Wolf-jackal dataset

In the wolf-jackal dataset, only one chromosomal block with a wolf ancestry
proportion of 0.086 was detected (Figure 3.6, Table S 3.3). The average block size was
861 Kb in jackals. In total, 14 SNPs were identified as CAl loci that are putatively under
positive selection in jackals. Two chromosomal blacks in two chromosomes in admixed
jackals showed signs of underrepresentation of wolf ancestry (Fig 3.6, Table S 3.6).
Because we only identified five wolves with jackal admixture, we could not carry out the
analysis of the jackal introgression in wolves, but the small number of admixed
individuals suggests that such introgression is very limited.
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Fig. 3.3. Distribution of dog ancestry in admixed wolves. The x-axis represents SNP order along each
autosomal chromosome, and the y-axis represents the proportion of dog admixture in admixed wolf. The
solid horizontal line shows the mean dog admixture across autosomal chromosomes, and the dotted
horizontal line shows the mean jackal admixture within each chromosome. Chromosomal blocks with

overrepresented and underrepresented dog ancestry are marked in red and orange respectively.
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Fig. 3.4. Distribution of wolf ancestry in admixed dogs. The x-axis represents SNP order along each
autosomal chromosome, and the y-axis represents the proportion of wolf admixture in admixed dogs.
The solid horizontal line shows the mean wolf admixture across autosomal chromosomes, and the dotted
horizontal line shows the mean wolf admixture within each chromosome. Chromosomal blocks with
overrepresented and underrepresented wolf ancestry are marked in red and orange, respectively
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Fig. 3.5. Distribution of dog ancestry in admixed jackals. The x-axis represents SNP order along each
autosomal chromosome, and the y-axis represents the proportion of dog admixture in admixed jackals.
The solid horizontal line shows the mean dog admixture across autosomal chromosomes, and the dotted
horizontal line shows the mean dog admixture within each chromosome. Chromosomal blocks with
overrepresented and underrepresented dog ancestry are marked in red and orange respectively.
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Fig. 3.6. Distribution of wolf ancestry in admixed jackals. The x-axis represents SNP order along each
autosomal chromosome, and the y-axis represents the proportion of wolf admixture in admixed jackals.
The solid horizontal line shows the mean wolf admixture across autosomal chromosomes, and the dotted
horizontal line shows the mean wolf admixture within each chromosome. Chromosomal blocks with
overrepresented and underrepresented wolf ancestry are marked in red and orange respectively.
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Candidate genes located within introgressed chromosomal blocks

Before identifying SNPs mapped to protein-coding genes, all CAl SNPs were lifted-
over to the CanFam6 genome assembly (10K Boxer Tascha). During this process, some
SNPs failed to convert (see Table 3.7).

Table 3.7. The total number of CAl loci before and after the lift-over process.

Datasets The total Failed SNPs The number of SNPs
number of to lift over used for the Ensembl
outlier SNPs analysis
Dog ancestry in wolves 848 2 846
Wolf ancestry in dogs 3,228 53 3,175
Dog ancestry in jackals 452 8 444
Wolf ancestry in jackals 14 0 14

Based on each dataset, the number of CAI loci that are located in intergenic regions,
within genes, and within 100kb from protein-coding genes or long noncoding RNA were
identified (Table 3.8). The genes associated with SNPs located within genes, and within
100kb of protein-coding genes, were included in the enrichment analysis. Because
multiple SNPs can be assigned to the same gene (upstream or downstream), the total
number of SNPs mapped to genes exceeds the number of unique genes.

Table 3.8. The number of CAI loci located in different parts of the genome

Dataset Species Number of Intergenic Intron _Flanking Number of
CAI SNPs regions (100kb) genes
WD Wolves 846 89 (10.5%) 319 (37.7%) 438 (51.7%) 114
Dogs 3175 449 (14.4%) 1113 (35.1%) 1613 (50.8%) 595
JD Jackals 444 60 (13.5%) 152 (34.2%) 232 (52.2%) 94
WJ Jackals 14 0 0 14 (100%) 4

Functional characterisation of the genes located in the overrepresented regions

We conducted GO enrichment analyses on the candidate genes for adaptive
introgression for all datasets based on the canine genes and their human orthologues.

Wolf-dog dataset

The Gene Ontology (GO) analysis for the genes with overrepresented dog ancestry in
wolves, based on the canine genome assembly, initially revealed an overrepresentation
of molecular function and biological process categories with 32 significant GO terms
(Table 3.9). However, when applying a more conservative threshold (g:SCS), only three
GO terms (G0:0023023, GO:0042287, and G0:0042289) related to the molecular
function "Major Histocompatibility Complex™” (MHC) and one GO term (G0O:0001909),
associated with the biological process "leukocyte mediated cytotoxicity” remained
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significant (Table 3.9). These four GO terms were consistently overrepresented,
regardless of whether the Benjamini—Hochberg or the stricter g:SCS correction was used.
When the analysis was conducted using human homologues, three significant GO terms
associated with MHC molecular function were identified (Table 3.9). However, under
the more stringent g:SCS threshold, only one GO term, "MHC protein complex binding"
(G0O:0023023) remained significant. This term was therefore overrepresented in the
analyses based on both canine genes and human homologues and with both corrections.

The Gene Ontology (GO) analysis for the genes with overrepresented wolf ancestry
in dogs, showed a larger set of enriched GO terms compared to wolves (Table 3.9). Based
on the canine genome assembly, 36 GO terms were significantly overrepresented using
the Benjamini—Hochberg correction. Applying the more restrictive threshold (g:SCS), 31
GO terms were significantly overrepresented. Four molecular functions and 23 biological
processes GO terms were consistently overrepresented, regardless of whether the
Benjamini—Hochberg or the stricter g: SCS correction was used. Based on the human
homologues, 48 terms associated with molecular function, biological processes, and
cellular component were significantly overrepresented (Table 3.9). The molecular
function term " N,N-dimethylaniline monooxygenase activity” (G0:0004499) and 23
biological processes related to the “metabolic process” and “biological regulation” were
identified as overrepresented in the analyses based on both canine genes and human
homologues and with both corrections.

We compared these results with those from the previous study (Pilot et al., 2021).
Since these overlapping chromosomal blocks between the two studies probably showed
the strongest candidates genes for adaptive introgression, Gene Ontology analysis was
carried out also for only genes that were located in the overlapped chromosomal blocks
between the present study and the earlier study (Pilot et al., 2021) in wolves and dogs
(Table S 3.7). In this study we identified chromosomal blocks of dog ancestry on seven
chromosomes in wolves, whereas Pilot et al. (2021) found these blocks on 15
chromosomes, with only three (chromosomes 1, 13, and 28) overlapping between the
two studies. In dogs, the current study identified chromosomal blocks from wolf ancestry
on 23 chromosomes, while Pilot et al. (2021) identified them on 20 chromosomes with
15 chromosomes being common across both studies (chromosomes 1, 2, 3,4, 5,7, 9, 13,
17, 20, 22, 27, 28, 30, and 32).

In dogs based on the canine genome assembly, 24 GO terms were significantly
overrepresented using the Benjamini—-Hochberg correction. Applying the more
restrictive threshold (g:SCS), 12 GO terms were significantly overrepresented. Six
molecular functions related to the “monooxygenase activity” and six biological processes
GO terms related to the “metabolic process” were consistently overrepresented,
regardless of whether the Benjamini—-Hochberg or the stricter g: SCS correction was
used. In wolves, nine GO terms related to the “MHC” were significantly overrepresented
using the Benjamini—Hochberg correction. However by applying the more restrictive
threshold (g:SCS), no significant GO terms was found.
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Dog-jackal dataset

The Gene Ontology (GO) analysis for the genes with overrepresented dog ancestry in
jackals, based on the canine genome assembly, showed an overrepresentation of the
cellular component “endoplasmic reticulum protein-containing complex” (GO:0140534;
Table 3.10). The analysis based on human homologues revealed an overrepresentation
of cellular component “Golgi trans cisterna” and “endoplasmic reticulum protein-
containing complex”, however, “Golgi trans cisterna” was significant only when the
Benjamini—Hochberg correction, but no g: SCS correction, was applied. Thus, the term
“endoplasmic reticulum protein-containing complex” was identified as overrepresented
in the analyses based on both canine genes and human homologues and with both
corrections.

Wolf-jackal dataset

The Gene Ontology (GO) analysis for the genes with overrepresented wolf ancestry
in jackals, based on the canine genome assembly showed significant enrichments of 19
GO terms related to the molecular function, biological process, and cellular component
(Table 3.11). However, using the more restrictive correction (g: SCS), only one GO term
“cyclin E1-CDK2 complex” (GO:0097134) was significant. The term “cyclin E1-CDK2
complex” was identified as overrepresented in cellular component in the analyses based
on both canine genes and human homologues and with both corrections.
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Table 3.9. Results of Gene Ontology analysis carried out for two sets of genes in wolves and dogs. The
analysis was carried out for canine genes using the dog reference genome and for the human orthologues
using the human reference genome. The significance was determined using the Benjamini-Hochberg
correction (BH) and the more conservative g:SCS (Set Counts and Sizes) false-discovery rate correction
method. Only P-values below 0.05 are shown.

Canids | Reference | Go Term name Term ID P(BH) | P
genome source (9:SCS)
Dog Dog GO:MF | N,N-dimethylaniline  monooxygenase | GO:0004499 | 8.4E-06 | 4.5E-06
activity
Dog Dog GO:MF | androstan-3-alpha,17-beta-diol GO0:0047044 | 0.0025 | 0.0041
dehydrogenase activity
Dog Dog GO:MF | androsterone dehydrogenase activity G0:0047023 | 0.0025 | 0.0041
Dog Dog GO:MF | NAD-retinol dehydrogenase activity G0:0004745 | 0.0025 | 0.0069
Dog Dog GO:MF | oxidoreductase activity, acting on paired | GO:0016709 | 0.0025 | 0.0060
donors, with incorporation or reduction
of molecular oxygen, NAD(P)H as one
donor, and incorporation of one atom of
oxygen
Dog Dog GO:MF | steroid dehydrogenase activity, acting on | GO:0033764 | 0.0198
the CH-OH group of donors, NAD or
NADP as acceptor
Dog Dog GO:MF | hypotaurine dehydrogenase activity G0:0047822 | 0.0198
Dog Dog GO:MF | steroid dehydrogenase activity G0:0016229 | 0.0251
Dog Dog GO:MF | NADP binding GO0:0050661 | 0.0382
Dog Dog GO:MF | flavin adenine dinucleotide binding G0:0050660 | 0.038
Dog Dog GO:MF | ion binding G0:0043167 | 0.048
Dog Dog GO:BP | regulation of primary metabolic process | GO:0080090 | 1.9E-07 | 9.2E-08
Dog Dog GO-BP regulatign of nitrogen compound GO-0051171 | 9.2E-07 9.8E-07
metabolic process
Dog Dog GO-BP regulation of n_ucleobase-containing GO:0019219 9.2E-07 | 1.3E-06
compound metabolic process
Dog Dog GO:BP | regulation of cellular metabolic process | GO:0031323 | 2.9E-06 | 5.6E-06
Dog Dog GO:BP | RNA biosynthetic process G0:0032774 | 3.4E-06 | 8.1E-06
Dog Dog GO:BP | regulation of metabolic process G0:0019222 | 5.2E-06 | 0.0000
Dog Dog GO-BP regulat_ior} of DNA-templated GO:0006355 | 5.2E-06 0.0000
transcription
Dog Dog GO:BP | regulation of RNA biosynthetic process | GO:2001141 | 5.2E-06 | 0.0000
Dog Dog GO:BP | regulation of RNA metabolic process G0:0051252 | 5.2E-06 | 0.0000
Dog Dog GO-BP cellular nitrogen compound biosynthetic GO:0044271 | 5.2E-06 0.0000
process
Dog Dog GO-BP nycleobasg-containing compound GO:0034654 | 5.9E-06 0.0000
biosynthetic process
Dog Dog GO:BP | DNA-templated transcription G0:0006351 | 5.9E-06 | 0.0000
Dog Dog GO:BP | aromatic compound biosynthetic process | GO:0019438 | 6.3E-06 | 0.0000
Dog Dog GO:BP | heterocycle biosynthetic process G0:0018130 | 1.2E-05 | 0.0000
Dog Dog GO-BP organic cyclic compound biosynthetic GO:1901362 | 1.8E-05 0.0001
process
Dog Dog GO-BP regulation of macromolecule metabolic GO-0060255 | 6.3E-05 0.0004
process
Dog Dog GO:BP | regulation of gene expression G0:0010468 | 0.0005 | 0.0045
Dog Dog GO-BP re_gulation_ of macromolecule GO:0010556 | 0.0006 0.0057
biosynthetic process
Dog Dog GO-BP regulation of cellular biosynthetic GO:0031326 | 0.0008 0.0074
process
Dog Dog GO:BP | regulation of biosynthetic process G0:0009889 | 0.0010 | 0.0096
Dog Dog GO:BP | biological regulation GO0:0065007 | 0.0010 | 0.0104
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Dog Dog GO:BP | regulation of biological process G0:0050789 | 0.0021 | 0.0220
Dog Dog GO:BP | regulation of cellular process GO0:0050794 | 0.0022 | 0.0239
Dog Dog GO:BP | NADPH oxidation G0:0070995 | 0.0308
Dog Dog GO:BP | regulation of DNA metabolic process G0:0051052 | 0.0420
Dog Dog GO:CC | cytoplasm GO0:0005737 0.0422
Dog Human GO:MF | ion binding G0:0043167 | 3.9E-06 | 2.4E-06
Dog Human GO:MF | hypotaurine dehydrogenase activity G0:0047822 | 4.3E-05 | 0.0001
Dog Human GO:MF | growth hormone receptor binding G0:0005131 | 4.3E-05 | 0.0000
Dog Human GO-MF N,l_\l-_dimethylaniline monooxygenase G0:0004499 | 23205 | 0.0001
activity
Dog Human GO:MF | cation binding G0:0043169 | 0.0001 | 0.0003
Dog Human GO:MF | metal ion binding G0:0046872 | 0.0001 | 0.0004
Dog Human GO:MF | hormone activity G0:0005179 | 0.0003 | 0.0015
Dog Human GO:ME RNA polymere.is'e 1l cis-regule'itory region GO:0000978 | 0.0003 | 0.0018
sequence-specific DNA binding
Dog Human GO-MF cis-regLfIat.ory region sequence-specific G0:0000987 | 0.0004 | 0.0027
DNA binding
Dog Human RNA polymerase 1l  transcription
GO:MF | regulatory region sequence-specific | GO:0000977 | 0.0005 | 0.0038
DNA binding
Dog Human GO:MF | sequence-specific DNA binding G0:0043565 | 0.0005 | 0.0038
Dog Human GO:ME sgqu.ence-specific double-stranded DNA GO:1990837 | 0.0008 | 0.0064
binding
Dog Human GO-MF tra.nscript.ion regulatory region nucleic G0:0001067 | 0.0010 | 0.0096
acid binding
Dog Human GO:MF | DNA binding G0:0003677 | 0.0010 | 0.0102
Dog Human GO-MF Lrie;nds;r;ption cis-regulatory  region G0:0000976 | 0.0010 | 0.0093
Dog Human GO:MF | double-stranded DNA binding G0:0003690 | 0.0028 | 0.0286
Dog Human GO:MF | hormone receptor binding GO0:0051427 | 0.0043 | 0.0463
Dog Human GO:MF | androsterone dehydrogenase activity G0:0047023 | 0.0070
Dog Human GO:MF | NAD-retinol dehydrogenase activity G0:0004745 | 0.0074
Dog Human GO:MF | 11-cis-retinol dehydrogenase G0:0106429 | 0.0077
Dog Human GO:MF | trimethylamine monooxygenase activity | GO:0034899 | 0.0077
Dog Human GO:ME androstan-S-aIpha,_l?_-beta-diol GO:0047044 | 0.0085
dehydrogenase activity
Dog Human GO:MF | receptor ligand activity G0:0048018 | 0.0207
Dog Human GO:MF | signaling receptor regulator activity G0:0030545 | 0.0207
Dog Human GO:MF | signaling receptor activator activity G0:0030546 | 0.0237
Dog Human GO:MF | cytokine receptor binding G0:0005126 | 0.0250
Dog Human GO:MF | protein binding G0:0005515 | 0.0281
Dog Human GO:MF tRNA (cytosine-3-)-methyltransferase GO:0052735 | 0.0339
activity
Dog Human steroid dehydrogenase activity, acting on
GO:MF | the CH-OH group of donors, NAD or | GO:0033764 | 0.0352
NADP as acceptor
Dog Human GO:BP | regulation of primary metabolic process | GO:0080090 | 4.6E-06 | 2.2E-06
Dog Human GO-BP regulati(_)n of nitrogen compound GO:0051171 | 1.0E-05 | 0.0000
metabolic process
Dog Human GO:BP | regulation of cellular metabolic process | GO:0031323 | 0.0005 | 0.0009
Dog Human GO-BP positive regulation of cellular metabolic GO:0031325 | 0.0005 | 0.0012
process
Dog Human . positive regulation of receptor signaling .
GO:BP A G0:1904894 | 0.0005 | 0.0010
pathway via STAT
Dog Human GO-BP growth hormone receptor signaling GO:0060396 | 0.0005 | 0.0015

pathway
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Dog

Human

cellular response to growth hormone

GO:BP - G0:0071378 | 0.0005 | 0.0020
stimulus
Dog Human GO:BP | biological regulation G0:0065007 | 0.0005 | 0.0021
Dog Human GO:BP | regulation of metabolic process G0:0019222 | 0.0005 | 0.0024
Dog Human GO-BP p03|t|ve. regulation of macromolecule G0:0010604 | 0.0005 | 0.0030
metabolic process
Dog Human GO-BP cellular nitrogen compound biosynthetic GO:0044271 | 0.0005 | 0.0028
process
Dog Human GO-BP regulation of n_ucleobase-contalnlng GO:0019219 | 0.0006 | 0.0039
compound metabolic process
Dog Human GO:BP | positive regulation of metabolic process | GO:0009893 | 0.0006 | 0.0055
Dog Human GO:BP | regulation of RNA biosynthetic process | G0O:2001141 | 0.0006 | 0.0045
Dog Human GO-BP positive regulatl.on of  nitrogen G0:0051173 | 0.0007 | 0.0055
compound metabolic process
Dog Human GO:BP | RNA biosynthetic process G0:0032774 | 0.0007 | 0.0059
Dog | Human | o pp | regulation —of — DNA-templated | . 0006355 | 0.0008 | 0.0068
transcription
Dog Human . positive regulation of receptor signaling )
GO:BP pathway via JAK-STAT G0:0046427 | 0.0010 | 0.0090
Dog Human GO:BP | positive regulation of cellular process G0:0048522 | 0.0013 | 0.0123
Dog Human GO:BP | DNA-templated transcription G0:0006351 | 0.0014 | 0.0143
Dog Human GO:BP | aromatic compound biosynthetic process | GO:0019438 | 0.0014 | 0.0154
Dog Human GO:BP | regulation of RNA metabolic process G0:0051252 | 0.0014 | 0.0161
Dog Human GO-BP organic cyclic compound biosynthetic 601901362 | 0.0017 | 0.0193
process
Dog Human GO:BP | regulation of cellular process G0:0050794 | 0.0018 | 0.0222
Dog Human GO-BP nycleobasg-contalnlng compound GO:0034654 | 0.0018 | 0.0223
biosynthetic process
Dog Human GO:BP | response to growth hormone G0:0060416 | 0.0018 | 0.0234
Dog Human GO-BP regulation of macromolecule metabolic GO:0060255 | 0.0018 | 00247
process
Dog Human GO:BP | heterocycle biosynthetic process G0:0018130 | 0.0018 | 0.0252
Dog Human GO:BP | regulation of biological process G0:0050789 | 0.0021 | 0.0309
Dog Human GO-BP p05|t|ye _ regulation of chromosome GO:2001252 | 0.0036
organization
Dog Human GO-BP re?gulatlon of receptor signaling pathway GO:1904892 | 0.0038
via STAT
Dog Human ) positive  regulation  of  tyrosine )
GO:BP phosphorylation of STAT protein 60:0042531 | 0.0039
Dog Human GO:BP | positive regulation of biological process | GO:0048518 | 0.0076
Dog Human GO-BP regulation of tyrosine phosphorylation of GO:0042509 | 0.0114
STAT protein
Dog Human ) positive  regulation of  organelle )
GO:BP - G0:0010638 | 0.0127
organization
Dog Human GO-BP tyr05|_ne phosphorylation of STAT GO:0007260 | 0.0137
protein
Dog Human . regulation of receptor signaling pathway .
GO:BP via JAK-STAT G0:0046425 | 0.0138
Dog Human GO-BP receptor signaling pathway via JAK- GO:0007259 | 0.0160
STAT
Dog Human GO:BP | receptor signaling pathway via STAT G0:0097696 | 0.0217
Dog Human GO:BP | cellular homeostasis G0:0019725 | 0.0226
Dog Human GO:BP | vesicle fusion GO0:0006906 | 0.0246
Dog Human GO-BP positive regulation of RNA biosynthetic GO:1902680 | 0.0248
process
Dog Human GO:BP | organelle membrane fusion G0:0090174 | 0.0264
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Dog

Human

positive regulation of RNA metabolic

GO:BP G0:0051254 | 0.0332
process
Dog Human GO-BP positive regulation of DNA metabolic GO:0051054 | 0.0345
process
Dog Human positive regulation of macromolecule
GO:BP - . G0:0010557 | 0.0345
biosynthetic process
Dog Human GO-BP pos.ltlve regulation  of  telomere GO:0032206 | 0.0387
maintenance
Dog Human GO-BP posmvg .regulatlon of DNA-templated GO:0045893 | 0.0389
transcription
Dog Human GO-BP posm_ve_ regulation of nL_JcIeobase- GO:0045935 | 0.0393
containing compound metabolic process
Dog Human GO:BP | regulation of DNA metabolic process GO0:0051052 | 0.0448
Dog Human GO:BP | primary metabolic process G0:0044238 | 0.0472
Dog Human GO-CC intracellular membrane-bounded GO:0043231 | 0.0142 | 0.0064
organelle
Dog Human GO:CC | membrane-bounded organelle G0:0043227 | 0.0236 | 0.0216
Dog Human GO:CC | intracellular organelle G0:0043229 | 0.0444
Dog Human GO:CC | ATPase complex G0:1904949 | 0.0444
Wolf Dog GO:MF | MHC protein complex binding G0:0023023 | 0.0001 | 0.0002
Wolf Dog GO:MF | MHC protein binding G0:0042287 | 0.0008 | 0.0025
Wolf Dog GO:MF | MHC class Il protein binding G0:0042289 | 0.0045 | 0.0196
Wolf Dog GO-MF rRNA (pseudouridine) methyltransferase G0O:0070037 | 0.0471
activity
Wolf Dog GO:MF | corticotropin receptor activity G0:0004978 | 0.0471
Wolf Dog GO:MF | interleukin-16 binding G0:0042011 | 0.0471
Wolf Dog GO:MF | interleukin-16 receptor activity G0:0042012 | 0.0471
Wolf Dog GO-MF pgroglsome matrix targeting signal-1 GO:0005052 | 0.0471
binding
Wolf Dog GO:MF | signal sequence binding G0:0005048 | 0.0471
Wolf Dog GO-MF 1-acy|gcherophosphoethanolam|ne O- GO-0106262 | 0.0471
acyltransferase activity
Wolf Dog GO:MF | triose-phosphate isomerase activity G0:0004807 | 0.0471
Wolf Dog GO-MF ATPase-coupI(_ad_ intramembrane lipid GO:0140326 | 0.0471
transporter activity
Wolf Dog GO:BP | positive regulation of cell killing G0:0031343 | 0.0204
Wolf Dog GO-BP _regulatl_on of lymphocyte mediated GO:0002706 | 0.0204
immunity
Wolf Dog GO-BP regulatl_or_] of leukocyte mediated GO:0001910 | 0.0204
cytotoxicity
Wolf Dog GO-BP positive regulation of immune effector GO:0002699 | 0.0204
process
Wolf Dog GO:BP | natural killer cell mediated immunity G0:0002228 | 0.0204
Wolf Dog GO:BP | regulation of lymphocyte activation GO0:0051249 | 0.0204
Wolf Dog GO:BP | natural killer cell mediated cytotoxicity | G0:0042267 | 0.0204
Wolf Dog GO:BP | leukocyte mediated cytotoxicity G0:0001909 | 0.0204 | 0.0376
Wolf Dog GO:BP | cell killing G0:0001906 | 0.0204
Wolf Dog GO-BP posn_lve regulgu_on of  leukocyte GO:0001912 | 0.0204
mediated cytotoxicity
Wolf Dog GO:BP | regulation of immune effector process G0:0002697 | 0.0256
Wolf Dog GO:BP | regulation of cell killing GO0:0031341 | 0.0252
Wolf Dog GO:BP | lymphocyte activation G0:0046649 | 0.0252
Wolf Dog GO:BP | regulation of T cell activation G0:0050863 | 0.0267
Wolf Dog GO:BP | regulation of leukocyte activation G0:0002694 | 0.0267
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Wolf Dog GO-BP .regulati.on of leukocyte mediated GO:0002703 | 0.0324
immunity
Wolf Dog GO:BP | regulation of cell activation G0:0050865 | 0.0337
Wolf Dog GO:BP | regulation of immune system process G0:0002682 | 0.0387
Wolf Dog GO:BP | lymphocyte mediated immunity G0:0002449 | 0.0450
Wolf Dog GO:BP | leukocyte activation G0:0045321 | 0.0466
Wolf Human GO:MF | MHC protein complex binding G0:0023023 | 0.0154 | 0.0389
Wolf Human GO:MF | MHC protein binding G0:0042287 | 0.0154
Wolf Human GO:MF | MHC class Il protein binding G0:0042289 | 0.0154

Table 3.10. Results of Gene Ontology analysis carried out for a set of genes in jackals (jackal-dog

dataset). The analysis was carried out for canine genes using the dog reference genome and for the

human orthologues using the human reference genome. The significance was determined using the
Benjamini-Hochberg correction (BH) and the more conservative g:SCS (Set Counts and Sizes) false-
discovery rate correction method. Only P-values below 0.05 are shown.

containing complex

Canids | Reference | Go Term name Term ID P P
genome source (FDR) (g:SCS)
Jackal | Dog GO:CC endop.lgsmlc reticulum protein- GO:0140534 | 0.0176 | 0.0189
containing complex
Jackal | Human GO:CC | Golgi trans cisterna G0:0000138 | 0.0298
Jackal | Human GO:CC endoplasmic reticulum protein- GO:0140534 | 0.0298 | 0.0483
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Table 3.11. Results of Gene Ontology analysis carried out for two sets of genes in jackals. The analysis
was carried out for canine genes using the dog reference genome and for the human orthologues using
the human reference genome. The significance was determined using the Benjamini-Hochberg correction
(BH) and the more conservative g:SCS (Set Counts and Sizes) false-discovery rate correction method.

Only P-values below 0.05 are shown.

Canids | Reference | Go Term name Term ID P P
genome source (FDR) | (9:SCS)
Jackal | Dog GO:MF | RNA polymerase Il complex binding G0:0000993 | 0.0219
Jackal | Dog GO:MF | basal transcription machinery binding G0:0001098 | 0.0219
Jackal | Dog GO-MF basall RNA. pplymerase Il transcription GO-0001099 | 0.0219
machinery binding
Jackal | Dog GO:MF | RNA polymerase binding G0:0070063 | 0.0219
Jackal | Dog GO-MF cyclin-dependent prgtein serine/threonine GO-0016538 | 0.0219
kinase regulator activity
Jackal | Dog GO:MF | RNA polymerase core enzyme binding G0:0043175 | 0.0219
Jackal | Dog GO:MF | enzyme binding G0:0019899 | 0.0238
Jackal | Dog GO:MF | phosphoprotein binding G0:0051219 | 0.0277
Jackal | Dog GO:MF | transcription corepressor activity G0:0003714 | 0.0388
Jackal | Dog GO:MF | protein kinase regulator activity G0:0019887 | 0.0455
Jackal | Dog GO:MF | kinase regulator activity G0:0019207 | 0.0467
Jackal | Dog GO:BP | mesenchymal stem cell proliferation G0:0097168 | 0.0460
Jackal | Dog GO-BP positive _ regu_lation of mesenchymal stem GO-1902462 | 0.0460
cell proliferation
Jackal | Dog GO'BP regullatior.l of mesenchymal stem cell GO-1902460 | 0.0460
proliferation
Jackal | Dog GO:CC | cyclin E1-CDK2 complex G0:0097134 | 0.0057 | 0.0499
Jackal | Dog GO:CC | RPAP3/R2TP/prefoldin-like complex G0:1990062 | 0.0144
Jackal | Dog GO-CC cyclin-dependent protein kinase holoenzyme GO-0000307 | 0.0279
complex
Jackal | Dog GO:CC | protein kinase complex G0:1902911 | 0.0467
Jackal | Dog GO:CC | serine/threonine protein kinase complex G0:1902554 | 0.0467
Jackal | Human GO:MF | RNA polymerase Il complex binding G0:0000993 | 0.0211
Jackal | Human GO:MF | phosphatase inhibitor activity G0:0019212 | 0.0211
Jackal | Human GO:MF | basal transcription machinery binding G0:0001098 | 0.0211
Jackal | Human GO-MF basal_ RNA_ p_olymerase Il transcription GO:0001099 0.0211
machinery binding
Jackal | Human GO:MF | RNA polymerase binding G0:0070063 | 0.0211
Jackal | Human GO:MF | protein phosphatase inhibitor activity G0:0004864 | 0.0211
Jackal | Human GO:MF | RNA polymerase core enzyme binding G0:0043175 | 0.0211
Jackal | Human GO:MF | enzyme regulator activity G0:0030234 | 0.0211
Jackal | Human GO-MF cyclin-dependent prgtein serine/threonine GO-0016538 0.0211
kinase regulator activity
Jackal | Human GO:MF | protein phosphatase regulator activity G0:0019888 | 0.0254
Jackal | Human GO:MF | phosphatase regulator activity G0:0019208 | 0.0254
Jackal | Human GO:MF | enzyme binding G0:0019899 | 0.0254
Jackal | Human GO:MF | phosphoprotein binding G0:0051219 | 0.0254
Jackal | Human GO:MF | molecular function regulator activity G0:0098772 | 0.0254
Jackal | Human GO:MF | transcription corepressor activity G0:0003714 | 0.0406
Jackal | Human GO:MF | protein kinase regulator activity G0:0019887 | 0.0452
Jackal | Human GO:MF | kinase regulator activity G0:0019207 | 0.0497
Jackal | Human GO:BP positive _ regu_lation of mesenchymal stem GO-1902462 | 0.0466
cell proliferation
Jackal | Human GO-BP regu_latior} of mesenchymal stem cell GO-1902460 | 0.0466
proliferation
Jackal | Human GO:BP | mesenchymal stem cell proliferation G0:0097168 | 0.0466
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Jackal | Human GO:CC | cyclin E1-CDK2 complex G0:0097134 | 0.0105 | 0.0499
Jackal | Human GO:CC | RPAP3/R2TP/prefoldin-like complex G0:1990062 | 0.0211
Jackal | Human GO:CC | protein folding chaperone complex G0:0101031 | 0.0482
Jackal | Human GO:CC EZ;:T:Lnlg(ependent protein kinase holoenzyme GO-0000307 | 0.0484

Candidate genes under positive selection within introgressed chromosomal blocks

If one or more SNPs showing signatures of positive selection in the iHS test were
located within a protein-coding gene, the gene was considered a candidate for positive
selection. In the wolf-dog dataset, we found 12 SNPs showing signature of selection
within overrepresented introgressed chromosomal blocks of dog ancestry in wolves.
Based on the genome annotation, four SNPs (33.4%), were placed within protein-coding
genes, seven SNPs (58.3%) were located within 100 kb from protein-coding genes or
long noncoding RNA, and only one SNP (8.3%) was placed outside the 100 kb from any
annotated gene. In dogs, 45 SNPs showed signature of selection within overrepresented
introgressed chromosomal blocks of wolf ancestry. 18 SNPs (40%) were located within
protein-coding genes, 16 SNPs (35.5%) were placed within 100 kb of protein-coding
genes and the remaining 11 SNPs (24.5%) were placed outside of 100 kb window. The
false discovery rate was estimated at 8.3% in wolves and 24.5% in dogs, associated with
detecting selection signatures. In a previous study (Pilot et al., 2021), the false discovery
rate ranged from 10% to 12% in wolves and dogs. The relatively high error rate may be
due to the less complete functional annotation of the dog genome compared to the human
genome, as well as the unknown function of some constrained elements in mammalian
genomes (Lindblad-Toh et al., 2011).

Among the 114 CAI genes that were placed in the overrepresented chromosomal
blocks in admixed wolves, 14 were identified under positive selection based on the iHS
results (Table 3.12). Four positively selected SNPs in wolves were placed within genes
(TFDP1, TMEM255B, RASAS3, and ATP8AZ2), and the others were located upstream or
downstream of genes (Table 3.12). ATP8A2 gene is associated with diseases of the
mammalian nervous system (Xu et al., 2012). RASA3 and TFDP1 are involved in
fundamental cellular processes. RASA3 is a GTPase-activating protein (GAP) which is
important for cell growth (Johansen et al., 2022), and TFDP1 plays important roles in
cell proliferation (Nakajima et al., 2023). In dogs, of 595 candidate adaptive genes that
were placed in the overrepresented chromosomal blocks, 58 genes were identified as
genes under positive selection based on the iHS results. These genes were located in
chromosomes 1, 13, 22, 25, 27, 28, and 29 (Table 3.12 and 3.13). 18 positively selected
SNPs were located within x genes (NKAIN2, TG, SLA, SH3RF2, TCERG1, CACNA1C,
HAVCR2, and HAVCR1). CACNA1C, TCERG1 and NKAIN2 genes (Tables 3.12 and
3.13) were associated with brain function, nervous system, immune activation,
behaviour, and cognition (Gorokhova et al., 2007; Moon et al., 2018; Liu et al., 2022).

The Gene Ontology (GO) analysis for the genes under positive selection in dogs,
based on the canine genome assembly, showed an overrepresentation of the biological
processes “adaptive immune response” and “response to stress” (Table S 3.8). However,
using the more restrictive correction (g: SCS), only two GO terms “immunological
synapse” and “early endosome” related to the cellular component were significant. In
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wolves, the Gene Ontology (GO) analysis for the genes under positive selection based
on the canine genome assembly showed an overrepresentation of three molecular
function terms related to “cellular homeostasis™ and “signal regulation”, and nine cellular
components related to “membrane-associated processes” (Table S 3.8). Using the more
restrictive correction (g: SCS), only one GO terms, “phagolysosome membrane” was
significant.

None of the outlier SNPs in the JD and WJ datasets were identified as significant in
the iHS test for positive selection. These results suggests that introgression between these
species is mostly neutral or disadvantageous.
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Table 3.12. SNP loci located within chromosomal blocks with significant overrepresentation of
introgressed ancestry in wolves and dogs show significant results in the iHS test for positive selection at
P-value<0.05. Only SNPs located within protein-coding genes are listed. The table lists the position of
each SNP on a chromosome, the gene within which the SNP is located, the value of the iHS statistic, the

corresponding P-value, and the threshold.

Population | CHR SNP Gene (Intron) Gene (Up/downstream) iHS P-value
Dog 1 63147747 NKAIN2 -3.010 0.0026
Dog 1 63155179 NKAIN2 -2.793 0.005
Dog 1 63157377 NKAIN2 -2.509 0.012
Dog 1 63273200 NKAIN2 2.111 0.034
Dog 1 63331062 NKAIN2 2.965 0.003
Dog 1 63395502 NKAIN2 2.390 0.01
Dog 2 40315410 - SH3RF2, GRXCR2, PRELID2 -2.485 0.012
Dog 2 40402409 SH3RF2 -2.303 0.021
Dog 2 40889976 TCERG1 -2.609 0.009
Dog 2 40904689 TCERG1 -4.456 0.000
Dog 2 40921076 - PPP2R2B, TCERG1, U6 -2.182 0.029
Dog 4 53051753 HAVCR1 -2.481 0.013
Dog 4 53056922 HAVCR2 2.257 0.0239
Dog 4 53064234 HAVCR1 -2.194 0.028
Dog 4 53067374 HAVCR1 -2.324 0.020
Dog CORO1A, CLN3, SLX1A,

6 18253510 SULT1AIL, NUPR1, ATXNZ2L, 2.296 0.021

APOBR, SGF29
Dog ATXN2L, TUFM, SH2B1,
ATP2A1, RABEP2, CD19,
6 18398476 - NFATC2IP. SPNSL, LAT, 2.063 0.039
SBK1

Dog 6 49251785 - EXTL2, VCAML1, SLC30A7 -4.807 0.000
Dog 6 49299085 - EXTL2, VCAML1, SLC30A7 3.559 0.000
Dog 7 28221952 - GORAB, PRRX1 -2.424 0.015
Dog 7 28441296 - NTMT2 2.496 0.012
Dog 8 60876786 - EFCAB11 2.746 0.006
Dog 9 10976881 - TANC2, MARCHF10 3.440 0.000
Dog 10 28622800 - APOLG6, MP, RASD2, MCM5 2.779 0.005
Dog 12 24477577 - RAB23 2.074 0.038
Dog 12 24813511 - PRIM2 2.090 0.036
Dog 13 29546745 SLA 3.448 0.001
Dog 13 29581239 TG -2.926 0.003
Dog 13 29679951 - NDRG1, CCN4, TG 2.784 0.005
Dog 13 29682543 - NDRG1, CCN4, TG -4.578 0.000
Dog 27 44540416 CACNA1C 2.058 0.040
Dog ENSCAFGO000

28 1792263 00029477 2.135 0.033
Dog ENSCAFG000

28 1795829 00029477 2.135 0.033
Dog ALOX5, OR6D6, OR13A1,

28 2265516 - OR6D7 -2.048 0.040
Wolf ADPRHL1, LAMP1, CUL4A,

22 60725183 - GRTPL, DCUN1D2, TMCO3 -2.329 0.020
Wolf 22 60895986 TFDP1 2.211 0.027
Wolf 22 60973456 TMEM255B 2.300 0.021
Wolf 22 61163629 RASA3 -2.159 0.031
Wolf 25 13633588 ATP8A2 -2.119 0.034
Wolf 25 14390299 - ENSCAFG00000057729 -2.367 0.018
Wolf 25 14417692 - ENSCAFG00000007106 -2.256 0.024
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Wolf 25 14429605 - ENSCAFG00000007106 -2.972 0.003
Wolf 25 14431300 - ENSCAFG00000007106 -2.975 0.003
Wolf 28 35748262 - C28H100rf90 -2.572 0.010

Table 3.13. The genes under positive selection, based on the iHS results in wolves and dogs, which are
placed within protein-coding genes

Population CHR Gene N SNPs Functions

Wolf 22 TFDP1 1 DNA binding

Wolf 22 TMEM255B 1 membrane

Wolf 22 RASA3 1 calcium-release channel activity

Wolf 22 ATP8A2 1 nucleotide-binding, ATP binding

Dog 1 NKAIN2 6 regulation of sodium ion transport

Dog 2 SH3RF2 1 protein phosphatase 1, binding, transferase
activity, metal ion binding

Dog 2 TCERG1 2 transcription coactivator activity, transcription
corepressor activity, protein binding, mMRNA
processing

Dog 4 HAVCR1 3 phagocytosis, engulfment, positive regulation of
mast cell activation

Dog 4 HAVCR2 2 cellular  response to  lipopolysaccharide,
macrophage activation involved in immune
response

Dog 13 SLA 1 regulation of MAPK cascade, signal transduction

Dog 13 TG 2 hormone biosynthetic process, regulation of
myelination

Dog 27 CACNALC 1 calcium channel activity, metal ion binding

3.4. Discussion

Hybridization between gray wolf, golden jackal, and domestic dog

Our results revealed that the occurrence of hybridization between wolves, jackals and
dogs can be observed throughout their distribution ranges. We did not find any specific
geographic region with a notably high frequency of hybridization, suggesting that
hybridization is not confined to specific regions. Nonetheless, in some areas such as
India, the Caucasus, Eastern Europe (Ukraine and Belarus), and the Balkans the
occurrence of hybridization is more frequent.

In consistence with our findings, the presence of hybridization between canid species
has been documented in these regions, e.g. Caucasus (Khosravi et al., 2013; Kopaliani et
al., 2014; Asadi Aghbolaghi et al., 2014), India (Tyagi et al., 2023), Ukraine (Gursky,
1975; Dumenko, 2001; Stronen et al., 2013), Belarus (Molchan et al., 2023), and the
Balkans (Stefanovic et al., 2024; Ninausz et al., 2023; Glove et al. 2015). The higher
probability of hybridization in these regions can be attributed to four factors: (1) fewer
restrictions on human activities affecting natural habitats (e.g. habitat modifications), (2)
lower conservation status and illegal hunting of wild canids, (3) large population sizes of
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free-ranging dogs, and (4) range expansion of wild canids. These factors have been
elaborated in the sections below.

Hybridization due to anthropogenic disturbance has been documented in many species
(Grabenstein et al., 2022; Nussberger et al., 2023; Fabbri et al., 2023). Human activities
and habitat loss have increased the frequency of interspecific hybridization by disrupting
mating patterns and creating habitat conditions that may favour hybrid individuals
(Szynwelski et al., 2023). Although wolves generally avoid areas with high human
densities and major roads (Kabir et al., 2017; Simpson et al., 2023), they demonstrate
significant adaptability to landscape heterogeneity and can live in diverse environments,
even in regions with larger human population densities (Reinhardt et al., 2019; Chapron
etal., 2014; Fritts et al., 2003). Jackals as a generalist and opportunistic species can adapt
to human-altered environments, where they exploit diverse anthropogenic resources
(Fenton et al., 2021; Torretta et al., 2020). This adaptability to areas with higher human
presence and tolerance to human disturbance in wolves and jackals may increase the
likelihood of hybridization due to increasing range overlap of these species with domestic
dogs.

The second reason that may increase the chance of hybridization is the lower
conservation status and illegal hunting of wild canids. The conservation status of wild
canids can be significantly affected by the absence or ambiguity of legal regulations,
which may have varying implications for hybridization. For example, in Iran several
studies indicate that gray wolves are frequently responsible for livestock depredation
(Behdarvand et al., 2014; Ghoddousi et al., 2020; Akrim et al., 2021), leading to
retaliatory killings by humans (Ghoddousi et al., 2016, 2020; Parchizadeh and Belant,
2021). Anthropogenic mortality, such as poaching, can disrupt the social cohesion within
wolf packs (Borg et al., 2015; Brainerd et al., 2008; Cassidy et al., 2023). Losing even a
single wolf, especially a breeding individual, can disrupt the pack's stability and lead to
its dissolution, particularly when the pack is small (Zubiria Perez et al., 2024). Such
disruptions can increase the likelihood of interbreeding with domestic dogs or admixed
individuals, thereby facilitating hybridization (Santostasi et al., 2024). Similar dynamics
have been observed in other canid systems, such as red wolf-coyote and eastern wolf—
coyote interactions (Bohling & Waits, 2015; Rutledge et al., 2012).

The population size of domestic species is closely linked to the size of the human
population  (Gompper, 2014). Human population growth combined with the
fragmentation of natural habitats increases both the number of domestic animals and the
probability of encounters with their wild relatives (Adavoudi and Pilot, 2021). The global
dog population is currently estimated at around one billion (Gompper, 2014). The
presence of large, unmanaged free-ranging dog populations further exacerbates
hybridization risks by increasing the frequency of encounters with wild canids. In regions
where free-ranging dogs are abundant, the likelihood of interbreeding events rises,
leading to gene flow between domestic and wild species. This process, coupled with
human-induced landscape modifications, can accelerate the integration of domestic
alleles into wild canid populations.

In addition to the effect of human-mediated factors on the hybridization frequency,
hybridization appears to occur more frequently in regions of recent species expansion
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compared to established core habitats (e.g., in jackals: Stefanovic et al., 2024; in coyotes:
Kays et al., 2010). For instance, jackal densities in the areas of recent expansion are low,
which may lead to an increased probability of interactions between jackals and dogs
(Stefanovic et al., 2024). Finding the evidence of hybridization between jackals and dogs
along the northern periphery of the jackal’s range and in newly colonized areas aligned
with previous research documenting similar patterns of hybridization in expanding
populations (Stefanovic et al., 2024; Ninausz et al., 2023; Galov et al., 2015).
Collectively, hybridization in canids may be driven by multiple factors such as habitat
transformation, legal enforcement gaps, free-ranging dog populations, and species range
shifts. These factors can lead to increased probability of the contact between these canids,
therefore understanding them can improve wildlife management strategies aimed at
reducing hybridization rates.

Introgression rates

Our analysis revealed that the gene pools of Eurasian wolves and jackals have been
influenced by introgression from domestic dogs to different extents. The higher rate of
dog introgression in wolves compared to jackals may result from the greater evolutionary
distance between dog and jackal compared to dog’s distance from wolf. The domestic
dog diverged from its primary ancestor, the gray wolf, between 11,000 and 32,000 years
ago (reviewed in Tancredi & Cardinali, 2023). The divergence between the golden jackal
and the grey wolf occurred considerably earlier, between 1.5-2.4 million years ago
(Koepfli et al., 2015). The evolutionary distance can be considered as one of the factors
that could influence the introgression rate between species. In accordance with our
finding, studies on other taxa also showed that the frequency of hybridization in sister
species and also in recently diverged lineages is higher than in non-sister or in more
distantly related species (Nesi et al., 2011; Gholamhosseini et al., 2013; Wei et al., 2023).

Our results also align with earlier studies that reported dog admixture in Eurasian
wolves (e.g. Pilot et al. 2018; Harmoinen et al., 2021; Stronen et al., 2022; Sarabia et al.,
2025). However, this study detected a higher level of introgression affecting the Eurasian
wolf gene pool in comparison to an earlier study on wolf-dog hybridization across
Eurasia (Pilot et al., 2021), which identified a 1.3% introgression of dog ancestry in
wolves using ELAI analysis (including admixed and non-admixed wolves). This
discrepancy can be attributed to the use of a larger number of SNPs in this study (229,120
vs. 106,549), which provided a higher resolution and enabled the detection of more subtle
introgression signals. The larger wolf sample size compared to the previous study (315
vs 178 individuals), which includes wolves from regions with high admixture rates such
as India and Iran, may have led to a higher observed introgression rate.

By excluding samples with low genotype quality (LQ samples), the estimated rate of
dog ancestry in wolves remained unchanged, whereas the admixture proportion in jackals
dropped significantly to 1.3%. This discrepancy results from the fact that a larger
proportion of the jackal samples had low quality (57 of 191 admixed jackal samples, i.e.,
30%, and 45 of 287 pure jackal samples, i.e., 16% ). One possible explanation for having
more LQ samples in jackals is that this study was based on the SNP arrays which were
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developed based on the dog and wolf genomes. The probe design of these arrays is
optimized for dogs, and when applied to species with greater evolutionary divergence,
such as jackals, it can lead to an increased rate of missing data. The estimated wolf and
jackal introgression rate in putatively admixed dogs, based on the pairwise comparison
using ELAI analysis, was approximately 1.7% and 0%, respectively—substantially lower
than the introgression rates observed in the opposite direction. The low admixture rates
in dogs, compared to wild canids, may be explained by the large population size of
domestic dogs (Pilot et al., 2021), which reduces the impact of hybridisation events on
the gene pool. In large dog populations, a single back-crossing event—where a wolf-dog
hybrid successfully reproduces with a dog—has only a minor effect on the overall gene
pool, which explains the low levels of wolf admixture in the free-ranging dog population
(Pilot et al., 2021). This study also observed a slightly lower level of admixture in the
dog gene pool (1.7%) compared to the previous study’s finding of 2.3% (Pilot et al.,
2021). However, this difference likely falls within the statistical margin of error for
admixture detection.

The estimated jackal ancestry in admixed wolves using a three-way analysis was
nearly zero. The estimated rate of wolf ancestry introgression in admixed jackals was
initially 3.1% based on the wolf-jackal dataset. However, removing the low-quality (LQ)
samples reduced the estimated introgression rate to 1.2%. Based on the three-way
admixture analysis, some of the low-quality samples, three with the prevailing jackal and
one with the prevailing wolf ancestry, were identified with consistent proportions of dog,
wolf, and jackal ancestry across all chromosomes (Table 3.3, Fig. 3.2). The consistent
ancestry proportions in all chromosomes in these samples suggest that the inferred
admixture is correct.

The presence of the samples with ancestries from the three canids suggest complex
admixture patterns, e.g. jackals cross-breeding with wolf-dog hybrids or backcrosses.
This is in line with the finding of putative F1 hybrids that do not have varying admixture
proportions within individual chromosomes, which could be explained by F1 x F1 hybrid
cross. F1 hybrids and recent backcrosses are rare and therefore cross-breeding between
them is statistically unlikely. However, such admixed individuals may be locally
abundant and potentially show behavioural patterns (e.g. habitat preferences or mate
preferences) that may favour cross-breeding between them. This is an interesting topic
to be explored in the future.

As shown in the previous chapter, low-quality data may bias the estimates of the
introgression rates. On the other hand, it is also possible that the presence of admixture
may result in reduced genotyping quality using the Axiom Array. However, high-quality
genotypes of admixed samples were produced as well, including those of F1 individuals.
Moreover, there were 45 LQ samples (16%) among 287 non-admixed jackals, implying
that missing data does not always lead to the inference of admixture. Although admixture
does not always reduce genotyping quality, in some samples, hybridization may increase
the amount of missing data and contribute to low-quality genotyping. For this reason, all
LQ samples were included in the remaining analyses. Using high-coverage whole-
genome resequencing in future studies could help clarify this issue.
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Chromosomal blocks with overrepresented or underrepresented introgressed
variants

Although the rate of introgression from domestic dogs into the wolf gene pool was
higher than in the opposite direction, the number and average length of chromosomal
blocks with significantly overrepresented hybridization-derived dog ancestry in wolves
were smaller compared to the opposite direction. Specifically, wolves had eight
overrepresented introgressed blocks from dog ancestry across seven chromosomes,
whereas dogs had 31 overrepresented introgressed chromosomal blocks from wolf
ancestry across 23 chromosomes. This suggests that adaptive introgression from wolves
to domestic dogs has likely been more prominent than the reverse. These findings are
largely consistent with a previous study (Pilot et al., 2021). However, there are some
differences between the two studies. For example, here we identified chromosomal
blocks of dog ancestry on seven chromosomes in wolves, whereas Pilot et al. (2021)
found these blocks on 15 chromosomes, with only three overlapping between the two
studies. In dogs, the current study identified chromosomal blocks from wolf ancestry on
23 chromosomes, while Pilot et al. (2021) identified them on 20 chromosomes with 15
chromosomes being common across both studies (Please see results). The differences
between the two studies could be attributed to several factors such as sample sizes and
differences in geographical origins of samples. Moreover, the criteria used in both studies
to identify blocks with overrepresented hybrid ancestry were strict (with a threshold of 3
SD from the mean), therefore, both studies can have a considerable number of false
negatives.

Dogs appear to have acquired a larger pool of beneficial genetic variants from wolves,
which supports the idea that higher genome-wide admixture proportions do not
necessarily correlate with a larger number of blocks containing overrepresented hybrid
ancestry, as noted by Pilot et al. (2021). One possible explanation for this result is the
differentiation of population sizes between domestic dogs and wolves. Domestic dogs
have much larger populations compared to wolves, which can substantially impact the
effectiveness of natural selection and genetic drift. Due to the relatively weak effect of
genetic drift in large populations, gene variants with a slight selective advantage may rise
in frequency. In contrast, the much smaller population sizes of grey wolves make
adaptive variants more likely to be eliminated by genetic drift, even those with large
selective advantages (Manning et al., 2013). Therefore, this difference in population size
likely accounts for the greater number of overrepresented introgressed chromosomal
blocks in dogs, which may contain genetic variants that help mitigate some negative
consequences of domestication, such as decreased genetic diversity and heightened
tameness (Pilot et al., 2021).

In jackal samples, seven and one introgressed chromosomal blocks with an average
of 0.184 and 0.086 of dog ancestry and wolf ancestry were found, respectively. This
result showed that jackals are more influenced by adaptive introgression from dogs
compared to wolves. Only five wolves showed small proportions of golden jackal
admixture, suggesting that introgression from jackals has a very limited effect on the
wolf gene pool. Accordingly, jackal introgression in dogs was negligible.
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72 chromosomal blocks with underrepresented wolf ancestry in admixed dogs were
found within 28 chromosomes, while no dog ancestry deserts in admixed wolves were
detected. This finding largely aligns with the earlier study (Pilot et al., 2021), though the
present study identified a greater number of underrepresented chromosomal blocks (71
vs. 10 blocks). Pilot et al. (2021) reported underrepresented chromosomal blocks in
admixed dogs on seven chromosomes (Chr 1, 4, 6, 10, 20, 21, and 27), all of which were
also identified in the present study as containing ancestry deserts in dogs. Furthermore,
both studies consistently found that admixed dogs exhibited more underrepresented
chromosomal blocks than admixed wolves. Higher number of admixed ancestry deserts
in dogs compared to wolves may be explained by the fact that the majority of deleterious
mutations in dogs are only mildly harmful (Marsden et al., 2016). When these mutations
enter into the wolf gene pool, they can persist rather than be eliminated (Pilot et al.,
2021). This is because, in species with small effective population sizes like wolves,
genetic drift has a stronger influence than natural selection, making it less effective at
removing weakly deleterious mutations (Kimura, 1964; Wright, 1931). In contrast, the
large population size of dogs allows natural selection to act more efficiently against
mildly harmful wolf ancestry in admixed dogs, leading to a higher number of ancestry
deserts from wolves in dogs ( Pilot et al., 2021).

In admixed golden jackals, dog ancestry deserts were identified on three
chromosomes (Chr 7, 24, and 30), and wolf ancestry deserts were found on chromosomes
7 and 30. These results suggest that only a small proportion of genetic variation derived
from dogs and wolves has a strongly deleterious effect on jackals.

The function of genes located in chromosomal regions with excess introgressed
ancestry

Based on our results in wolf-dog dataset, dogs had 595 candidate genes under adaptive
introgression, while Eurasian wolves had only 114 genes. In Eurasian wolves, candidate
adaptive genes were enriched for GO terms related to the 'Major Histocompatibility
Complex' (MHC) and 'leukocyte-mediated cytotoxicity. Both MHC and leukocyte-
mediated cytotoxicity play a significant role in the immune system. Moreover, when we
ran gene ontology analysis just for 20 candidate adaptive genes that were located in the
chromosomes (chr 1, 13, and 28) found as having overrepresented dog ancestry in both
the present study and the earlier study (Pilot et al., 2021), these genes were enriched for
GO terms related to the MHC and melanocortin receptor activity. These genes are
therefore strong candidates for adaptive introgression, suggesting that gene flow from
dogs may contribute to various aspects of wolf adaptation.

The MHC is a large genetic region, comprising multiple subregions, containing many
genes that play a critical role in the adaptive immune response, particularly in antigen
presentation pathways (Wong-Benito et al., 2023). High variation in immune system
genes like MHC is often associated with increased parasite resistance (Simkova et al.,
2021) and has been proposed to improve the survival of individuals (Sommer, 2005;
Niskanen et al., 2013).
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Adaptive introgression has been repeatedly observed in specific functional categories
of genes, notably those related to the immune system. For instance, adaptive
introgression from Neanderthal ancestry in modern humans is enriched for proteins that
interact with viruses (Enard and Petrov, 2018). Similarly, adaptive introgression in
immune-related genes has been suggested in several species, such as newts (Dudek et al.,
2019; Gaczorek et al., 2023a), lizards (Gaczorek et al., 2023b), goats (Grossen et al.,
2014; Munger et al., 2024), sheep (Barbato et al., 2017), wildcats (Howard-McCombe et
al., 2023), wolves (Niskanen et al., 2014; Liu et al., 2017; Rocha et al., 2019; Kloch et
al., 2021; Sarabia et al., 2025) and also in different vertebrates (Gaczorek et al., 2024).

MHC sequence variation in wolves is generally less polymorphic than in domestic
dogs, likely due to factors such as fragmentation of wolf populations (Niskanen et al.,
2012) and genetic bottlenecks (e.g., Fabbri et al., 2007). In contrast, free-ranging dogs
typically maintain higher MHC variability (Runstadler et al., 2006). This greater
polymorphism in dogs is likely driven by balancing selection, a larger effective
population size, and denser dog populations compared to wolves, which may result in
higher prevalence of infectious diseases (Niskanen et al., 2012). Additionally, the diverse
range of human-dominated environments occupied by free-ranging dogs increases their
exposure to pathogens, thereby promoting greater MHC polymorphism. MHC genes tend
to be under balancing selection, given that high variability is beneficial, and novel
variants from dogs may increase the overall MHC variability in wolves and thus
individual fitness. Therefore, for wolves, adaptive introgression of MHC genes, along
with other immune-related genes like those involved in leukocyte-mediated cytotoxicity,
could enhance parasite resistance and immune responses. Factors like habitat
modification and declining prey populations may bring wolves closer to human
settlements, which can increase wolves exposure to novel pathogens and parasites (e.g.
via contact with livestock and domestic dogs). In this situation adaptive introgression of
immune-related genes from domestic dogs is beneficial for wolves. MHC alleles of
domestic dog origin were detected in admixed Italian wolves (Galaverni et al., 2013;
Sarabia et al., 2025).

We also found melanocortin 2 receptor (MC2R) gene related to the melanocortin
receptors (MCRs) in wolves. MC2R is primarily involved in adrenal function, leading to
cortisol production (Chida et al., 2007). In mammals, including canids, MC2R plays a
key role in regulating stress responses and energy metabolism through the hypothalamic—
pituitary—adrenal (HPA) axis (Smith and Vale, 2006). We suggest that adaptive
introgression of MC2R from domestic dogs into wolf populations could potentially
facilitate better adaptation of wolves to anthropogenically altered environments,
especially in traits related to stress physiology, and metabolic regulation.

In admixed dogs, four molecular function GO terms were linked to multiple genes
within the oxidoreductase activity group. By running GO analysis just for candidate
adaptive genes that were located in the overlapped chromosomes between the present
study and the earlier study (Pilot et al., 2021), we found enriched for GO terms related
to the oxidoreductase activity group as well. Oxidoreductases are essential enzymes in
plants, animals, and microorganisms (Das and Sen, 2024) that participate in a variety of
physiological processes, for example in the synthesis of biomolecules, degradation, and
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removal of molecules, and metabolism of exogenous molecules like drugs (Braune et al.,
2019).

Additionally, 23 GO terms for biological processes were significantly enriched,
including those related to metabolic processes, biosynthetic processes, and transcription
regulation. Metabolism is fundamental to life-sustaining processes and represents a
complex system of biochemical reactions that control the concentration and reaction rates
of substrates and products (Brown et al., 2004). Candidate genes involved in metabolic
processes, biosynthesis, and transcriptional regulation have been identified as key factors
influencing the adaptation of both humans and animals to high-altitude environments
(Qiu et al., 2012; Frede and Fandrey, 2013; Projecto-Garcia et al., 2013; Wang et al.,
2014; Yang et al., 2017; Miao et al., 2017).

Golden jackals had 94 candidate genes under adaptive introgression from dogs. The
candidate genes were enriched for GO terms related to the ‘endoplasmic reticulum
protein-containing complex’ based on the canine and human genome assembly. The
endoplasmic reticulum (ER) protein-containing complex is a crucial cellular component
that plays a central role in cell homeostasis and survival. The ER is responsible for
various essential cellular functions, including protein folding, the synthesis of a wide
range of cellular lipids, and the regulation and maintenance of Ca?* homeostasis (Chen
et al., 2023; Schuldiner and Weissman, 2013; Sammels et al., 2010; Rutkowski and
Kaufman, 2003; Sorger and Daum, 2003). Beyond its fundamental role in cellular
maintenance, the ER’s involvement in immune response highlights its broader
significance in defending against infections and other environmental stressors. The ER
serves as the primary site for the assembly of molecular complexes involved in antigen
presentation via major histocompatibility complex (MHC) molecules (Roy et al., 2006).
MHC |, located in the endoplasmic reticulum, is essential for presenting endogenous
peptides on the cell surface (Thoma et al., 2023). This process is critical for the immune
system's ability to recognize and respond to pathogens.

Given its importance in both cellular function and immune response, genes associated
with the ER are likely to offer adaptive advantages, particularly when organisms
encounter new environmental pressures, such as changes in diet, climate, or disease
exposure. In the context of adaptive introgression, the transfer of genes from domestic
dogs to jackals may have introduced beneficial genetic variants that enhance the function
of the ER. Additionally, adaptive introgression may influence the jackals' ability to
present antigens more efficiently through MHC molecules, improving their immune
recognition and response. This would be particularly beneficial in environments where
jackals encounter dogs frequently and where pathogens are constantly evolving, as it
would allow the jackals to improve their immune defences. Thus, the introgression of
these ER-associated genes from domestic dogs could enhance the jackals’ overall fitness,
providing them with the flexibility to adapt to rapidly changing conditions and improve
their chances of survival in diverse environments.

In golden jackals with grey wolf admixture, genes located in regions with
overrepresented wolf ancestry were enriched for the GO term “cyclin E1-CDK2
complex” based on the Benjamini—-Hochberg FDR (false discovery rate), and the g:SCS
(Set Counts and Sizes) thresholds. Cyclin E1-CDK2 plays a significant role in the cell
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cycle, DNA replication, and cellular stress responses (Honda et al., 2005). Adaptive
introgression of cyclin E1-CDK2 from wolves into the gene pool of jackals probably
confers significant benefits related to stress response, immune function, and cellular
repair, which can help jackals to better adapt and survive in challenging habitats.

The function of candidate genes showing signatures of adaptive introgression

Among genes located in chromosomal blocks with the excess of introgressed ancestry
in each species, we identified genes under positive selection. These genes were strong
candidates for adaptive introgression. However, it must be stressed that this approach
does not identify genes that may be subject to balancing selection following the
introgression of variants from another species.

In dogs, six SNPs found to be under positive selection were associated with NKAIN2
(Sodium/Potassium Transporting ATPase Interacting 2) on chromosome 1. Therefore, a
variant of this gene introgressed from wolves likely undergoes positive selection in dogs.
The function of NKAIN2 is not well investigated, however, the limited knowledge of
this gene points to its abundant expression in the brain and nervous system development
(Zhao et al., 2015). We also detected CACNALC (Calcium Voltage-Gated Channel
Subunit Alphal C) as a candidate gene under positive selection in dogs, consistent with
previous findings (Pilot et al., 2021; Sarabia et al., 2025). CACNALC plays a key role in
dendritic development, synaptic plasticity, neuronal survival, memory, and learning
(Bhat et al., 2012), making it a strong candidate for involvement in domestication-related
behaviour changes. The importance of synaptic plasticity in domestication has been
demonstrated in red foxes (Vulpes vulpes), where genes related to this process showed
signatures of selection (Kukekova et al., 2018). Another gene that was identified as
undergoing positive selection in dogs is SH3RF2 gene that plays a crucial role in
neuronal signalling and synaptic plasticity, which are essential for learning and memory
(Wang et al., 2018). Mice with SH3RF2 haploinsufficiency (having only one functional
copy of the gene) exhibit significant deficits in social interaction and communication
(Wang et al., 2018). We also found three olfactory receptor (OR) genes (OR6DG6,
OR6D7, and OR13A1) downstream of an SNP under positive selection, located in
chromosome 28. This result is consistent with earlier studies, since 35 OR genes were
found within overrepresented introgressed variants in free-ranging dogs (Pilot et al.,
2021). Research on OR showed that domestic dogs might have lost functional OR genes
commensurate with a documented reduction in nasal morphology as an outcome of the
domestication process (Mouton et al., 2025). Therefore, adaptive introgression of OR
genes from wolves may enhance olfaction in dogs to facilitate their detection ability of
the sources of suitable and unsuitable food and detection of potential threats like larger
predators (Pilot et al., 2021).

In wolves, genes with signatures of positive selection located in blocks with
overrepresented dog ancestry are expressed in the brain and are related to nervous system
function and cellular signalling. For example, ATP8A2 is expressed in the central
nervous system and retina (Li et al., 2023) and is required for normal neural development
and function through its role in cell proliferation, migration, and synaptic pruning
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(Coleman and Molday, 2011; Xu et al., 2012). GRK1 is related to dim-light vision and
photoresponse recovery (Weiss et al., 2001). The positive selection of genes associated
with the dim-light vision, including GRK1, has been reported before in mammals (Wu
et al., 2017). This gene was enriched for GO terms related to the “rhodopsin kinase
activity” which plays a role in visual processes (Choi et al., 2001). We also found genes
related to the immune system, such as LAMP1 gene (Xu et al., 2024). Which is related
to immune system (Xu et al., 2024; Wang et al., 2024).

3.5. Conclusion

We found that hybridization occurs across the distribution ranges of canids, with the
highest concentrations in the Balkans, India, the Caucasus, and northeastern Europe.
Factors like high human disturbances, large population size of free-ranging dogs, and the
range expansion of golden jackals can contribute as main factors for the high rates of
hybridization in these regions. Based on the three-way ELAI analysis, the average dog
ancestry proportions in all wolves and golden jackal samples (excluding F1 hybrids) were
estimated at 3.3% and 0.9%, respectively. The average wolf ancestry proportion in
admixed dogs was 0.3%, while no golden jackal ancestry was detected in dogs. The
higher proportion of introgression in wolves and dogs compared to jackals may be
explained by the closer evolutionary similarity between the first two canids. This is
consistent with the expectation that the introgression rate decreases with increasing
evolutionary distance between species.

Both wild canids and free-ranging dogs may gain benefits from hybridization.
Through adaptive introgression, wild canids may acquire from dogs gene variants
conferring adaptive advantage, including those that strengthen their immune systems.
These beneficial genes may increase the resistance of wild canids to new pathogens,
which would be particularly beneficial in environments where wild canids encounter
dogs frequently and where pathogens are constantly evolving. Therefore, we can expect
that introgression from dogs could provide an adaptive advantage for wild canids,
especially those living in regions highly modified by humans. Free-ranging dogs appear
to have acquired a larger pool of beneficial genetic variants from wolves, which may
have contributed to some characteristics like morphological, behavioural, and
physiological traits. Among genes that were under positive selection in canids, genes
related to the nervous and immune systems were predominant in wild canids and free-
ranging dogs. In addition to detecting signals of positive selection, we also found signs
of negative selection in introgressed chromosomal blocks in dogs and golden jackals.
Identifying chromosomal blocks with underrepresented wolf ancestry in admixed dogs
and chromosomal blocks with underrepresented wolf and dog ancestry in admixed
jackals suggested that introgression may have a deleterious effect on these species, but
they can be efficiently removed from their gene pools. Overall, we highlight the complex
nature of hybridization and introgression in the evolutionary process, showing that it can
introduce both beneficial and maladaptive genetic variation.
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4 Chapter 4

The Role of Hybridization Between Wild Canids
and Domestic Dogs in Adaptation to Environmental

Change

Abstract

Human activities and climate changealter the species distribution ranges , which may
bring closely related species with incomplete reproductive isolation into closer
proximity, thereby facilitating hybridization. This study investigated how environmental
variables contribute to the presence of dog ancestry in grey wolves and golden jackals
across Eurasia. Random Forest (RF) models were used to investigate the influence of
environmental variables on dog ancestry proportions in grey wolves and golden jackals.
The environmental variables considered included climatic variables, topography,
vegetation and land cover, and anthropogenic factors such as human footprint. Moreover,
the association between environmental variables and adaptive introgression in admixed
wolves, dogs, and golden jackals was determined using Redundancy Analysis (RDA).
RF models showed that, milder winters were associated with increased dog ancestry in
wolves, likely due to higher free-ranging dog densities in warmer regions. In contrast,
lower annual temperatures correlated with increased dog ancestry in jackals, likely due
to their ongoing northward range expansion of this species, with hybridization occurring
more frequently at the expansion front. Additionally, during harsh winters, golden jackals
tend to move closer to human settlements in search of food, which can increase the
likelihood of contact with dogs. In both wolves and jackals, human footprint was
positively associated with dog ancestry proportions, probably due to the large
populations of free-ranging dogs and also land use change in these regions. The results
of RDA showed a significant association between environmental variables and adaptive
introgressed loci in admixed wolves with excess dog ancestry. No significant
environmental associations were found for introgressed loci in admixed dogs and
admixed jackals, likely due to their greater ecological flexibility. Significant associations
between dog-derived loci in wolves and environmental variables suggest that these loci
may play a role in local adaptation in human-modified habitats. These loci were linked
in genes related to neural developmental processes (DOCKZ1), anti-inflammatory and
neuroprotective activity (GAS6), and metabolism (LPCAT3). These genetic adaptations
may help admixed wolves cope with new pathogens, environmental stressors, and dietary
shifts associated with anthropogenic influences. The findings from this study emphasize
the role of environmental variables, especially the human footprint, in increasing the dog
introgression proportions in wild canids. Moreover, we showed how adaptive
introgression from free-ranging dogs to wolves may facilitate wolf adaptation to
changing environmental conditions.
Keywords: Hybridization, Genus Canis, environmental variables, human footprint,
adaptative introgression
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4.1. Introduction

The geographic distribution of species is influenced by diverse consequences of
human activities such as land use change, introduction of invasive species, and climate
change (Davison et al., 2021; Bellard et al., 2012). For example, human settlements,
along with the expansion of croplands and industries, may lead to range expansion,
contraction, or shift (Xia et al., 2023), which may bring ecologically segregated species
into closer proximity, facilitating hybridization between them (Scheffers et al., 2016;
Brennan et al., 2015; Chunco, 2014; Ottenburghs, 2021). The impacts of human activities
on hybridization have long been acknowledged (e.g., Anderson, 1948). By creating new
contact zones, climate change can further increase hybridization between previously
isolated species (Brennan et al., 2015). The impact of climate change on hybridization in
insect species showed that climate-induced range shifts can lead to the breakdown of
isolation barriers, and thus, to an increase in hybridization frequency (Arce-Valdés and
Sanchez-Guillén, 2022). In another example, climate change led to an increased
hybridization rate between willow grouse (Lagopus lagopus) and rock ptarmigan (L.
muta) in Scandinavia due to an increase in the range overlap between these species
(Quintela et al., 2010). Moreover, climate change, by increasing habitat disturbance, can
facilitate the establishment of invasive species, which in turn provides opportunities for
hybridization with closely related native species (Chown et al., 2016). For instance, rapid
climate warming has resulted in exacerbated interactions between native westslope
cutthroat trout (Oncorhynchus clarkii lewisi) and non-native rainbow trout (O. mykiss)
(Mubhlfeld et al., 2014). Studies on plants showed that hybridization can affect and be
affected by organism-environment interactions (Porretta and Canestrelli, 2023). For
example, wildfires, as an environmental disturbance, play a significant role in increasing
hybridization between two ecologically well-differentiated Californian oak species
(Ortego et al., 2017). Although in some species the role of environmental variables on
hybridization has been studied, there is a scarcity of knowledge on the role of
environmental factors on hybridization. Understanding geographical patterns of
hybridization is also important in order to identify where hybridization occurs more
frequently and what environmental factors might drive it (Zbinden et al., 2023).

Most species from the genus Canis have wide geographic ranges (Kurtén and
Anderson, 1980). The gray wolf (Canis lupus) and golden jackal (Canis aureus) are
generalist carnivores with adaptable, opportunistic lifestyles, widely distributed across
nearly entire Eurasia and southern Eurasia, respectively (Lanszki et al., 2016;
Shakarashvili et al., 2020). Wolves exhibit high ecological resilience to habitat
fragmentation and are capable of adapting to landscape modifications and persistent
human presence (Chapron et al., 2014). While wolves generally avoid areas with high
human density and landscapes dominated by croplands (Simpson et al., 2023; Kudrenko
et al., 2023), in some areas, they display less avoidance of human settlements. As
facultative scavengers, wolves can exploit a variety of anthropogenic food sources, such
as livestock carcasses and garbage (Newsome et al., 2016; Mohammadi et al., 2019).
This dietary flexibility increases their potential to persist in highly human-dominated
landscapes (e.g., Kuijper et al., 2019; Mohammadi, et al., 2021). In these areas, due to
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the high density of free-ranging dogs, hybridization between wolves and dogs has been
reported frequently (Blanco et al., 1992).

The golden jackal's range was historically confined to southeastern Eurasia (Arnold et
al., 2012). However, it has been rapidly expanding into northern and western Europe
(Kowalczyk et al., 2020), driven by factors such as climate change (Serva et al., 2023),
land-use changes (Salek et al., 2014; Trouwborst et al., 2015), and adaptation to human-
dominated environments (Fenton et al., 2021). This range expansion has led to potential
overlap with other canid species and increased the rate of hybridization due to the low
population density of expanding species (Nussberger et al., 2018). The occurrence of
hybridization at the edge of the species’ range has been reported for golden jackals
(Stefanovic et al., 2024) and coyotes, which have experienced a rapid expansion in North
America (Kays et al., 2010; Bohling et al., 2016). Low population densities of wolves
and range expansion of jackals are identified as two factors that may increase the
likelihood of hybridization with free-ranging dogs (Randi et al., 2000; Anderson et al.,
2002; Lorenzini et al., 2014). Moreover, human disturbance is usually considered a main
factor that may facilitate hybridization between wild canids and free-ranging dogs (e.g.,
Godinho et al., 2011; Lescureux and Linnell, 2014; Donfrancesco et al., 2019; Pilot et
al., 2021). However, the effect of human disturbance on hybridisation rates has never
been tested explicitly, and direct empirical evidence confirming this effect. In this
chapter, we address this knowledge gap by testing the hypothesis that introgression rate
in admixed individuals are associated with environmental variables. We aim to (1)
identify the key environmental factors that may be associated with hybrid ancestry in
wild canids, (2) detect adaptive introgressed loci associated with environmental
variables, and (3) identify genes within adaptive introgressed regions that are linked to
environmental factors.

4.2. Methods

Sampling

Gray wolves, golden jackals, and free-ranging dogs were sampled from their
distribution range in Eurasia between 2018 and 2022. Moreover, frozen tissue samples
from the previous study (Rutkowski et al., 2015) were included. Based on the type of
samples, the DNA of tissue samples was extracted using NucleoSpin Tissue Kit
(Macherey Nagel, Duren, Germany), and the PG-AC extraction kit was used for the
saliva samples (PERFORMAgene).

Dataset creation

Two different datasets were prepared: (1) gray wolves and free-ranging dogs (WD
dataset), and (2) golden jackals and free-ranging dogs (JD dataset). A detailed description
of the steps (e.g. sampling, genotyping, and data processing) involved in generating these
datasets can be found in Chapter 2 (see methods).

Admixed detection using ELAI

For estimating each sample’s ancestries in the WD dataset and JD dataset, we used
the results of ELAI v. 1.01 (Guan, 2014) from the previous chapters (For more details,
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please see Chapter 3, methods). Based on the results of Chapter 3, in the WD dataset,
115 admixed wolves and 44 admixed dogs were identified. The rest of the samples (115
samples) were considered pure individuals. The mean proportion of wolf ancestry in dogs
and dog ancestry in wolves was estimated at 0.017 and 0.065, respectively (Fig 4.1). In
the JD dataset, we identified 48 golden jackal samples that showed less than 98% golden
jackal ancestry and were considered admixed (Table S 4.2). All dog samples showed
more than 98% dog ancestry (Fig 4.1). The mean proportion of golden jackal ancestry in
dogs and dog ancestry in golden jackals was estimated at 0.001 and 0.041, respectively.

ELAI (JD dataset) ELAI (WD dataset)

T

1.0
1 1 |
1.0

The mean admixture proportions

The mean admixture proportions

00 02 04 068 08
00 02 04 06 08
1

Dog Golden jackal Dog Wolf

Fig. 4.1. The bar plot of the ELAI result using the WD and the JD datasets.

Environmental variables

Based on the literature review (Salek et al., 2014; Wennink et al., 2019; Torretta et
al., 2020; Ordiz et al., 2020; Silva et al., 2022; Dar et al., 2023; Bosch et al., 2023), 32
candidate variables related to the presence and habitat suitability of gray wolves, golden
jackals, and free-ranging dogs were selected. All selected variables were categorized into
four main categories: climate (CLM), topography (TOP), vegetation and land cover
(VLC), and anthropogenic factors (ANT) (Table 2). CLM category consisted of 19
bioclimatic variables obtained from WorldClim v2 (Fick and Hijmans 2017) at ca. 1 km
spatial resolution. Digital elevation model (DEM) of the study area was obtained from
WorldClim v2 (Fick and Hijmans 2017) at ca. 1 km spatial resolution to extract three
topographical predictors including the mean of elevation, standard deviation of slope,
and topographic roughness using raster package v3.5-15 (Hijmans et al., 2022) in R
version 4.1.2 (R Core Team, 2021). Vegetation and land cover (VVLC) variables included
open forest, closed forest, shrubland, herbaceous, and sparse vegetation, all of them at
100 m resolution (Buchhorn et al., 2020). They were downloaded from the Copernicus
Global Land Service (https://Icviewer.vito.be/download). The diversity of land cover
classes was calculated in FRAGSTATS (McGarigal et al., 2002) to examine how the
degree of fragmentation across the study area may affect the hybridization and adaptive
introgression among species. In addition to landcover, Normalized Difference
Vegetation Index (NDVI) at 300 m (https://land.copernicus.eu/global/products/ndvi) was
acquired. To assess the impact of anthropogenic factors on the spatial patterns of
observed genetic variation, we downloaded and averaged human footprint data layers
from 2015 and 2020 (https://wcshumanfootprint.org). Human Footprint index (HF)
represents human influence by integrating the effects of population density, land use
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change, road and railway density, and power infrastructure (Sanderson et al., 2002). The
mean human footprint index was calculated for a 1 km grid to represent the level of
human influence. We also calculated the proportion of croplands as another
anthropogenic predictor.

All spatial layers were standardized to the same coordinate reference system (WGS84-
EPSG:4326) and resampled to approximately 1 km resolution using the raster package
(v3.5-15; Hijmans, 2022) in R version 4.1.2 (R Core Team, 2021). Environmental
variable values for each individual were extracted by averaging cell values within a 2.5
km radius around the individual’s coordinate location, utilizing the R package geobuffer
(Stefan, 2019). The home range of gray wolves, golden jackals, and free-ranging dogs
was different, and also the home range of wolves and golden jackals can be influenced
by the level of human disturbance in different regions. Therefore, we used a cell size of
20 km? as it represents an intermediate estimate of home range size in these species and
is supported by previous studies (e.g. Vorel et al., 2024; Kamler et al., 2021; Wilson-
Aggarwal et al., 2021; Meek, 1999).

Environmental factors affecting dog ancestry proportions

To investigate the influence of environmental variables on dog ancestry proportions
in wolves and jackals, random forests (RF) models (Evans & Murphy, 2019; Franklin,
2009; Cutler et al., 2007; Breiman, 2001) were applied. The estimated dog ancestry
proportions from ELAI were treated as dependent variables, while the environmental
variables were considered independent variables. First, all environmental variables were
tested for multicollinearity using the rfUtilities v 2.1-5 package (Evans & Murphy, 2019)
as implemented in R (R Core Team, 2021). For each dataset (WD and JD), variables
exhibiting multicollinearity above the threshold of 107 were removed and the association
between ancestry values and environmental variables was assessed using RF models
(regression mode). We used Random Forest (RF) models using the randomForest
package (v. 4.7-1.1; Liaw, 2002) alongside rfUtilities (v. 2.1-5; Evans & Murphy, 2019)
in R. Each model was configured with 1,000 bootstrap iterations (trees) and employed
the permutation-based importance metric (“mir”) to evaluate the contribution of each
predictor variable. The final model was chosen based on its ability to explain the most
variance, minimize the Root Mean Squared Error (RMSE), and balance simplicity with
ecological relevance by limiting the number of predictors. To ensure the robustness of
the selected models, we assessed fit statistics, including checks for overfitting, using the
rf.regression.fit function. Once the best-performing models were identified for each
transect, we conducted separate linear regression analyses in R (R Core Team, 2021) to
determine the relationships' significance, direction, and strength.

To explore the relationship between hybrid ancestry and environmental variables
across different regions, samples were categorized into six groups based on their
distribution: North Asia, East Asia, the Caucasus, Central Europe, Northeast Europe, and
Western Europe. RF model was applied for each region separately using the parameters
described above.
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Environmental association of adaptive introgressed regions

The association between environmental variables and adaptive introgressed regions
was determined using Redundancy Analysis (RDA). RDA is a multivariate constrained
ordination method that can combines multiple linear regression with PCA to identify loci
significantly associated with environmental variables (Capblancq and Forester, 2021;
Legendre and Legendre, 2012). Since RDA is a suitable method for identifying
signatures of selection and adaptation (Forester et al., 2018; Rellstab et al., 2015), and
also has a low rate of false positives (Capblancq et al., 2018), we used it to identify
candidate adaptive loci that are associated with environmental variables. For this
purpose, we used the chromosomal blocks with an overrepresentation of introgressed
variants that were identified in the previous chapter (for more details, please see Chapter
3, Methods). SNPs located within these blocks are considered as strong candidates for
adaptive loci (hereafter called CAl loci), that are located within or near genes putatively
under selection (please see Chapter 3, Methods). The association between the CAl loci
as the response variables and the environmental variables as the predictor variables (the
same set of environmental variables with no detected collinearity as in the Random Forest
analysis) was assessed using a partial RDA conditioned on the doMEM spatial matrix
using the vegan R package (Oksanen et al., 2019). The anova.cca function with a
permutation test of 999 iterations and a p-value threshold of 0.05 was used to identify
significant RDA axes. SNPs from these significant RDAs were extracted using a three-
standard-deviation (two-tailed p-value = 0.0027) from the mean loading of these
significant RDA axes. Each candidate adaptive loci was then associated with all
environmental predictors in each dataset using Pearson’s correlation coefficient (r)
(Forester et al., 2018). SNPs with the strongest correlations were considered the best-
supported SNP-environment associations. CAIl SNPs that were associated with
environmental variables were lifted over to the 10K Boxer Tascha genome (CanFam6)
using the liftover tool in the UCSC Genome Browser (https://genome.ucsc.edu/cgi-
bin/hgLiftOver) and annotated using the Ensembl Variant Effect Predictor tool
(https://www.ensembl.org/info/docs/tools/vep/index.html). Finally, the function of each
gene was evaluated to test whether the function may explain the environmental
association.

4.3. Results

Environmental relationships with hybridization

The association between environmental variables and dog ancestry was estimated in
admixed wolves and jackals using RF models. In wolves and jackals, 22 and 18
environmental variables were removed due to high correlation, respectively (Table 4.2,
Fig 4.2). Inwolf-dog dataset, five variables have been selected as a top-ranked RF model
(Temperature Seasonality (Bio4), Min Temperature of Coldest Month (Bio6), Annual
precipitation (Bio12), Precipitation of wettest month (Bio13) and human footprint index),
that explained together 68.22% of the variation in dog ancestry proportions (Fig 4.2, Fig
4.3, Table 4.2). In jackal-dog dataset, four variables have been selected as a top-ranked
RF model for the JD dataset, including Annual Mean Temperature (Biol), Precipitation
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Seasonality (Biol5), elevation, and human footprint index (Table 4.2, Fig 4.4), which
explained together 77.48% of the variation in dog ancestry. For both datasets, a root-
squared-mean and R? were calculated and testing the model fit showed that the model is
not overfit (Table 4.1). After running a linear regression, dog ancestry in admixed wolves
showed positive association with the minimum temperature of coldest month (Bio6) and
human footprint, while in admixed jackals dog ancestry showed positive association with
precipitation seasonality (Biol5), elevation and human footprint (Table 4.2). The RF
results for each population are provided in the supplementary file (Table S 4.1 - S 4.13).

Table 4.1. The estimated root-mean-squared (RSME) and accuracy for each dataset.

Datasets RSME* R?
Wolf-dog 0.276 0.682
Jackal-dog 0.242 0.774

*RSME reflects the average deviation of the predicted values from the observed values.
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Table 4.2. The list of Environmental variables used in the analysis. Variables marked with (&) were
included in the Random Forest (RF) models, while variables marked with (<) were excluded due to high
collinearity. Variables highlighted in bold (@) represent those included in the top-ranked model. (+)
indicate a positive association between hybrid ancestry and variable value, whereas (-) indicates a
negative association

Predictors Group Abbreviation Final model Final model
(WD dataset)  (JD dataset)
Annual mean temperature CLM BIO1 X Q -
Mean diurnal range CLM B102 X X
Isothermality CLM B103 X X
Temperature seasonality CLM BI04 Q*- @
Max temperature of warmest month CLM BIO5 @ X
Min temperature of coldest month CLM BIO6 Q... X
Temperature annual range CLM B1O7 X X
Mean temperature of wettest CLM BIO8 X X
Mean temperature of driest quarter CLM BI109 X X
Mean temperature of warmest quarter CLM B1010 X X
Mean temperature of coldest quarter CLM BIO11 X X
Annual precipitation CLM BIO12 Q— ©)
Precipitation of wettest month CLM B1013 Q- @
Precipitation of driest month CLM BI10O14 X X
Precipitation seasonality CLM BIO15 X Q -
Precipitation of wettest quarter CLM BI1O16 X X
Precipitation of driest quarter CLM BI1O17 X @
Precipitation of warmest quarter CLM BIO18 © ©
Precipitation of coldest quarter CLM BIO19 © ©
Standard deviation of slope within a TOP SLO X X
focal cell
Mean of elevation within a focal cell TOP ELV © Q -
Topographic roughness TOP ROU @ @
Proportion of cell with > 10 within a TOP ESC X X
focal cell
Proportion of open forests within a VLC OFR X X
focal cell
Proportion of closed forests within a VLC CFR X X
focal cell
Proportion of shrublands within a VLC SHR X X
focal cell
Proportion of grasses within a focal VLC GRS X X
cell
Proportion of sparse vegetation within VLC SPR X X
a focal cell
Normalized difference vegetation VLC NDV X X
index
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Shannon’ diversity of land cover VLC SHD X @
types within a focal cell

Human footprint ANT HFI 0 * 0 *
Proportion of croplands within a focal ANT CRP X X

cell

*The linear regression for Bio4 in the wolf-dog dataset was non-significant (P-value > 0.05)
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Fig 4.2. The importance measure for each variable of the WD dataset (2) and in the JD dataset (b)
according to %IncMSE (Mean square-error) and IncNodePurity (node purity). %IncMSE reflects how

much each feature contributes to reducing prediction error across the entire model, while IncNodePurity

measures how much each feature improves node purity at each split (Liaw and Wiener, 2002).
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Fig. 4.3. The distribution of pure wolves (black dots) and admixed wolves (colored circles) that showed
more than 2% dog ancestry on a map of (a) Annual precipitation (Bio12), (b) Minimum temperature of
coldest month (Bio6), and (c) Human footprint. The size of each colored circle represents the proportion
of dog ancestry.
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Fig. 4.4. The distribution of pure jackals (black dots), and admixed jackals (purple circles) showed more

than 2% dog ancestry on a map of (a) Precipitation seasonality (bio_15), (b) Human footprint, (c) Annual

mean temperature (Bio_1), and (d) Elevation. The size of each purple circle represented the proportion of
dog ancestry.

Environmental association of adaptive introgressed regions

In the wolf-dog dataset, a total of 848 and 3,228 CAI loci were identified that had
excess introgressed ancestry in wolves and dogs, respectively (Table S 3.1, Chapter 3).
In the jackal-dog dataset, a total of 453 SNPs were identified as CAl loci that had excess
dog ancestry (Table S 3.2, Chapter 3). Since all dog samples displayed less than 1% of
jackal ancestry, chromosomal blocks with an overrepresentation of jackal variants
weren’t calculated for dog samples (for more details, see Chapter 3, Results).

In admixed wolves, two significant RDA axes (p < 0.05) explained 23.52% and 8.62%
of the total variance. The first axis was primarily driven by biol2, biol9, and human
footprint, whereas the second was associated with elevation, bio18, and roughness (Fig
4.5, Table 4.4). Seven candidate loci were associated with these environmental variables
(Table 4.3).

Four of the seven candidate loci were mapped within 100kb of protein-coding genes.
14 genes located within 100 kb of these candidate loci were identified as candidate genes
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for adaptive introgression in wolves, with potential associations with environmental
variables. In cases where more than one gene was identified for one SNP, the nearest
gene was considered (Table 4.5). The functions of these genes suggest potential roles in
immune response, metabolic adaptation, and behavioral or neurological processes, which
may explain their association with environmental variables and adaptive advantages in
admixed wolves.

No significant RDA was identified in admixed dogs using CAl loci that showed an
excess of wolf ancestry and admixed jackals using CAl loci that showed an excess of
dog ancestry (Table 4.3). This result showed that adaptive introgression in hybrid dogs
and golden jackals is probably not associated with environmental variability, or the
sample sizes were too small to provide significant results.

Table 4.3. Regression coefficients from the overall RDAs for each dataset

Loci set Adjusted r>  Overall RDA RDA1 The candidate's adaptive loci
p-value p-value  associate with environmental
variables
Admixed CAl loci with 0.109 0.001 0.001 chr28:35445148
wolves excess dog chr28:36073423
(N=114) chr13:25551106

chr13:25631078
chr13:25968426
chr22:61094736
chr27:38027433

Admixed CAl loci with 0.015 0.036 0.184 0 loci
dogs excess wolf

(N=44) ancestry of wolves

Admixed CAl loci with 0.044 0.162 0.166 0 loci
jackals excess dog

(N=48) ancestry of dogs

Table 4.4. Environmental variables values on the first and second RDA axes in admixed wolves.
biol2 biol3 biol8 biol9 bio4 bio5 bio6 elevation roughness hf
RDA1 0.720 0.241 0.082 0.688 -0.63 0.290 0.613 -0.121 0.056 0.653
RDA2 0.241 -0.251 0502 0.306 0.184 -0.346 -0.10 -0.641 -0.376 -0.169
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Fig. 4.5. Significant CAl loci that were associated with environmental variables based on the RDA in
admixed wolves. Red circles indicate loci that were identified by the first RDA, and the blue circle
indicates the loci identified by the second RDA. The length of the arrow indicates the strength of the
correlation between loci and environmental variables.

Table 4.5. Candidate genes under adaptive introgression in wolves that are related to environmental
variables. The nearest gene from each outlier SNP within a distance of 100 kb was considered.

CHR Gene Gene name Distance from Environmental

SNP variables

22 GAS6 Growth Arrest Specific 6 88974 biol2, biol9

27 LPCAT3 lysophosphatidylcholine 687 bio 6, hf

acyltransferase 3
28 DOCK1 Dedicator of cytokinesis protein 1 0 bio 12, bio19, bio 18
28  C28H100rf90  Chromosome 10 Open Reading 69857 Roughness, bio6, hf
Frame 90

4.4. Discussion

The effect of environmental factors on dog admixture proportions in wild canids

Our results showed that environmental variables such as climate, anthropogenic
factors, and topographic features can influence hybridization in canids. In both admixed
wolves and admixed dogs, the dog ancestry proportion was associated with different
climatic variables. For example, dog ancestry in wolves was associated with the
minimum temperature of coldest month, annual precipitation, and temperature
seasonality, while in jackals, it was associated with annual mean temperature,
precipitation seasonality, and elevation. Gray wolves and jackals have different habitat
suitability (e.g. Krofel et al., 2017; Garcia-Lozano et al., 2020; Bosch et al., 2022;
Torretta et al., 2022; Rezaei et al., 2022; Serva et al., 2023), which may explain why
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different environmental conditions affect the hybrid ancestry in these two species.
Species may respond uniquely to environmental pressures, potentially due to differences
in their habitat suitability, ecological preferences, dispersal capabilities, or behavioural
adaptations

In wolves, we found positive associations between the minimum temperature of
coldest month (Bio6) and dog ancestry. The Bio6 was derived from a multi-decade
average of the minima of the coldest months (Hijmans et al., 2005). In southern regions
of Eurasia (e.g., southern Europe, South Asia, the Middle East, and Southeast Asia), Bio6
values are higher, meaning milder winters. In these regions, free-ranging dogs are more
abundant than in the north of Eurasia (Gomper, 2014). For example, it has been estimated
that around 62 million dogs are living on the streets in India (Sensharma, et al., 2024).
The positive association between Bio6 and dog ancestry rates may be explained by the
fact that regions with higher Bio6 values likely support larger free-ranging dog
populations, increasing the chances of contact and interbreeding between dogs and
wolves. Conversely, in colder northern regions, where free-ranging dogs are scarce,
hybridization opportunities are more limited.

However, the contrasting pattern is observed in golden jackals, since our result
showed a negative association between hybridization and annual temperature. This
indicates that in regions with lower temperatures, dog ancestry in golden jackals
increases. Food availability is one of the main essential factors to shape the diet
compositions of predators, and is highly related to environmental and climate conditions
(Zhou et al., 2011; Soe et al., 2017; McCain et al., 2018). In golden jackals, the
consumption of small mammals, livestock, and other food categories is predominantly
related to annual temperature (Lanszki et al., 2022). Regions with lower annual
temperatures, have lower abundance of some types of food like small mammals (e.g.
rodents and voles) (Korslund and Steen, 2006), which may force the golden jackal as an
opportunistic, omnivorous carnivore to approach human settlements to consume
domestic animals and anthropogenic food (Lanszki et al., 2022). Golden jackals
approaching human settlements to find food can increase the chance of encounters with
domestic dogs and increase the hybridization rate between them. Moreover, as jackals
have recently expanded northward (Stefanovic et al., 2024), their densities at the edges
of the expanding range remain low, which may increase the likelihood of hybridization
with dogs. Consequently, the observed correlation with temperature could be linked to
the direction of this expansion (Stefanovic et al., 2024). Therefore, climatic variables can
indirectly increase hybridization rates by imposing changes in food availability, dispersal
ability, and creating barriers.

For both wolves and jackals, our findings reveal a positive correlation between the
occurrence of hybridization and human footprint, suggesting that human activities can
play a significant role in facilitating hybridization and increasing dog ancestry in wild
canids. Regions with high human footprint often have larger densities of free-ranging
dogs, increasing the chances of encounters with wild canids and potentially promoting
hybridization (Pilot et al., 2021). Additionally, land use and land cover changes can occur
in response to human activities, which may cause habitat destruction and fragmentation
(Gounaridis et al., 2020). The natural ecosystem services, like availability of food and
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water, can be disrupted due to anthropogenic habitat modification (Mmbaga et al., 2017).
These kinds of disruptions may alter the distribution of many species and force them to
move beyond their natural habitats and even approach human settlements in order to
obtain food and/or avoid the intra-specific spatial competition (Scanes, 2018; Zanni et
al., 2023). Large carnivores are most sensitive to land use changes due to large home
range requirements and slow reproductive rate (Enserink and VVogel, 2006). Wolves tend
to avoid regions with dense human settlements (Zanni et al., 2023; Simpson et al., 2023;
Kudrenko et al., 2023), however, they show a plastic response to human footprint (Muhly
etal., 2019) and can persist in these kinds of regions by adapting their behaviors to reduce
the probability of direct encounters with humans (Llaneza et al., 2016; Kojola et al.,
2016). Due to the low density of natural prey, wild canids as facultative scavengers may
approach human settlements where garbage and livestock carcasses are available (Rotem
et al. 2011; Newsome et al., 2016; Kapota et al. 2016; Mohammadi et al., 2019; Kamler
etal. 2021). Easier access to anthropogenic food resources near human settlements, along
with the availability of vacant territories, may attract wild canids to these regions. In
areas where free-ranging dogs are abundant, this can increase the likelihood of
encounters between wild canids and domestic dogs.

Besides habitat destruction, habitat fragmentation can also negatively impact the
natural habitat of species (Fletcher et al., 2018). Fragmentation modifies the habitats and
divides them into smaller habitat patches, creating habitat edges (Didham and Ewers,
2012; Lamb et al., 2016; Pdttker et al., 2020). Increasing edge density can providing
greater availability of resources, such as food, which in turn can impact the distribution
and abundance of species, particularly opportunistic and generalist species. This, in turn,
may influence interspecific interactions (Pereira et al., 2024), potentially increasing
hybridisation rates.

Environmental associations of adaptive introgressed regions

Adaptive introgression can facilitate species' evolutionary responses to environmental
changes by enabling rapid acquisition of new adaptive genetic variants (Adavoudi and
Pilot, 2021). For example, hybridization between montane sedge species was associated
with environmental shifts that caused hybrid individuals to occupy an environment that
is largely unsuitable for the parental species (Hondel et al., 2022). Studies on
hybridization in canids have suggested that introgression from dogs into the gene pool of
wild canids might help them to better adapt to human-modified landscapes (Newsome et
al. 2017; Pilot et al. 2021).

Moreover, investigating adaptive introgression in the Iberian wolf genome showed
that MAST4 gene introgression from dogs may enhance cognitive traits in wolves and
have facilitated adaptation to human-dominated landscapes (Lobo et al., 2025). The
significant association between environmental variables, including the human footprint,
and dog-derived adaptive variation introgressed into wolves identified in this study can
validate the hypothesis that adaptive introgression plays a crucial role in wolf adaptation
to human-modified habitats.

Based on the RDA results, the significant association between environmental
variables and excessively introgressed loci was found in admixed wolves, while no
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significant associations between environmental variables and CAl loci were observed in
hybrid dogs and jackals. We found that the CAI loci in wolves were strongly correlated
with topographic variables (elevation and roughness), climate variables (precipitation),
and human disturbance (human footprint), which suggests that adaptive introgression
from dogs may have facilitated the presence of admixed wolves in some specific regions
where human footprint is high. In admixed wolves, adaptive introgression were found in
genes were involved in neural developmental processes like DOCK1 (Shi, 2013), anti-
inflammatory and neuroprotective like GAS6 (Kim et al., 2019), and metabolic functions
and lipid processing such as LPCATS3 (Shi et al., 2023; Wang et al., 2024). These genes
may play a role in the adaptation of admixed wolves in habitats where they may
encounter new immunity challenges, pathogens, or environmental stressors. Studies
showed that DOCK(1 plays a conserved evolutionary role in Schwann cells (Cunningham
et al., 2018; Doan and Monk, 2025), which highlights its fundamental role in the nervous
system. Adaptive introgression of the DOCK gene family (DOCKS3), has been reported
in the genus Panthera, where introgressed variants in jaguars have been linked to axon
development in the optic nerve (Figueird et al., 2017). The adaptive introgression
LPCAT3 gene from dogs may be linked to dietary shifts in admixed wolves, as they may
rely more on anthropogenic food sources. Also adaptive introgression of genes relate to
the olfactory receptor may increase

These findings suggest that adaptive introgression would be particularly beneficial in
human-modified landscapes where access to anthropogenic food sources is common,
encounters between wolves and dogs are frequent, and pathogens are constantly
evolving.

In Chapter 3, we showed that adaptive introgression from wolves to domestic dogs
has likely been more prominent than in the opposite direction, since more chromosomal
blocks with overrepresented introgressed regions were found in dogs compared to wolves
(31 vs. 8). Although admixed dogs acquired a larger pool of beneficial genetic variants
of wolf ancestry compared to admixed wolves, none of these CAI loci (3,228 loci) was
associated with environmental variables. This result suggests that adaptive introgression
does not necessarily correlate with environmental variables and cannot always translate
into detectable environmental adaptation. These results may be explained by the fact that
wolves and dogs are different from the perspective of behavioral, ecology, and
population dynamics. Free-ranging dogs as a generalist species quickly evolved in
human-modified habitats (Udell and Brubaker, 2016), and by showing behavioral and
ecological flexibility, can adapt and thrive in different environmental conditions like
urban and rural (Acosta-Jamett et al., 2010; Boitani et al., 2022; Wheat and Wynne,
2025). Higher flexibility in dogs may allow them to successfully survive in diverse
environments (Boitani and Ciucci, 2010). Additionally, while wolves have specific
hunting strategies and territorial behaviors, dogs are dependent on human-derived food,
which they can obtain independent of environmental conditions (Mech and Boitani,
2003; Marshall-Pescini et al., 2017; Tancredi and Cardinali, 2023). As a result, free-
ranging dog distribution and survival are less influenced by environmental variables.
However, we should note that the small sample sizes may have influenced our ability to
detect significant results in dogs. Similarly, no significant associations between
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environmental variables and CAI dog-derived variants (453 SNPs) were observed in
admixed jackals. This lack of association may be due to the greater genetic divergence
between dogs and golden jackals compared to dogs and wolves (Koepfli et al., 2015;
Krofel et al., 2021), potentially limiting the impact of introgressed dog alleles on
environmental adaptation in hybrid jackals. Additionally, previous studies showed that
jackals are expanding their distribution range to central and northern Europe (Stefanovic
et al., 2024), and hybridization between dogs and jackals is more frequent at the edge of
the expanding range (see Chapter 3; Stefanovic et al., 2024). Since this expansion is quite
recent, there wasn’t enough time for natural selection to act on introgressed variants

45. Conclusion

Our findings highlight the complex relationship between environmental factors and
hybrid ancestry among the representatives of the genus Canis. Our findings suggest that
environmental factors that can support growing dog populations (e.g., warmer
temperatures and increased human presence) are positively linked to dog ancestry in wild
canids. This means such conditions may increase the chances of hybridization.

Previous studies have suggested that gene flow from dogs might help wolves adapt to
human-related environmental pressures. Our findings provide direct support for this idea.
We found a significant association between introgressed adaptive loci from dogs in
wolves and environmental factors. Interestingly, the adaptive introgressed genes were
associated with significant biological functions like the nervous system, immune system,
and metabolism. These results emphasize the role of adaptive introgression, which can
help wolves to better adapt to human-modified environments, where they may encounter
new pathogens, environmental stressors, and dietary shifts. We highlighted the role of
hybridization as an active evolutionary process that can play a more important role than
previously thought. These results provide a valuable starting point for future research
into how hybridization could help species deal with the future climate change challenges,
and also ongoing land cover and land use changes.
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General Discussion

This thesis offers a comprehensive investigation into the evolutionary consequences
and ecological drivers of hybridization between wild canids (gray wolves and golden
jackals) and free-ranging dogs. Using an integrative approach that combined genomic
analyses, selection scans, and environmental associations, we achieved a deeper
understanding of how hybridization operates not only as a source of interspecific gene
flow but also as a mechanism for local adaptation and evolutionary change.

Our systematic review of studies investigating different evolutionary consequences of
hybridization in mammalian orders and families showed that negative consequences of
hybridization, like genetic swamping and introgression of variants from domestic
animals, have been widely reported. Determining the consequences of hybridization is
not always easy, and in some cases, long-term monitoring (for at least two consecutive
generations) is needed to conclude about the advantages and disadvantages of
introgressive hybridization (Hamilton and Miller, 2016; Chan et al., 2019). Additionally,
the type of genetic markers used in a study can significantly influence the ability to detect
different consequences of hybridization. For example, negative outcomes such as genetic
swamping or loss of genetic integrity are often detectable using a limited number of
neutral markers like microsatellites. In contrast, positive outcomes such as adaptive
introgression typically require genome-wide data, especially markers located in or near
coding regions, such as single-nucleotide polymorphisms (SNPs). The predominance of
negative outcomes reported in our literature review can be explained by the fact that
many studies rely primarily on neutral genetic markers. While these markers are useful
for detecting changes in population structure and genetic diversity, they often miss the
functional aspects of gene flow. SNP arrays, by providing a large number of loci
(thousands to millions) spanning the entire genome, can improve the accuracy of ancestry
estimates and enable the identification of older-generation backcrosses (Goli et al.,
2024). Therefore, we concluded that integrating both neutral loci and markers located in
coding regions can provide a more comprehensive and balanced understanding of
hybridization, capturing not only its potential risks but also its adaptive benefits and the
underlying factors that shape these outcomes.

Although many methods and approaches have been developed for inferring
introgression rate and detecting hybridization, making decisions to select a method that
accurately detects hybridization using genomic data remains challenging (Kong and
Kubatko, 2021). In this study, we evaluated the methods of global and local ancestry
reconstruction in the context of the analysis of introgressive hybridization. In some cases,
the results obtained from these different approaches were inconsistent, which may result
from differences in their methodological frameworks, the types of genetic information
they utilize, and their strategies for handling missing data. We highlight two major
factors, low-quality genotypes and the presence of subpopulation structure, as key
contributors to these inconsistencies, both of which increase the uncertainty and
variability in ancestry estimates. We found that global ancestry analyses such as
ADMIXTURE are more likely to be affected by these confounding factors. Therefore,
global ancestry methods may not be suitable as standalone approaches for the precise
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inference of admixture proportions due to their susceptibility to confounding factors.
These challenges highlight the importance of methodological precision and careful
dataset curation to ensure accurate detection and interpretation of admixture. We
recommend a joint use of local and global methods of ancestry analysis, with local
ancestry results being prioritized for precise inference of introgression rates.

Using this methodological knowledge from the last chapter and the robust
performance of ELAI in estimating ancestry proportions, in the next step, ELAI analysis
was applied to estimate individual ancestry proportions, with source populations defined
based on LAMP-LD results. We found that hybridization in the genus Canis is common
in their distribution range. In some regions, including the Balkans, India, the Caucasus,
and northeastern Europe, a higher frequency of hybridization was found, which may have
resulted from high human disturbances, large population size of free-ranging dogs, and
the range expansion of golden jackals. The role of these factors in increasing the chance
of hybridization has been documented in other species as well (e.g., hybridization
between wild and domestic cats, Nussberger et al., 2018; Matias et al., 2022). Human
activities and habitat loss have increased hybridization between species by disrupting
mating patterns and creating habitat conditions that may favour hybrid individuals
(Szynwelski et al., 2023). Human population growth combined with the fragmentation
of natural habitats increases both the numbers of domestic animals and the probability of
encounters with their wild relatives (Adavoudi and Pilot, 2021). The global dog
population is currently estimated at around one billion (Gompper, 2014). The presence
of large, unmanaged free-ranging dog populations further exacerbates hybridization risks
by increasing the frequency of encounters with wild canids. In addition to these factors,
hybridization appears to occur more frequently in regions of recent species expansion
compared to established core habitats (e.g., in jackals: Stefanovic et al., 2024; in coyotes:
Kays et al., 2010). In this study, evidence of hybridization between jackals and dogs
along the northern part of the jackal’s range and in newly colonized areas was found.
These findings align with previous research documenting similar patterns of
hybridization in expanding jackal populations (Stefanovic et al., 2024; Ninausz et al.,
2023; Galov et al., 2015). Therefore, identification of these factors and their direct and
indirect effects on the hybridization frequency is important from the perspective of
management of cross-breeding canids.

We clearly show the effect of evolutionary distances between the species on
introgression rate between them, since a higher frequency of dog introgression was found
in wolves compared to golden jackals. This finding supports the fact that the frequency
of hybridization in sister species and also in recently diverged lineages is higher than in
non-sister or more distantly related species (Gholamhosseini et al., 2013; Wei et al.,
2023).

Both wild canids and free-ranging dogs may gain benefits from hybridization.
Through adaptive introgression, wild canids may acquire from dogs gene variants
conferring adaptive advantage, including those that strengthen their immune systems.
These beneficial genes may increase the resistance of wild canids to new pathogens,
which would be particularly beneficial in environments where wild canids encounter
dogs frequently and where pathogens are constantly evolving. These results were aligned
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with recent studies on hybridization between wolf and dog, which showed that adaptive
introgression from domestic dogs into wolves may enhance canids’ adaptation to human-
dominated landscapes (Pilot et al., 2021; Lobo et al., 2025). Therefore, we can expect
that introgression from dogs could provide an adaptive advantage for wild canids,
especially those living in regions highly modified by humans. Free-ranging dogs appear
to have acquired a larger pool of beneficial genetic variants from wolves, which may
have contributed to some characteristics like morphological, behavioural, and
physiological traits. Among genes in chromosomal blocks with excess introgression that
were under positive selection in canids, genes related to the nervous and immune systems
were predominant in wild canids and free-ranging dogs. In addition to detecting signals
of positive selection, we also found signs of negative selection in introgressed
chromosomal blocks in dogs and golden jackals. These results suggest that some
introgressed gene variants may also have a deleterious effect on these species, but they
can be efficiently removed from their gene pools. Overall, we highlight the complex
nature of hybridization and introgression in the evolutionary process, showing that it can
introduce both beneficial and maladaptive genetic variation.

Although numerous studies have suggested that hybridization between wolves and
dogs is more frequent in human-modified landscapes, this pattern has remained largely
unproven. In this study, we demonstrate that dog-derived ancestry in wild canids is
positively associated with human footprint. This finding supports the hypothesis that
increasing human disturbance or anthropogenic pressure may facilitate introgression
between wild canids and free-ranging dogs. Regions with high human footprint may
often have a larger number of free-ranging dogs, increasing the chances of encounters
with wild canids and potentially promoting hybridization (Pilot et al., 2021).
Additionally, land use and land cover change can occur in response to human activities,
which may cause habitat destruction and fragmentation (Gounaridis et al., 2020). Such
disruptions may alter the distribution of many species and force them to move beyond
their natural habitats and even approach human settlements in order to obtain food and/or
avoid the intra-specific spatial competition (Scanes, 2018; Zanni et al., 2023).

Additionally, studies on hybridization in canids have suggested that introgression
from dogs into the gene pool of wolves might help wolves to better adapt to human
human-modified landscapes (Newsome et al. 2017; Pilot et al. 2021; Lobo et al., 2025).
Our findings provide direct support for this idea. We found a significant association
between dog-derived introgressed adaptive loci in wolves and environmental factors.
Interestingly, the adaptive introgressed genes were associated with the nervous system,
immune system, and metabolism. These results emphasize the role of adaptive
introgression, which can help wolves to better adapt to human-modified environments,
where wolves may encounter new pathogens, environmental stressors, and dietary shifts.
We highlighted the role of hybridization as an active evolutionary process that can play
a more significant role than previously thought. Although finding a link between
environmental variables and adaptive introgressed loci is an important step, it doesn’t
necessarily mean these genes directly improve fitness in wolves. To truly understand the
benefits of these introgressed variants, we’ll need experimental research and long-term
monitoring of wild populations. These results provide a valuable starting point for future
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research into how hybridization could help species deal with the future climate change
challenges, and also ongoing land cover and land use changes. Exploring this concept
further could offer insights into how hybridization might serve as an adaptive mechanism
in rapidly changing environments.

Collectively, these results highlight the complex nature of hybridization and
introgression in the evolutionary process. While adaptive introgressed variants may
enhance local adaptation of species, deleterious alleles may also be introduced,
potentially disrupting locally adapted gene complexes or increasing vulnerability to
disease and other stressors. A well-known example from human evolution that illustrates
this complexity is Neanderthal introgression, which contributed both beneficial traits,
such as enhanced immune responses, and detrimental ones, including increased
susceptibility to certain health conditions (Racimo et al., 2015; Dannemann, 2021).
Therefore, to fully understand its evolutionary and conservation significance, it's crucial
to identify candidate adaptive genes, detect their functional roles, and examine how they
interact with the specific environmental conditions where they occur.

In Future work, we recommend applying whole-genome sequencing (WGS) to
uncover broader introgressed regions in hybrid individuals. While SNP arrays provide
valuable insights, WGS offers much higher resolution than SNP arrays and can detect
small or rare introgressed chromosomal blocks (Theissinger et al., 2023). Also, WGS is
recommended to explore the admixture patterns of individuals with different ancestries
from wolves, golden jackals, and dogs (e.g., F1 x F1 crosses or backcrosses). Although
F1 hybrids and recent backcrosses are rare and therefore cross-breeding between them is
statistically unlikely, such hybrids may be locally common and show unique behaviours
that promote further gene flow. Therefore, future studies using WGS could help clarify
their genomic backgrounds and identify adaptive introgressed regions which linked to
behaviour, morphology, or fitness.

The significant positive association between adaptively introgressed loci and
environmental variables such as human footprint and climate variables presents a
valuable opportunity for future research. Future studies can focus on clarifying the
specific functions of these environmentally associated genes and evaluating whether they
confer fitness advantages to wild canids across different habitats. Furthermore, given that
climate change is a major threat to many species, we recommend assessing genomic
vulnerability to rapid climate change in both pure and hybrid individuals and evaluating
if admixed individuals with adaptive introgression exhibit greater resilience under future
climate, compared to non-admixed individuals. Such assessments will help determine
whether introgressive hybridization provides novel adaptive variation that could
facilitate evolutionary rescue in species at risk from climate change.
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Chapter 2

Material and methods
DNA extraction

During the wash steps, all columns were centrifuged for 2 minutes, followed by removing
residual ethanol through centrifugation of the columns for 3 minutes at 11,000xg. To
increase the yield, DNA was eluted in two steps with 50uL double distilled water and
incubated for 3 minutes at room temperature. After the incubation, all columns were
centrifuged for 3 minutes at 11,000xg. Total DNA extract volume of 100 pL per sample.
DNA from saliva samples was extracted by PG-AC extraction kit, following the
manufacturer’s instructions. Ice-cold ethanol was used to enhance DNA yield. Samples
with low DNA concentration (below 15 ng/ul), were re-extracted with only 25 pL of
double-distilled water used for DNA elution in each step. To monitor potential DNA
contamination, negative controls were included in all protocols. The quality and quantity
of DNA were measured using a NanoDrop ND-1000 (Thermo Fisher Scientific)
spectrophotometer and fluorescent-based Qubit® quantitation assay (Thermo Fischer
Scientific).
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Datasets description
Table S2. 1. Summary of quality control analysis for all main datasets

Dataset  Total Wolf Jackal Dog SNPs Missing MAF LD Total SNP Total SNP
samples  (N) (N) (N)  before data pruning passed QC passed QC (no
QC (LD pruning) LD pruning)
WJD 1386 315 478 593 229,120 8 21,795 172,357 34,960 207,317
WD 908 315 - 593 229,120 94 22,521 144,047 62,458 206,505
JD 1071 - 478 593 229,120 140 29,617 171,848 27,515 199,363
WJ 793 315 478 - 229,120 504 40,355 160,930 27,331 188,261

Regional datasets

Table S2. 2. Summary of quality control analysis for the Indian and Balkan datasets
Dataset ~ Total samples  Wolf (N)  Jackal (N) Dog (N)

IWJD 100 21 33 46
IWD 67 21 - 46
(N|D) 79 - 33 46
IWJ 54 21 33 -

BWJID 327 110 167 50
BWD 160 110 - 50
BJD 217 - 167 50
BWJ 277 110 167 -
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Fig. S 2. 1. Results of DAPC analysis for dog samples. Two different clusters are represented by
different colors.
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Fig. S 2. 2. Results of DAPC analysis for jackal samples. Two different clusters are represented by
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Fig. S 2. 3. Results of DAPC analysis for wolf samples. Four different clusters are represented by
different colors.
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Regional dataset
Global ancestry (PCA and ADMIXTURE)

The results of PCA for the India and the Balkan datasets are reported in Table S 2.3
(Fig S 2.4, Fig S 2.5). Based on the results of ADMIXTURE, At K=2, using the IWD
and IWJ datasets, all Himalayan wolves were identified as F2 or F3 backcrosses (Fig S
2.6). The results of ADMIXTURE for the Balkan dataset (BWD and BJD) were mostly
consistent with the findings from ADMIXTURE using the entire dataset and the results
from PCA (Table S 2.4, Fig S 2.7). Three canids sampled as wolves (WBOS18,
WSER483, WSER466) displayed a 50% assignment probability to both the wolf and dog
clusters, indicating that they were first-generation wolf-dog hybrids. Regarding jackal
samples, nine out of 167 jackal samples had less than 90% jackal ancestry and were LQ
samples. Among these samples, four jackal samples (JBUL78-19 LQ, JBUL410-
19 LQ, JBUL241-19 LQ, and JWBOS38 LQ) displayed coefficient assignments
between 30 and 50-% to the jackal cluster (Table S 2.4, Fig S 2.7). The average ancestry
values in wolves, jackals, and dogs are reported in Table S 2.5.
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Fig. S 2. 4. Plots of two first principal components for all Indian datasets (IWJD, IWD, 1JD, and 1WJ).
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Local ancestry analysis

Based on the results of LAMP-LD, in the wolf and jackal samples from India (IWJ),
all wolf samples displayed no more than 1% of jackal ancestry, and only five jackal
samples displayed between 11-35% wolf ancestry. This result also was inconsistent with
the results of LAMP-LD of the entire dataset. Tables S 2.6 and S 2.7, represent the
putative hybrids and the mean proportion of wolf, dog, and jackal ancestry in Indian
datasets based on the LAMP-LD results.

The results of LAMP-LD of the wolf and jackal dataset from the Balkans, showed
that all wolf samples as pure samples (100% wolf ancestry). Three golden jackals had
50% wolf ancestry in their chromosomes (Table S 2.6). However, these samples were
identified as backcrosses based on the results of ADMIXTURE.

Based on the results of EIAI, using the Indian wolf-jackal dataset (IWJ), all jackal
samples showed more than 99% jackal ancestry. All Indian jackals identified as F1 or
backcross based on ELAI using the entire dataset were confirmed as pure samples based
on the Indian dataset (Table S 2.8). The mean proportion of wolf, dog, and jackal ancestry
in Indian datasets is reported below (Table S 2.9).

In the wolf and jackal samples from the Balkans, all wolf samples were recognized as
pure samples (100% wolf ancestry). Two jackal samples were recognized as f1 hybrids,
however just only one of them shoewed wolf ancestry in most of the chromosomes (Table
S 2.8). The mean proportion of wolf, dog, and jackal ancestry in the Balkan datasets is
reported below (Table S 2.9). According to the results of GHap for the Indian wolf-jackal
dataset (IWJ), all wolf and jackal samples had more than 99% assignment to their
respective ancestries (Table S 2.10). In dog-jackal dataset (BJD) and wolf-jackal dataset
(BWJ) from the Balkan, all dogs, jackals, and wolves showed more than 98% of their
ancestries and were identified as pure samples (Table S 2.10). The mean proportion of
wolf, dog, and jackal ancestry in Indian datasets is reported below (Table S 2.11).
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Table S2. 3. Identified putative F1 hybrids based on PCA results using the entire and both regional

datasets. Samples from the Balkans are indicated by an asterisk (*), while samples from India are marked
with a double asterisk (**). Additionally, samples identified as F1 hybrids in both the regional and entire

datasets are highlighted in bold

Entire datasets India Balkan

WiD WD JDO W) |IWID IWD 1D IWJ | BWID BWD BJID
Putative hybrids

BWJ

JROM10658_LQ
JHUN9531
JBEL598_LQ
WSER466*
WSER483*
WBOS18*
WIRA616
WIndD2449**
WIRA1042_LQ
WIRA631_LQ
JBUL78-19_LQ*

JBULA410-

19 LQ*
JBUL241-

19 LQ*
JWBOS38_LQ*

OO
OO

© QOO
OO
OO

®© © 00 HOOOOOVOEOE

© © 00

© 0 000
© OO

© O OO

©

© 0 OO

Samples show 50% of ancestry from each of the two canids in each chromosome
Samples Show an average of 50% ancestry from each of the two canids but not within each
chromosome

®  Samples not identified as F1 hybrid
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Table S2. 4. Identified putative F1 hybrids based on ADMIXTURE results using the entire and both
regional datasets. Samples from the Balkans are indicated by an asterisk (*), while samples from India
are marked with a double asterisk (**). Additionally, samples identified as F1 hybrids in both the

regional and entire datasets are highlighted in bold

Putative hybrids

Entire datasets

India

Balkan

WJID

WD JD

WJ

£
w)

IWD 1JD

BWJD

BWD BJD BWJ

WIndD2449**
WIndD3078_LQ**
WIndD3011**
WIndD3012**
WIndDLDK_LQ**
WIndD48rep**
JIndD471_LQ**
JIndD473_LQ**
JIndD474_LQ**
JIndD2629_LQ**
JIndDF4398rep_LQ

-
JIndD2743_LQ**
JIndD2639_LQ**
JIndD3274_LQ**
JIndD2175_LQ**
JIndD3018_LQ**
JIndD45_LQ**
JIndDF417_LQ**
JIndD480_LQ**
WSER466*
WSER483*
WBOS18*
JBUL241-19_LQ*
JBUL410-19_LQ*
JBUL78-19_LQ*
JWBOS38_LQ*

©
()

OX < X < RONORORGN - X - X > X < X < X - NORONEOKONONORS)

©
©

OOOOOO © 000 O

OO

OF < EORQ
00OV OVOOO OOLHL © VOUOOVWO

00 00 000V HLOO ©

@

OO

000000 © ©

© 3

O 000 © 00 00000

OOOOOOE

OO

©OOOO
0000000

Samples show 50% of ancestry from each of the two canids in each chromosome
Samples show an average of 50% ancestry from each of the two canids but not within each
chromosome

®  Samples not identified as F1 hybrids
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Table S2. 5. The average proportions of dog, wolf, and jackal ancestry in the entire and both regional
datasets based on ADMIXTURE.

Entire dataset India Balkans

Wolf Jackal Dog Wolf  Jackal Dog Wolf Jackal Dog
Wolf ancestry - 0.054  0.039 - 0.008 0.007 0.014 0.011
ADMIXTURE
Jackal ancestry | 0.031 - 0.012 | 0.102 - 0.023 0.010 0.027
ADMIXTURE
Dog ancestry 0.064  0.048 - 0.159 0.023 - 0.019 0.021
ADMIXTURE




Table S2. 6. Identified putative F1 hybrids based on LAMP-LD results using the entire and both regional
datasets. Samples from the Balkans are indicated by an asterisk (*), while samples from India are marked
with a double asterisk (**). Additionally, samples identified as F1 hybrids in both the regional and entire

datasets are highlighted in bold

Putative hybrids

Entire datasets

India

Balkan

WD JD WJ

IWD

1JD

WJ

BWD

BJD BWJ

WIndD2449**
JIndD471_LQ**
JIndD473_LQ**
JIndDF4398rep_LQ**
JIndD2743_LQ**
JIndD3274_LQ**
JIndD2175_LQ**
JIndD3018_LQ**
JindD45_LQ**
JIndDF417_LQ**
JIndD480_LQ**
WSER466*
WSER483*
WBOS18*
JBUL241-19 LQ*
JBUL410-19 LQ*
JBUL78-19 LQ*
JWBOS38_LQ*
JROM10658_LQ
JHUN9531
JBEL598_LQ
WIRA631_LQ
WIRAG616
WIRA595 LQ
WMONB8160 _LQ
JWKAU5740_LQ
JWKAU5741_LQ
JKAU8086_LQ
JKAUS8341 LQ
JKAUB8321 LQ
JGEO42_LQ
JGRE9066_LQ
JURK®8926_LQ
JUKR8600_LQ

N NN NN XS
NN N NN NN

OO
X< RON NN
OO0 000

VO

QOO ©OOOOO

0000000

00000000000

OO

OF < X< X<
000

Samples show 50% of ancestry from each of the two canids in each chromosome
Samples Show an average of 50% ancestry from each of the two canids but not within each

chromosome

®  Samples not identified as F1 hybrids
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Table S2. 7. The mean percentage of SNP alleles of dog, wolf, and jackal ancestry based on LAMP-LD

Entire dataset India Balkans

Wolf Jackal Dog Wolf  Jackal Dog Wolf  Jackal Dog
Wolf ancestry - 0.044  0.005 - 0.000 0.000 - 0.018 0.001
LAMP-LD
Jackal ancestry | 0.001 - 0.000 | 0.001 - 0.000 - - 0.027
LAMP-LD
Dog ancestry | 0.044 0.031 - 0.082  0.000 - 0.023 0.000 -
LAMP-LD

Table S2. 8. Identified putative F1 hybrids based on ELAI results using the entire and both regional
datasets. Samples from the Balkans are indicated by an asterisk (*), while samples from India are marked
with a double asterisk (**). Additionally, samples identified as F1 hybrids in both the regional and entire
datasets are highlighted in bold

Entire datasets India Balkan
Putative hybrids wWiD WD JD WJ IWD 13D IWJ BWD BJD BWJ
WIndD2449** o O [)
JIndD3018_LQ** [x) © [x)
JIindD45_LQ** [x) () [x)
JIndDF417_LQ** (% () [x)
JIndD480_LQ** (% () (x)
WSER466* () () (/)
WSER483* © © ©)
JWBOS38_LQ* ©
WBOS18* © © ©)
JBUL78-19_LQ* (x) o O ©

Samples show 50% of ancestry from each of the two canids in each chromosome
Samples Show an average of 50% ancestry from each of the two canids but not within each

chromosome

® Samples not identified as F1 hybrids

Table S2. 9. The mean percentage of SNP alleles of dog, wolf, and jackal ancestry based on ELAI.

Entire dataset India Balkans

Wolf  Jackal Dog Wolf Jackal Dog Wolf  Jackal Dog

Wolf ancestry - 0.035 0.004 - 0.000 0.000 - 0.010 0.004
ELAI

Jackal ancestry | 0.000 - 0.000 - - 0.000 - - 0.000
ELAI

Dog ancestry | 0.042  0.020 - 0.097 0.000 - 0.022 0.010 -
ELAI
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Table S2. 10. Identified putative F1 hybrids based on GHap results using the entire and both regional
datasets. Samples from the Balkans are indicated by an asterisk (*), while samples from India are marked
with a double asterisk (**). Additionally, samples identified as F1 hybrids in both the regional and entire
datasets are highlighted in bold

Putative hybrids

Entire datasets

India

Balkan

JD WJ

IWD

1JD

IWJ

BWD

BJD BWJ

WIndD2449**
WSERA466*
WSER483*
WBOS18*
JROM10658_LQ
JHUN9531
JBEL598_LQ
WIRAG616

OO0 Q|3

@

©OO
OO

©

OOO

Samples show 50% of ancestry from each of the two canids in each chromosome
Samples Show an average of 50% ancestry from each of the two canids but not within each

chromosome

®  Samples not identified as F1 hybrids

Table S2. 11. The mean percentage of SNP alleles of dog, wolf, and jackal ancestry based on GHap

results
Entire dataset India Balkans
Wolf Jackal Dog Wolf  Jackal Dog Wolf Jackal Dog
Wolf ancestry - 0.006  0.003 - 0.000  0.000 - 0.003 0.001
GHap
Jackal ancestry | 0.000 - 0.000 | 0.000 - 0.000 0.000 - 0.000
GHap
Dog ancestry | 0.034  0.006 - 0.034 0.000 - 0.021 0.003 -
GHap
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Fig. S 2. 8. Karyoplots of admixed wolves (Dataset IWD) in all 38 chromosomes based on the results of
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Fig. S 2. 9. Karyoplots of admixed wolves (Dataset BWD) in all 38 chromosomes based on the results of
GHap
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Fig. S 2. 10. The scatter plots between the estimated wolf ancestry in dogs between ADMIXTURE and
ELAI (a), ADMIXTURE and GHap (b), ADMIXTURE and LAMP-LD (c), LAMP-LD and GHap (d),
ELAI and GHap (e), and LAMP-LD and ELAI (f).
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Fig. S 2. 11. The scatter plots between the estimated wolf ancestry in jackals between ADMIXTURE and
ELAI (a), ADMIXTURE and GHap (b), ADMIXTURE and LAMP-LD (c), LAMP-LD and GHap (d),
ELAI and GHap (e), and LAMP-LD and ELAI (f).

Table S2. 12. Number of detected outliers samples based on the Bland-Altman plot (dog ancestry in
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wolves from India)

Method Number of outliers Differences
ADMIXTURE 3 >=0.38
LAMP-LD 2 >=0.23
GHap 1 >=0.045
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Fig. S 2. 12. Bland-Altman plots of average estimated jackal ancestry in wolf samples from India by
ADMIXTURE (a), LAMP-LD (b), and GHap (c). The x-axis shows the average proportions of jackal
ancestry using the entire and Balkan dataset and the y-axis shows the difference between estimated
ancestry using the entire and Indian datasets.

Table S2. 13. Number of detected outliers samples based on the Bland-Altman plot (jackal ancestry in
wolves from India)

Method Number of outliers Differences
ADMIXTURE 0 >=0.35

LAMP-LD 2 >=0.0008
GHap 2 >=0.002

Table S2. 14. Number of detected outliers samples based on the Bland-Altman plot (dog ancestry in
jackals from India)
Method Number of outliers Differences
GHap 2 >=0.001
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Fig. S 2. 13. Bland-Altman plots of average estimated wolf ancestry in jackals samples from India by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
wolf ancestry using the entire and Balkan datasets and the y-axis shows the difference between estimated

ancestry using the entire and Indian datasets. The outlier samples are displayed in yellow color.

Table S2. 15. Number of detected outliers samples based on the Bland-Altman plot (wolf ancestry in
jackals from India)

Method Number of outliers Differences
GHap 2 >=0.006
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Fig. S 2. 14. Bland-Altman plots of average estimated wolf ancestry in dog samples from India by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
wolf ancestry using the entire and Indian datasets and the y-axis shows the difference between estimated

ancestry using the entire and Indian datasets. The outlier samples are displayed in yellow color.
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Table S2. 16. Number of detected outliers samples based on the Bland-Altman plot (wolf ancestry in

dogs from India)

Method Number of outliers Differences
ADMIXTURE 3 >=0.26
LAMP-LD 2 >=0.18
GHap 2 >=0.27
ELAI 1 >=0.2
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Fig. S 2. 15. Bland-Altman plots of average estimated jackal ancestry in dog samples from India by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
jackal ancestry using the entire and Indian datasets and the y-axis shows the difference between
estimated ancestry using the entire and Indian datasets.

Table S2. 17. Number of detected outliers samples based on the Bland-Altman plot (jackal ancestry in
dogs from India)

Method Number of outliers Differences
ADMIXTURE 4 >=0.043
LAMP-LD 4 >=0.0002
GHap 3 >=0.0014
ELAI 1 >=0.0006
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Table S2. 18. The list of identified outlier samples based on the Bland-Altman plots using the entire and
the India dataset.

Outliers
ADMIXTURE LAMP-LD GHap ELAI
Dog ancestry | WindD48rep WIindD48rep WindD2449 -
in Wolves WIndD3011 WIndDLDK_LQ
WIndD3012
Dog ancestry | - - JIndD2629_LQ -
in jackals JIndDF417 LQ
Wolf ancestry | - - JIndD480_LQ -
in jackals JIndDF417_LQ
Wolf ancestry | DIndDf2636rep LQ | DIndD236_LQ DIndD2641rep LQ | DIndDf2636re
in dogs DIndDf2647rep_LQ | DIndDf2636rep_LQ | DIndMirza2rep p_LQ
DIndDf2653rep_LQ
Jackal - WIndD2449 WIndD3011 -
ancestry in WIindD3011 WIndD3012
wolves
Jackal DIndD236_LQ DIndB2 DIndB10 DIndD2487_L
ancestry  in | DIndD2487_LQ DIndB18rep DindB11 Q
dogs DIndDf2636rep_LQ | DIndB25rep DindD2641rep LQ
DJIndD466_LQ DIndB26rep
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Fig. S 2. 16. Bland-Altman plots of average estimated dog ancestry in wolf samples from the Balkans by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
dog ancestry using the entire and Balkan dataset and the y-axis shows the difference between estimated
ancestry using the entire and Balkan datasets. The outlier samples are displayed in yellow color.
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Table S2. 19. Number of detected outliers samples based on the Bland-Altman plot (dog ancestry in
wolves from the Balkans)

Method Number of outliers Differences
ADMIXTURE 4 >=0.02
LAMP-LD 5 >=0.02
GHap 5 >=0.00031
ELAI 1 >=0.01
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Fig. S 2. 17. Bland-Altman plots of average estimated jackal ancestry in wolf samples from the Balkans
by ADMIXTURE (a), and LAMP-LD (b). The x-axis shows the average proportions of jackal ancestry
using the entire and Balkan dataset and the y-axis shows the difference between estimated ancestry using
the entire and Balkan datasets. The outlier samples are displayed in yellow color.

Table S2. 20. Number of detected outliers samples based on the Bland-Altman plot (jackal ancestry in
wolves from the Balkans)

Method Number of outliers Differences
ADMIXTURE 6 >=0.02
LAMP-LD 4 >=0.004
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Fig. S 2. 18. Bland-Altman plots of average estimated dog ancestry in jackal samples from the Balkans
by ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average
proportions of dog ancestry using the entire and Balkan dataset and the y-axis shows the difference
between estimated ancestry using the entire and Balkan datasets.

Table S2. 21. Number of detected outliers samples based on the Bland-Altman plot (dog ancestry in
jackals from the Balkans)

Method Number of outliers Differences
ADMIXTURE 10 >=0.02
LAMP-LD 3 >=0.02
GHap 11 >=0.005
ELAI 3 >=0.02

Table S2. 22. Number of detected outliers samples based on the Bland-Altman plot (wolf ancestry in
jackals from the Balkans)

Method Number of outliers Differences
ADMIXTURE 7 >=0.045
LAMP-LD 1 >=0.082
GHap 2 >=0.007
ELAI 2 >=0.13
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Fig. S 2. 19. Bland-Altman plots of average estimated wolf ancestry in jackal samples from the Balkans

by ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average

proportions of wolf ancestry using the entire and Balkan dataset and the y-axis shows the difference
between estimated ancestry using the entire and Balkan datasets. The outlier samples are displayed in
yellow color.

Table S2. 23. Number of detected outliers samples based on the Bland-Altman plot (wolf ancestry in
dogs from the Balkans)

181

Method Number of outliers Differences
ADMIXTURE 1 >=0.075
LAMP-LD 1 >=0.012
GHap 3 >=0.0035
ELAI 0 >=0.045
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Fig. S 2. 20. Bland-Altman plots of average estimated wolf ancestry in dog samples from the Balkans by

ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of

wolf ancestry using the entire and Balkan dataset and the y-axis shows the difference between estimated
ancestry using the entire and Balkan datasets. The outlier samples are displayed in yellow color.

Table S2. 24. Number of detected outliers samples based on the Bland-Altman plot (jackal ancestry in
dogs from the Balkans)

Method Number of outliers Differences
ADMIXTURE 3 >=0.035
LAMP-LD 3 >=0.001
GHap 4 >=0.00031
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Fig. S 2. 21.Bland-Altman plots of average estimated jackal ancestry in dog samples from the Balkans by
ADMIXTURE (a), LAMP-LD (b), ELAI (c), and GHap (d). The x-axis shows the average proportions of
dog ancestry using the entire and Balkan dataset and the y-axis shows the difference between estimated
ancestry using the entire and Balkan datasets. The outlier samples are displayed in yellow color.

182



Table S2. 25. The list of identified outlier samples based on the Bland-Altman plots using the entire and

the Balkan dataset.

Outliers
ADMIXTURE LAMP-LD GHap ELAI
Dog ancestry in | WSER483 WBOS18 WSER163 BWJ161
Wolves BW156 WSER466 WSER442
BW157 WSERG608 WSER466
BWJ161 BW152_LQ BW160
BWJ161 BWJ161
Dog ancestry in | JWBOS38_LQ JBUL241-19 LQ JBOS11 JBUL78-19_LQ
jackals JBUL23-19_LQ JBUL410-19_LQ JBOS12 JBUL241-19_LQ
JBUL78-19_LQ JWBOS38_LQ JBOS13 JBUL410-19_LQ
JBUL101-19_LQ JBOS15
JBUL110-19_LQ JBOS17
JBUL138-19 JBOS21
JBUL241-19_LQ JBOS34
JBUL283-19_LQ JBOS39
JBUL298-19_LQ JBOS40
JBUL410-19_LQ JBOS42
JWBOS38_LQ
Wolf ancestry in | JWBOS38_LQ JWBOS38_LQ JWBOS38_LQ JBUL241-19_LQ
jackals JBUL23-19 LQ JBUL78-19 _LQ JBUL410-19_LQ
JBUL78-19_LQ
JBUL101-19_LQ
JBUL138-19
JBUL241-19_LQ
JBUL410-19_LQ
Wolf ancestry in | DBUL7_LQ DWBUL292 DSER2219 -
dogs DWBUL301
DBUL12
Jackal ancestry in | WBOS18 WBOS18 - -
wolves WSER466 WSER466
WSER483 WSER483
BW156 BW152_LQ
BW157
BWJ161
Jackal ancestry in | DSER2226 DBULS5 DSER2246 -
dogs DWBUL296 DBUL10 DBULS5
DBUL7_LQ DBUL12 DBUL10
DBUL12
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Chapter 3

Table S3. 1. Chromosomal blocks with overrepresentation of introgressed ancestry in the WD dataset

Species | chr Chromosomal Block size Average N SNPs within | Genes candidate | Enriche

block position inrogressed chromosomal for Adaptive d genes
ancestry blocks Introgression

Wolf 1 chr1:24192886 - 234,664 0.122 20 4 1
chr1:24427550

Wolf 1 chrl:68714786 - | 1,213,844 0139 109 10 0
chr1:69928630 '

Wolf 13 | chr13:25414838 - | 1,584,509 0.141 120 2 1
chr13:26999347

Wolf 22 | chr22:60570318 - 810,159 0.157 152 27 1
chr22:61380477

Wolf 25 | chr25:13202008 - | 1,987,181 0.131 213 18 3
chr25:15189189

Wolf 27 | chr27:37946382 - | 1,027,490 0.106 112 48 11
chr27:38973872

Wolf 28 | chr28:35319394 - 865,962 0.117 110 4 0
chr28:36185356

Wolf 29 | chr29:33249669 - 132,862 0.104 12 1 0
chr29:33382531

Wolf 982,083.87 0.127 848 114 17

5

Dogs 1 chr1:61529416 - 1,998,711 0.062 140 8 5
chrl:63528127 '

Dogs 1 chr1:93328078 - 144,076 0.054 7 6 1
chr1:93472154

Dog 1 chr1:99467483 - 2,043,999 0.056 164 72 24
chr1:101511482

Dog 2 chr2:39694626 - | 1,331,028 0.051 135 11 4
chr2:41025654

Dog 2 chr2:48956689 - 555,616 0.048 75 2 1
chr2:49512305

Dog 3 chr3:20920 - 21,035 0.043 2 6 1
chr3:41955

Dog 3 chr3:229421 - | 1,756,831 0.046 112 8 2
chr3:1986252

Dog 4 chr4:21849 - | 2,116,233 0.105 121 15 3
chr4:2138082

Dog 4 chr4:52925637 - | 1,077,350 0.103 100 7 3
chr4:54002987

Dog 5 chr5:83971576 - | 1,203,648 0.045 115 2 0
chr5:85175224

Dog 6 chr6:17850095 - | 2,378,161 0.048 173 52 27
chr6:20228256

Dog 6 chr6:49183506 - 564,790 0.049 56 11 1
chr6:49748296

Dog 7 chr7:27610479 - 975,593 0.082 98 10 7
chr7:28586072

Dog 8 chr8:60541280 - 564,447 0.047 58 6 1
chr8:61105727

Dog 9 chr9:9003519 - | 3,594,210 0.164 315 69 16
chr9:12597729

Dog 10 | chr10:51538 - | 1,650,473 0.062 85 86 38

chr10:1702011
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Dog 10 | chr10:28538175 - 316,478 0.044 40 11 5
chr10:28854653

Dog 11 | chr11:8578208 - | 1,398,319 0.057 63 14 6
chr11:9976527

Dog 12 | chr12:23806393 - | 1,648,447 0.057 125 9 3
chr12:25454840

Dog 13 | chr13:327635 - | 2,080,443 0.068 136 20 6
chr13:2408078

Dog 13 | chr13:29457133 - 930,438 0.077 116 5 1
chr13:30387571

Dog 17 | chrl7:51048 - | 3,520,645 0.043 181 18 6
chr17:3571693

Dog 19 | chr19:3308202 - 946,239 0.041 41 8 4
chr19:4254441

Dog 20 | chr20:19145 - | 1,412,755 0.085 72 16 5
chr20:1431900

Dog 22 | chr22:42089667 - 428,500 0.032 52 1 0
chr22:42518167

Dog 24 | chr24:601689 2,356,365 0.082 143 12 4
chr24:2958054

Dog 26 | chr26:8818 - 906,424 0.127 100 25 6
chr26:915242

Dog 27 | chr27:43905014 - | 1,892,321 0.087 140 27 4
chr27:45797335

Dog 28 | chr28:965210 - | 1,674,057 0.069 141 30 12
chr28:2639267

Dog 30 | chr30:8037955 - 877,094 0.067 99 25 12
chr30:8915049

Dog 32 | chr32:33510428 - 188,525 0.051 22 3 1
chr32:33698953

Dog 1,372,685.5 0.066 3227 595 211

16
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Table S3. 2. Chromosomal blocks with overrepresentation of introgressed in the JD datas

Species chr | Chromosomal Block size Average N SNPs Genes candidate | Enriched

block position inrogressed for Adaptive genes
ancestry Introgression

Jackal 1 Chrl:121638246- | 1,032,734 0.1692 105 8 0
Chr1:122670980 '

Jackal 3 Chr3:78647199 312,902 0.1760 28 10 0
Chr3:78960101 '

Jackal 9 Chr9:50006743 832,615 0.1681 64 19 1
Chr9:50839358

Jackal 11 Chr11:58996495 | 951,132 0.1782 84 11 0
Chrl11:59947627

Jackal 16 Chr16:52516621 | 919,622 0.2321 104 10 1
Chr16:53436243

Jackal 19 Chr19:50872952 | 97,566 0.2242 12 0 0
Chr19:50970518

Jackal 20 Chr20:18425282 | 517,129 0.1451 56 36 2
Chr20:18942411

Jackal 666242.85 0.1847 . 453 94 (in sum) 4 (in

(in sum) sum)

Table S3. 3. Chromosomal blocks with overrepresentation of introgressed ancestry in the WJ dataset

Species chr | Chromosomal Block Average N SNPs Genes candidate | Enriched

block position size inrogressed for Adaptive | genes
ancestry Introgression

Jackal 1 Chr1:121649389 - | 109,027 0.0862 14 5 2
Chr1:121758416 ‘

Jackal 109,027 0.0862 14 Sum 5 2

Wolf 13 Chr13:36250 - 2,297,40 0.410 150 22 0
Chr13:2333650 0

Wolf 16 Chr16:12243526 - | 137,768 0.177 11 1 0
Chr16:12381294

Wolf 21 Chr21:34124601 148,689 0.180 38 2 0
Chr21:34273290

Wolf 861285.6 0.255 66.33 25 0

6

186




Table S3. 4. Chromosomal blocks with underrepresentation of introgressed ancestry in the WD dataset

Population chr Chromosomal N SNPs
block position Block size
Dog 1 Chr1:5141525-chr1:5244422 | 102897 9
R
R
R
e N
e
-
e
T
R e
. ’ 22:22760954;900079801_ 1079309 .
U (ommas s |
e
B
Rk
o |
N
-
(e e
o ammeE T |
e |
oo ame |®
B ==
Dog 6 Chr6:53244206- 55241 4
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Chr26:13077408

Dog

27

Chr27: 5589715-
Chr27:7198538

1608823

174

Dog

27

Chr27:31317852-
Chr27:32961249

1643397

46

Dog

31

Chr31:27310539-
Chr31:27576388

265849

30

Dog

36

Chr36: 7551774-
Chr36:7922640

370866

48

Table S3. 5. Chromosomal blocks with underrepresentation of introgressed ancestry in the JD dataset

Population | chr Chromosomal Block size N SNPs
block position

Jackal 7 Chr7:41403776- 813426 59
Chr7:42217202

Jackal 24 Chr24:25491- (not consecutive) 73
CHr24:1059902

Jackal 24 Chr24:4330346- 762052 46
Chr24:5092398

Jackal 24 Chr24:22998333- 114477 11
Chr24:23112810

Jackal 30 Chr30: 2351996- 383805 41
Chr30:2735801

Table S3. 6. Chromosomal blocks with underrepresentation of introgressed ancestry in the WJ dataset

Population | chr Chromosomal Block size N SNPs
block position

Jackal 7 Chr7:41666086- 490268 18
Chr7:42304254

Jackal 30 Chr30: 1755189- 511847 42
Chr30:2267036
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Fig. S.3. 1. Distribution of jackal ancestry in admixed wolves. The x-axis represents SNP order along
each autosomal chromosome, and the y-axis represents the proportion of jackal admixture in admixed
wolf. The solid horizontal line shows the mean jackal admixture across autosomal chromosomes, and the
dotted horizontal line shows the mean jackal admixture within each chromosome. Chromosomal blocks
with overrepresented and underrepresented jackal ancestry are marked in red and orange respectively.
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Table S3. 7. Results of Gene Ontology analysis carried out for only genes that were located in the
overlapped chromosomal blocks between the present study and the earlier study (Pilot et al., 2021) in
wolves and dogs. The significance was determined using the Benjamini-Hochberg correction (BH) and
the more conservative g:SCS (Set Counts and Sizes) false-discovery rate correction method. Only P-

values below 0.05 are shown.

Canids

Reference

Go

Term name

Term ID

genome source P(FOR) | P (@:SCS)
Dog Dog N,N-dimethylaniline monooxygenase 2.24E- 2 78E-07
GO:MF | activity G0:0004499 | 07 '
Dog Dog oxidoreductase activity, acting on
paired donors, with incorporation or
reduction of molecular oxygen, 0.000 0.000
NAD(P)H as one donor, and
GO:MF | incorporation of one atom of oxygen G0:0016709
Dog Dog GO:MF | flavin adenine dinucleotide binding G0:0050660 | 0.003 0.010
Dog Dog GO:MF | NADP hinding GO:0050661 | 0.004 0.018
Dog Dog GO:MF | monooxygenase activity G0:0004497 | 0.005 0.034
Dog Dog GO:MF | hypotaurine monooxygenase activity G0:0047822 | 0.005 0.031
Dog Dog oxidoreductase activity, acting on
paired donors, with incorporation or 0.009
GO:MF | reduction of molecular oxygen G0:0016705
Dog Dog GO:BP | regulation of primary metabolic process | GO:0080090 | 0.000 0.000
Dog Dog GO:BP | regulation of RNA biosynthetic process | GO:2001141 | 0.001 0.001
Dog Dog regulation of DNA-templated 0.001
GO:BP | transcription GO:0006355 |
Dog Dog GO:BP | DNA-templated transcription G0:0006351 | 0.001 0.002
Dog Dog GO:BP | regulation of RNA metabolic process G0:0051252 | 0.001 0.003
Dog Dog GO:BP | regulation of metabolic process G0:0019222 | 0.002 0.007
Dog Dog regulation of nu_cleobase-contammg 0.002 0.008
GO:BP | compound metabolic process G0:0019219
Dog Dog regulation of macromolecule metabolic 0.010
GO:BP | process G0:0060255
Dog Dog GO:BP | regulation of gene expression G0:0010468 | 0.012
Dog Dog GO:BP | NADPH oxidation G0:0070995 | 0.014
Dog Dog regulation of macromolecule 0.015
GO:BP | biosynthetic process G0:0010556
Dog Dog GO:BP | regulation of biosynthetic process G0:0009889 | 0.015
Dog Dog negative regulation of fatty acid 0.018
GO:BP | oxidation G0:0046322
Dog Dog GO:BP | embryonic organ development G0:0048568 | 0.049
Dog Dog GO:BP | alkanesulfonate biosynthetic process G0:0046305 | 0.049
Dog Dog GO:BP | taurine biosynthetic process G0:0042412 | 0.049
Dog Dog GO:BP | embryonic morphogenesis G0:0048598 | 0.049
Wolf Dog GO:MF | corticotropin receptor activity G0:0004978 | 0.014
Wolf Dog GO:MF | MHC class Ib protein complex binding | GO:0023025 | 0.014
Wolf Dog MHC class Ib protein binding, via 0.014
GO:MF | antigen binding groove G0:0023030
Wolf Dog mRNA 5'-cap (guanine-N7-)- 0.016
GO:MF | methyltransferase activity G0:0004482
Wolf Dog GO:MF | MHC class Ib protein binding G0:0023029 | 0.017
Wolf Dog GO:MF | melanocortin receptor activity G0:0004977 | 0.018
Wolf Dog GO:MF | MHC protein complex binding G0:0023023 | 0.025
Wolf Dog GO:MF | mRNA methyltransferase activity G0:0008174 | 0.038
Wolf Dog GO:MF | MHC protein binding G0:0042287 | 0.038
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Chapter 4

Table S.4. 1. The important measure for each variable of the WD dataset using East Asia samples
according to %IncMSE and IncNodePurity

Variables  East Asia..IncMSE East_Asia.IncNodePurity

hf 35.122 36.743
bio_6 22.647 22.310
bio_4 22.529 21.580

bio_18 15.430 13.004
bio_12 18.402 11.654
bio_13 22.131 10.786
bio_19 23.617 10.323
bio_5 25.364 9.761
roughness 20.512 7.751
elevation 17.668 7.614

Table S.4. 2. The important measure for each variable of the WD dataset using North East Europe
samples according to %IncMSE and IncNodePurity

Variables  North_East_Europe..IncMSE ~ North_East_Europe.IncNodePurity

hf 35.826 35.764
bio_6 22.893 21.472
bio_4 21.905 21.645

bio_18 15.845 12.758
bio_12 18.652 14.206
bio_13 22.660 10.720
bio_19 22.163 9.881
bio 5 25.015 9.179
roughness 20.912 8.323
elevation 19.957 7.682

Table S.4. 3. The important measure for each variable of the WD dataset using Central Europe samples
according to %IncMSE and IncNodePurity

Variables Central_Europe..IncMSE  Central_Europe.IncNodePurity
hf 35.137 37.826
bio_6 23.174 21.687
bio_4 22.189 20.896
bio_18 16.765 12.781
bio_12 18.225 12.155
bio_13 23.007 11.239
bio_19 24.573 9.818
bio_5 23.107 9.197
roughness 20.548 8.522
elevation 18.632 7.356
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Table S.4. 4. The important measure for each variable of the WD dataset using West Europe samples
according to %IncMSE and IncNodePurity

Variables West_Europe..IncMSE ~ West_Europe.IncNodePurity

hf 36.714 36.698
bio_6 23.336 22.694
bio_4 22.728 21.464
bio_18 16.204 13.920
bio_12 18.703 11.770
bio_13 20.727 10.800
bio_19 23.901 9.481
bio_5 25.818 9.676
roughness 21.121 7.765
elevation 17.979 7.272

Table S.4. 5. The important measure for each variable of the WD dataset using Caucasus samples
according to %IncMSE and IncNodePurity

Variables Caucasus..IncMSE Caucasus.IncNodePurity
hf 36.720 36.957
bio 6 23.404 23.682
bio 4 23.954 20.392
bio_18 14.978 12.147
bio_12 17.953 13.003
bio_13 22.298 11.505
bio_19 23.303 9.629
bio 5 24.045 9.051
roughness 21.035 7.999
elevation 17.110 7.252

Table S.4. 6. The important measure for each variable of the WD dataset using North Asia samples
according to %IncMSE and IncNodePurity

Variables North_Asia..IncMSE North_Asia.IncNodePurity
hf 35.632 37.659
bio_6 22.374 20.937
bio_4 23.655 24.982
bio_18 16.028 11.588
bio_12 19.065 11.910
bio_13 21.997 10.402
bio_19 23.863 9.533
bio_5 24.414 9.168
roughness 18.661 7.902
elevation 19.191 7.436
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Table S.4. 7.The important measure for each variable of the JD dataset using East Asia samples
according to %IncMSE and IncNodePurity

Variables East_Asia..IncMSE East_Asia.IncNodePurity
bio_15 35.127 33.921
bio_1 34.395 28.380
hf 35.980 27.222
elevation 39.970 21.870
bio_4 24.093 15.464
bio_17 24.415 15.118
roughness 26.772 13.366
bio_18 24.643 9.722
bio_13 25.702 9.652
bio_19 20.895 8.460
bio_12 20.625 8.225
shdi 16.780 6.742
escape 6.298 1.134

Table S.4. 8. The important measure for each variable of the JD dataset using Caucasus samples
according to %IncMSE and IncNodePurity

Variables Caucasus..IncMSE Caucasus.IncNodePurity
bio_15 34.676 33.027
bio_1 33.328 25.471
hf 39.169 27.446
elevation 40.987 22.082
bio_4 23.785 15.428
bio_17 25.054 18.173
roughness 26.366 13.294
bio_18 24.346 9.805
bio_13 23.182 8.888
bio_19 22.113 8.777
bio_12 20.964 8.946
shdi 17.072 6.672
escape 5.604 1.146
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Table S.4. 9. The important measure for each variable of the JD dataset using North East Europe
samples according to %IncMSE and IncNodePurity

Variables North_East Europe..IncMSE North_East Europe.IncNodePurity

bio_15 35.975 35.125
bio_1 33.747 26.091
hf 37.255 27.174
elevation 44.055 21.573
bio_4 24.393 14.093
bio_17 24.800 16.197
roughness 25.356 13.493
bio_18 23.202 10.293
bio_13 24.614 8.789
bio_19 21.283 8.995
bio_12 20.407 8.769
shdi 17.613 7.114
escape 6.396 1.207

Table S.4. 10. The important measure for each variable of the JD dataset using Central Europe samples
according to %IncMSE and IncNodePurity

Variables Central_Europe..IncMSE Central_Europe.IncNodePurity

bio_15 36.572 33.703
bio_1 34.402 25.684
hf 40.967 28.410
elevation 40.010 21.256
bio_4 23.976 14.001
bio_17 26.022 17.443
roughness 27.451 13.614
bio_18 23.410 9.947
bio_13 23.243 8.946
bio_19 21.542 8.571
bio_12 20.338 9.011
shdi 16.947 7.212
escape 6.556 1.287
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Table S.4. 11. The important measure for each variable of the JD dataset using North Asia samples
according to %IncMSE and IncNodePurity

Variables North_Asia..IncMSE North_Asia.IncNodePurity
bio_15 33.947 34.695
bio_1 34.465 26.310
hf 39.453 27.570
elevation 39.376 21.919
bio_4 24.580 14.361
bio_17 23.626 16.450
roughness 27.141 12.938
bio_18 23.545 10.181
bio_13 25.264 9.612
bio_19 22.539 8.628
bio_12 20.814 8.582
shdi 16.499 6.979
escape 5.002 1.093

Table S.4. 12. The important measure for each variable of the JD dataset using West Europe samples
according to %IncMSE and IncNodePurity

Variables West_Europe..IncMSE West_Europe.IncNodePurity
bio_15 36.097 33.275
bio 1 34.783 26.202
hf 38.586 27.989
elevation 42.766 22.280
bio_4 23.485 14.994
bio_17 24.610 16.504
roughness 26.589 13.428
bio_18 23.427 9.440
bio_13 23.015 9.357
bio_19 21.078 8.438
bio_12 20.716 9.178
shdi 16.398 6.845
escape 5.647 1.165

Table S.4. 13. R-squared and RMSE values for different populations using the WD and JD datasets

WD dataset JD dataset

Populations RMSE R? RMSE R?

Caucasus 0.031 0.908 0.028 0.905
Central_Europe 0.011 0.927 0.009 0.936
East_Asia 0.015 0.957 0.031 0.901
North_Asia 0.017 0.954 0.016 0.932
North_East_Europe 0.018 0.920 0.009 0.955
West_Europe 0.002 0.991 0.0004 0.999
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Appendix

Codes For Chapter 2

Initial data processing

#H44444 Plink software #######44
Software: Plink wversion 1.9 and 2.0
http://pngu.mgh.harvard.edu/purcell/plink/

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, Maller J,
Sklar P, de Bakker PIW, Daly MJ & Sham PC (2007)PLINK: a toolset for whole-
genome association and population-based linkage analysis. American Journal of
Human Genetics, 81.

#H####4# Filtering dataset #####44#

plink --bfile WDJ merged --missing -- dog -- out WDJ merged missingness

plink --bfile WDJ merged --dog --mind 0.2 --geno 0.1 —-out WDJ merged QCl --
make-bed --recode

plink --bfile WDJ merged QCl --dog --out WDJ merged frequency --freqg

plink --bfile WDJ merged QCl --dog --maf 0.01 --out WDJ merged QC2 --recode --
make-bed

plink --bfile WDJ merged QC2 --dog --indep-pairwise 50 3 0.1 --out
WDJ merged linkage

plink --bfile WDJ merged QC2 --dog --extract WDJ merged linkage.prune.in --
recode --make-bed --out WDJ merged QC LD

plink --bfile Wolf QC --dog --make-king-table --out Wolf QC King table

Plink --bfile Wolf QC --dog --king-cutoff 0.48 --out Wolf QC king

Global Ancestry Analysis

#HEFHHHHE PCA HHHHHHHHH

plink --bfile WDJ QC LD --dog --pca --out WJD.pca

####4##show result of PCA in R ########44##4
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pca <- read.table(file = "WJD.pca .eigenvec",header = F,stringsAsFactors = F)
names (pca) <- c("FID","ID","PC1","PC2")

mypop <- pcaS$SFID

mypop [mypop == "Wolf"] <- "blue"
mypop [mypop == "Jackal"] <- "red"
mypop [mypop == "Dog"] <- "green"

plot (pca$PCl, pca2$PC2, col=mypop)
legend ("bottomleft", legend = unique (pca$FID),fill = c("blue", "green", "red"))

$H44 44444 ADMIXTURE ####4#444

#ADMIXTURE software v. 1.3.0
#https://dalexander.github.io/admixture/download.html

#D.H. Alexander, J. Novembre, and K. Lange. Fast model-based estimation of
ancestry
in unrelated individuals. Genome Research, 19:1655-1664, 2009.

######4RUN ADMIXTURE in LINUX ########4###4

for 1 in {1..10}; do ./admixture --cv WDJ QC LD.bed $i >log${i}.out; done

####f##show result of admixture in R/Barpllat #######F##H##4#
wjdK3 <- read.table("Wolf Dog Jackal QC.3.Q")
#Make admixture barplot#

admixCol <- c( "blue","red", "green")

barplot (t(as.matrix (wjdK3)), col=admixCol,border=NA, ylab="Admixture
proportions", cex.main=1)

axis(l, at = c(400, 700, 1000), labels =c("Dog", "Wolf", "Jackal"), las=1,
tck=0, col="white", cex.axis=0.9)

abline (v=c(563,908))

axis(l, at = c(15, 45), labels =c("Dog", "Wolf", "Jackal"), las=1, tck=0,
col="white", cex.axis=0.9)

Local Ancestry Analysis

#H###4444#4Local Ancestry in adMixed Populations (LAMP) #######4

#Software Version: LAMP - Release 2.4
#http://lamp.icsi.berkeley.edu/lamp/
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#S. Sankararaman, S. Sridhar, G. Kimmel, and E. Halperin. Estimating local
ancestry in admixed populations. American Journal of Human Genetics, 8(2) :290-
303, 2008.

#

#RENAME DUPLICATED SNPs FOR LAMP ANALYSIS

#

bim <- read.table(file = "Wolf dog QC.bim",header = F)

dup.SNP <- which(duplicated (bim$V4))
bimSV7 <- bim$Vi
bim$V7 [dup.SNP] <- bim$V7[dup.SNP] + 1

write.table(x = bim[,c(2,7)],file = "update.map",quote = F,row.names =
F,col.names = F)
read.table ("update.map")

# The positions need to be updated via PLINK

# I created the new binary files under name "Wolf Dog QC updated"
system("./plink --dog --nonfounders --bfile Wolf Dog QC --update-map
update.map --make-bed --out Wolf Dog QC updated")

bim updated <- read.table(file = "Wolf Dog QC updated.bim",header = F)
which (duplicated (bim updated$v4))

chromosome <- 38
# extract a chromosome (for each chromosome, the chromsome number and output
file name should be changed)
for (i1 in 1l:chromosome) {
dir.create(path = paste("CHR",i,sep = ""))

command <- "./plink --dog --bfile Wolf dog QC updated"

command <- paste (command,"--chr",i,"--make-bed --
out",paste ("Wolf dog QC updated CHR",i,sep = ""))

system (command)

##for i in {1..38}; do plink --bfile Wolf dog QC updated --dog --chr ${i} --
out Wolf_dog_QC_updated_CHR${i} --make-bed --recode; done
# create the recodeA recodel-allele input file of PLINK

for(i in 1:38){
bim <- read.table(file = paste("Wolf dog QC updated CHR",i,".bim",sep =

""),header = F,stringsAsFactors = F)
write.table(x = cbind(bim$V2,"2"),file = paste("recodeAB CHR",i,".txt",sep
= ""),quote = F,row.names = F,col.names = F)

}

# recode to genotypes (for each chromosome the input and output files names
should be changed) # this can also be written in a loop.
#plink --dog --bfile Wolf dog QC updated CHR1 --reference-allele
recodeAB CHRI1.txt --recodeA --out Wolf dog QC updated CHR1
#0r in loop
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#for 1 in {1..38}; do plink --bfile Wolf dog QC updated CHRS${i} --reference-
allele recodeAB CHR${i}.txt --recodeA --out Wolf dog QC updated CHR${i} --dog;
done

# ./plink --dog --bfile Wolf dog QC updated-CHRl --reference-allele
recodeAB CHRI.txt --recodeA --out Wolf dog QC updated CHR1

#PREPARE LAMP INPUT FILES USING THE SHELL SCRIPT prepfileforlamp.sh:
#

#BASH SCRIPT (THIS IS A SEPARATE FILE and only copied here for information.
The bash script needs to be executed in a terminal/cmd window for each
CHROMOSOME :

sh prefileforlamp.sh 1 Wolf dog QC

sh prefileforlamp.sh 2 Wolf dog QC

sh prefileforlamp.sh 3 Wolf dog QC

#(...)

#BASH SCRIPT:
#!/bin/bash

CHR=S$1
outfile=§2

#mkdir CHRS{CHR}
#cd CHRS{CHR}

## make LAMP input file

cat ${outfile} CHR${CHR}.raw | awk 'NR > 1' | cut -d' ' -f 7- | sed 's/NA/-
1/g'" > ${outfile} CHR${CHR} LAMPGENO.txt

cat ${outfile} CHR${CHR}.bim | awk '{print $4}' >
${outfile} CHRS${CHR} LAMPMAP.txt

echo "populations=2
genofile=GENOTYPES
posfile=SNPPOSITION
outputancestryfile=0UTFILE
offset=0.2
recombrate=1e-10
generations=10
alpha=0.53,0.47
ldcutoff=0.1" > config.txt

#### MAKE LAMP configeration file

cat config.txt | awk -v G=${outfile} CHR${CHR} LAMPGENO.txt -v
M=${outfile} CHRS${CHR} LAMPMAP.txt -v O=S${outfile} CHRS$S{CHR} results.txt
" {gsub (/GENOTYPES/, G) ; gsub (/SNPPOSITION/,M) ;gsub (/OUTFILE/,O); print}' \

> S{outfile} CHR${CHR}configfile.txt

### runing LAMP
#lamp S${outfile} CHRS$S{CHR}configfile.txt

#cd
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#
#RUN LAMP on LINUX SERVER (or WINDOWS) FOR EACH CHROMOSOME
#

./lamp <config.txt> # outputfile = results.txt
### visualization the results of LAMP ###

Sudo ./ lamproot/bin/ generategraph.sh ancestry lamp4.out

### Efficient Local Ancestry Inference (ELAI) ###

#Software Version: ELAI - version 11.3
#http://github.com/haplotype/ELAI/blob/main/elai-linux-multi-threading.tar.gz.

#Guan Y. Detecting structure of haplotypes and local ancestry. Genetics. 2014

Mar;196(3) :625-42. doi: 10.1534/genetics.113.160697. Epub 2014 Jan 3. PMID:
24388880; PMCID: PMC3948796.

#H###### Keep reference set and admixed individuals ##########

plink --bfile Wolf dog QC --dog --keep Dog pure.txt --out Pure dog QC --recode
--make-bed

plink --bfile Wolf dog QC --dog --keep Pure wolf.txt --out Pure wolf QC --
recode --make-bed

plink --bfile Wolf dog QC --dog --keep Admixed.txt --out Admixed QC --recode -
-make-bed

#HH4###4#4## seprate chromosomes in each dataset #########4##4#

for i in {1..38}; do plink --bfile Admixed QC --dog --make-bed --chr ${i} --
out Admixed QC CHRS${i} --recode; done

for i in {1..38}; do plink --bfile Pure wolf QC --dog --make-bed --chr ${i} --
out Pure wolf QC CHRS${i} --recode; done

for i in {1..38}; do plink --bfile Pure dog QC --dog --make-bed --chr S{i} --
out Pure dog QC CHRS${i} --recode; done

####### 4 converting to Bimbam format each chromosome ##########F4H#HHFHHF#H

for i in {1..38}; do plink --bfile Pure jackal QC CHR${i} --dog --recode
bimbam --out Pure dog QC CHR${i}; done

205



for i in {1..38}; do plink --bfile Pure wolf QC CHRS${i} --dog --recode bimbam
--out Pure wolf QC CHRS{i}; done

for i in {1..38}; do plink --bfile Admixed QC CHR${i} --dog --recode bimbam -
-out Admixed wolf dog QC CHR${i}; done

#### Move files "geno" and "pos" to diferent foldes for moving to Linux ###

for i in {1..38}; do mv "Admixed wolf jackal QC CHRS{i}.recode.pos.txt"
"Run_elai 3/"; done

for i in {1..38}; do mv "Admixed wolf jackal QC CHR${i}.recode.geno.txt"
"Run elai 3/"; done

for i in {1..38}; do mv "Pure wolf QC CHRS${i}.recode.pos.txt" "Run_elai_2/";
done
for 1 in {1..38}; do mv "Pure wolf QC CHR${i}.recode.geno.txt" "Run elai 2/";
done

for 1 in {1..38}; do mv "Pure jackal QC CHR${i}.recode.pos.txt" "Run elai/";
done
for 1 in {1..38}; do mv "Pure jackal QC CHR${i}.recode.geno.txt" "Run elai/";
done

FHEFFH A Run ELAT #4444 444 444444444448

cd Deskop
cd ELAI

./elai-1lin -g Pure jackal QC CHRl.recode.geno.txt -p 10 -g

Pure wolf QC CHRl.recode.geno.txt -p 11 -g

Admixed jackal wolf QC CHRl.recode.geno.txt -p 1 -pos

Pure jackal QC CHRl.recode.pos.txt -s 30 -mg 10 -C 2 -c 10 -R 45 -o
wolf jackal CHRI

HHEF R HA AR A AR A AE S Run in Loop ######44##4#444RHR44F44HH

for 1 in {1..38}; do ./elai-lin -g Pure jackal QC CHRS${i}.recode.geno.txt -p
10 -g Pure _dog QC CHR${i}.recode.geno.txt -p 11 -g

Admixed wolf jackal QC CHR${i}.recode.geno.txt -p 1 -pos
Pure_jackal_QC_CHR${i}.recode.pos.txt -s 30 -mg 10 -C 2 -c 10 -R 30 -o

Wolf jackal CHRS{i}; done

for 1 in {1..38}; do ./elai-lin -g Pure dog QC CHR${i}.recode.geno.txt -p 10 -
g Pure wolf QC CHRS${i}.recode.geno.txt -p 11 -g

Admixed wolf dog QC CHRS${i}.recode.geno.txt -p 1 -pos

Pure dog QC CHRS{i}.recode.pos.txt -s 30 -mg 10 -C 2 -c 10 -R 30 -o

Wolf dog CHRS${i}; done

for 1 in {1..38}; do ./elai-lin -g Pure dog QC ph CHR${i}.recode.geno.txt -p

10 -g Pure jackal QC ph CHRS${i}.recode.geno.txt -p 11 -g
Admixed dog jackal QC ph CHR${i}.recode.geno.txt -p 1 -pos
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Pure dog QC ph CHRS${i}.recode.pos.txt -s 30 -mg 10 -C 2 -c 10 -R 30 -o
dog jackal ph CHRS${i}; done

### Beagle (phasing datasets) ###

#Software Version: Beagle 5.4
#http://faculty.washington.edu/browning/beagle/beagle.html
#Browning, B. L., Tian, X., Zhou, Y., & Browning, S. R. (2021). Fast two-stage

phasing of large-scale sequence data. The American Journal of Human Genetics,
108(10), 1880-1890.

######## preparing input files for each species separately ########

plink --bfile WJD updated QC --dog --out Wolf QC --keep Wolf samples.txt --
make-bed --recode

plink --bfile WJD updated QC --dog --out Jackal QC --keep Jackal samples.txt -
-make-bed --recode

plink --bfile WJD updated QC --dog --out Dog QC --keep Dog samples.txt --make-
bed --recode

FhEFHH SRR HE create vef.bgz file #######4444444H4S

./plink2 --bfile Dog QC --dog --export vcf bgz --ref-from-fa
Canis lupus_ familiaris.CanFam3.fa --out Dog QC

./plink2 --bfile Jackal QC --dog --export vcf bgz --ref-from-fa
Canis_ lupus familiaris.CanFam3.fa --out Jackal QC

./plink2 --bfile Wolf QC --dog --export vcf bgz --ref-from-fa
Canis lupus familiaris.CanFam3.fa --out Wolf QC

FhHEFFH RS SFEHHHHHHHH based on each chromosomes ##############

for 1 in {1..38}; do plink --bfile Wolf QC --dog --chr ${i} --out
Wolf QC ${i} --recode --make-bed; done

for i in {1..38}; do plink --bfile Dog QC --dog --chr ${i} --out Dog QC ${i}
—--recode --make-bed; done

for 1 in {1..38}; do plink --bfile Jackal QC --dog --chr ${i} --out
Jackal_QC_${i} --recode --make-bed; done

FHEFHH A A A create vef.bgz file #######H4HH#HHEE
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for i in {1..38}; do ./plink2 --bfile Wolf QC ${i} --dog --export vcf bgz --
ref-from-fa Canis lupus_ familiaris.CanFam3.fa --out Wolf QC ${i}; done

for 1 in {1..38}; do ./plink2 --bfile Dog QC ${i} --dog --export vcf bgz --
ref-from-fa Canis lupus familiaris.CanFam3.fa --out Dog QC ${i}; done

for 1 in {1..38}; do ./plink2 --bfile Jackal QC ${i} --dog --export vcf bgz --
ref-from-fa Canis lupus_ familiaris.CanFam3.fa --out Jackal QC ${i}; done

HHEHSEHE AR H AR F AR AR H S create Map file (plink format) ########4##H##H#H

Based on the recombination map file we will create map file.

Chr name cm position

1 . 0.294986106 4361401
1

1

For 38 chromosome we will create these files.

#HE#d#d4H# 44444444 Run Beagle ######d#d4#d4d#d44#d44444

java -jar beagle.22Jul22.46e.jar gt=Dog QC 1l.vcf.gz out=Dog QC 1 imputed
map=CHR1 map file.txt interarion=1000 burnin=10

HHE#d4Hd44HE 4444444444 Run in a loop ###########4H4HHEHHHEHES

for i in {1..38};do java -jar beagle.22Jul22.46e.jar gt=Dog QC ${i}.vcf.gz

out=Dog QC ${i} imputed map=CHRS${i} map file.txt burnin=25 iterations=1000;
done

### Genome-Wide Haplotyping (GHap) ###

#Software Version: GHap r package version 2

#https://cran.r-project.org/package=GHap and
https://bitbucket.org/marcomilanesi/ghap/src/master/

#Utsunomiya, Y. T., Milanesi, M., Barbato, M., Utsunomiya, A. T. H., SOlkner,
J., Ajmone-Marsan, P., & Garcia, J. F. (2020). Unsupervised detection of
ancestry tracks with the GHap r package. Methods in Ecology and Evolution,
11(11), 1448-1454.

44444444 preparing input for GHap ######4 444444444444
##### Combine all chromosomes after phasing #####

##First, give them an index
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bcftools index Wolf QC 1 imputed.vcf.gz
bcftools index Wolf QC 2 imputed.vcf.gz
bcftools index Wolf QC 3 imputed.vcf.gz

bcftools index Wolf QC 38 imputed.vcf.gz

#HHE#HHFEHFHH#EF Combine them by beftools ########

bcftools concat Wolf QC {1..38} imputed.vcf.gz -0z -o Wolf QC imputed.vcf.gz

#do all these steps for jackal and dog....

####4 merging two vcf.gz files by bcftools ###4##

#### giving them an index:

bcftools index Wolf QC.vcf.gz

bcftools index Dog QC.vcf.gz

####4# Merginng #######H##

bcftools merge Wolf QC.vcf.gz Dog QC.vcf.gz > Wolf dog QC ph.vcf

####44# keep samples from VCF files using bcftools ###(if we want to separate
some individuals)

bcftools view -S dog wolf.txt -o indiv_wolf dog.vcf Wolf dog QC ph.vcf

note: -s is a file that contains one column of ID of individuals that we want
to separate

######4# RUN GHap in Rstudi###########4

library ("GHap")

# #### DO NOT RUN IF NOT NECESSARY ###

# converting vcf file to ghap phased file

ghap.vcf2phase (vcf.files = "Wolf dog QC ph.vcf", sample.files =
"Sample wolf dog.txt", out.file = "ghap input converted Wolf dog")
# compressing phased file

ghap.compress (input.file = "ghap input converted wolf dog", out.file =
"ghap input converted wolf dog" )

# loading compressed phased file

phase <- ghap.loadphase (input.file= "ghap input converted Wolf dog")
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# ### RUN 4
# # Calculate marker density

mrkdist <- diff (phaseS$bp)
mrkdist <- mrkdist[which (mrkdist > 0)]
density <- mean (mrkdist)

# # Generate blocks for admixture events up to g = 10 generations in the past
# # Assuming mean block size in Morgans of 1/ (2*q)
# # Approximating 1 Morgan ~ 100 Mbp

g <- 10

window <- (100e+6)/ (2*qg)

window <- ceiling(window/density)

step <- ceiling(window/4)

blocks <- ghap.blockgen (phase, windowsize = window,
slide = step, unit = "marker")

#
# # BestK analysis

bestK <- ghap.anctrain(object = phase, K = 10, tune = TRUE)
plot (bestK$ssqg, type = "b", xlab = "K",ylab = "Within-cluster sum of squares")

#
# Unsupervised analysis with best K
# Construction of prototype alleles using best K,default 10 independent runs

prototypes <- ghap.anctrain(object = phase, K = 2, iter.max = 1, nstart = 1)
prototypes <- ghap.anctrain(object = phase, K=2, method = "unsupervised")
# Prediction of haplotype ancestry, smoothing, plotting
hapadmix <- ghap.anctest (object = phase,
blocks = blocks,
prototypes = prototypes,
test = unique (phase$id))
anctracks <- ghap.ancsmooth (object = phase, admix = hapadmix)

ghap.ancplot (ancsmooth = anctracks)

# Plot karyoplot, first make variables based on populations

Hybrid <- unique (phase$id[which (phase$pop == "Hybrid")])

Wolf India <- unique (phase$id[which (phaseSpop == "Wolf India")])
Wolf N Asia <- unique (phaseS$id[which (phaseSpop == "Wolf N Asia")])
Wolf m East <- unique (phase$id[which (phase$pop == "Wolf m East")])
Wolf N Europe <- unique (phase$id[which (phase$pop == "Wolf N Europe")])
Wolf C Europe <- unique (phase$id[which (phase$pop == "Wolf C Europe")])
Wolf E Eropue <- unique (phase$id[which (phase$pop == "Wolf E Europe")])
Dog India <- unique (phaseS$id[which (phaseSpop == "Dog India")])

Dog Bosnia <- unique (phase$id[which (phase$pop == "Dog Bosnia")])
Dog N Asia <- unique (phase$id[which (phase$pop == "Dog N Asia")])
Dog m East <- unique (phase$id[which (phase$pop == "Dog m East")])

Dog Russia <- unique (phase$id[which (phase$pop == "Dog Russia")])
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Dog N Europe <- unique (phase$id[which (phaseSpop == "Dog N Europe")])

)
Dog C Europe <- unique (phase$id[which (phaseSpop == "Dog C Europe")])
Dog W Europe <- unique (phase$id[which (phaseSpop == "Dog W Europe")])
Dog Morocco <- unique (phase$id[which (phase$pop == "Dog morocco")])

# Plotting karyoplot separately for samples in each population, without ids
field plots should be done for all individuals, but with a lot of them Rstudio
is not showing all plots

ghap.karyoplot (ancsmooth = anctracks, ids=Hybrid, chr.line = 11, plot.line =
50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Dog India, chr.line = 11, plot.line
= 50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Dog m East, chr.line = 11, plot.line
= 50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Dog N Europe, chr.line = 11,
plot.line = 50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Wolf India, chr.line = 11, plot.line
= 50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Wolf C Europe, chr.line = 11,
plot.line = 50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Dog C Europe, chr.line = 11,
plot.line = 50, las=1, chr=NULL)
ghap.karyoplot (ancsmooth = anctracks, ids=Dog W Europe, chr.line = 11,

plot.line = 50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Wolf m East, chr.line = 11,
plot.line = 50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Wolf N Asia, chr.line = 11,
plot.line = 50, las=1, chr=NULL)

ghap.karyoplot (ancsmooth = anctracks, ids=Wolf N Europe, chr.line = 11,
plot.line = 50, las=1, chr=NULL)

# Saving all karyplots (saving all visible plots from temporary Rstudio
folder)

plots.dir.path <- list.files(tempdir (), pattern="rs-graphics", full.names =
TRUE) ;

plots.png.paths <- list.files(plots.dir.path, pattern=".png", full.names =
TRUE)

file.copy (from=plots.png.paths, to="plots")

# Saving results

write.csv (anctracks|[["haplotypes"]],file = "haplotypes.csv")
write.csv(anctracks|[["proportionsl"]],file = "proportionsl.csv")
write.csv(anctracks|[["proportions2"]],file = "proportions2.csv")

Population Structure

### Discriminant Analysis of Principal Component (DAPC) ###

#Software: adegenet 2.0.0
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#https://adegenet.r-forge.r-project.org/files/tutorial-dapc.pdf#page=41.64
#Jombart T. and Ahmed I. (2011) adegenet 1.3-1: new tools for the analysis of
genome-wide SNP data. Bioinformatics. doi: 10.1093/bioinformatics/btr521

# Working data set for DAPC
#system("plink --bfile Wolf QC king --dog --out Wolf QC King --export A")

# Load necessary libraries #

library(data.table)

jackal gc for dapc<- fread(input = "Wolf QC king.raw", h=T)

write.table (Wolf gc for dapc, "Wolf QC king.raw", col.names=T, row.names=F,
quote=FALSE, sep=" ")

# Reading input file for DAPC
library (adegenet)

dapc_input <- read.PLINK("Wolf QC king.raw", parallel=F, sep="\t")
# K-means analysis on the principal components:

# Max K to test in K-means analysis

maxk <- 10

grp <- find.clusters (dapc_input, pca.select = "percVar",

perc.pca = 99, max.n.clust = maxk, choose.n.clust = TRUE)

# 1st DAPC run to individuate the optimal number of principal components to
retain for not to incur into overfitting issues.

dapc <- dapc(dapc_input, grpS$grp, pca.select = "percvVar", perc.pca = 99, n.da
= 2)

print (dapc)

ascore <- optim.a.score (dapc)

# 2nd DAPC run with optimal number of PCs retained

dapc <- dapc(dapc_input, grpSgrp, n.pca=ascoreSbest, n.da=length(grp$size) -
1)

print (dapc)

DAPC ind.coord <- print (dapc$ind.coord)
write.csv (DAPC_ind.coord, 'D:/Roya/coor.csv')
windows ()

# or: options( device = "windows" ); dev.new()
# quartz () # for MacOS

# x11() # for linux

scatter (dapc, bg="white", pch=21:23, cstar=0, col = c("lightsalmon2",
"darkseagreen3", "lightskyblue3", "lightpink2"))

scatter (dapc, 1, 1, bg = "white", col c("lightsalmon2", "darkseagreen3",
"lightskyblue3", "lightpink2"),legend = F, cleg = 0.6, solid = 0.4)
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#H#####H4#### Plotting DAPC results#########+#
windows ()

# or:

# options (device = "windows"); dev.new ()

# quartz () # for MacOS

# x11() # for linux

# background map

library(rgdal)

library(raster)

library (Sp)

library (ggplot2)

# loading elevation data for distribution map
E= raster ("Elevation masked August 2023.tif")
plot (E)

# associating gc-ed individuals with DAPC cluster assignments and discriminant
function

DAPC Wolf QC King.fam <- fread("Wolf QC King.fam")

colnames (DAPC Wolf QC King.fam) <- c("FID", "ID", "ID father", "ID mother",
"Sex code", "Phenotype")

head (DAPC Wolf QC King.fam)
# are individuals in the 'coo gced' and 'dapc' objects in the same order?

length (which (rownames (dapcS$ind.coord)==coo Wolf$SID))

# coordinates of the gc-ed individuals

library(plyr)

coo _gced <- match df (coo Wolf,DAPC Wolf QC King.fam , on = "ID")
coo_gcedSassign <- as.numeric (dapc$assign)

##as we have & clusters,ind.coord has 3 LD columns, then we should chose one

of them.
coo_gced$ind.coord <- as.vector (dapc$ind.coord [,c("LD3")])

coo_gced$pch[which (coo gced$assign==1)] <- 21
coo_gcedSpch[which (coo _gced$assign==2)] <- 22
coo_gcedS$pch[which (coo gced$assign==3)] <- 23
#oo_gcedSpch[which (coo _gced$Sassign==4)] <- 24
mycol <- colorRampPalette(colors = c("lightsalmon2", "darkseagreen3",
"lightskyblue3", "lightpink2"))

coo_gcedScol <- mycol (100) [as.numeric (cut (coo_gced$ind.coord, breaks = 100))]

head (coo_gced)

#each LD linear discriminat function
# genetic structure on the map
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library(scales)
points (coo gced$X, coo gcedS$SY, pch=coo gced$pch, bg=alpha(coo gced$col, 0.6),
col="black", cex=1.4)

legend (x=130,y=10, legend=c("Cluster 1", "Cluster 2", "Cluster 3", "Cluster
4"), pch=c(21,24), bty="n", pt.bg="ghostwhite", pt.cex = 1.4)

title ("DAPC - Wolf LD3")

###these codes were used for jackals and dogs seperatly#######

Codes For Chapter 3

Finding Chromosomal blocks with overrepresentation or underrepresentation of
introgressed variants

# Load necessary libraries #
library(data.table)
library (purrr)

library(dplyr)

#######CHRL
# we should use .ps2l.txt file, the output of ELAI

dat <- fread(paste("Wolf dog CHRI1.ps2l.txt",sep='"'), header=F,data.table=F)
##Selecting specific rows (removing First generation hybrids) ##

data modify <- dat[c(150:153, 155:163, 165:168, 170:249, 251:263, 265:266,
268:314),1]

print (data modify)
data3 <- data modify/2

write.table(data3, "../Plotting dog in wolf//wolves CHRl.ps2l.txt", row.names
=FALSE, col.names = FALSE)

dat <- fread(paste("wolves CHRI1.ps2l.txt",sep='"'), header=F,data.table=F)
##Load SNP positions

positions <- fread(paste("Wolf dog CHRl.snpinfo.txt",sep='""),
header=T,data.table=F) ## positions of SNPs

Wolf <- datlseq(2,dim(dat) [2],by=2) ]## corresponds to the ancestry of wolves,
read only one column for each individuals,we should check it before doing

further analysis

Dog <- dat[seqg(l,dim(dat) [2],by=2) ]## corresponds to the ancestry of dog, read
only one column for each individuals

#calculating average ancestry
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avg wolf <- apply (Wolf,2,mean,na.rm=T)
avg _dog <- apply(Dog,2,mean,na.rm=T)

write.table(avg_dog, "../Plotting dog in wolf//avg dog chrl.txt", row.names
=FALSE, col.names = FALSE)

Mean <- mean(avg dog, na.rm = TRUE) ## average in all SNPs
#0.065

SD <- sd(avg dog, na.rm = TRUE) *3

#0.0558

Threshould positive <- Mean+SD

#0.121

Threshould negative <- Mean-SD

#0.01

x= avg_dog

new points<- keep(avg dog, x> 0.121)##### 0.121 is 3SD+mean for the chromosome
number 1

#129 SNPs

positions2 <- fread(paste ("SNP position chrl modify.txt",sep='"),
header=F,data.table=F) ##positions of SNPs with more than 3SD values

) ##positions of SNPs with more than 3SD values
newpos2 <- round (positions2$V1/10

###Deserts ancestry
x= avg_dog

) ##### 0.001 is threshold for desert ancestry
desert points<- keep(avg dog, x< 0.01)
###0 SNPs

windows ()

newpos <- round(positionsS$pos/10)

plot (newpos,avg dog, type="1",1lwd=2,col="1ightblue", ylim=c (0, 0.20) ,xlab="SNP
Position (KB)", ylab="Dog ancestry")

points (newpos,avg dog,pch=16,col="1ightblue", cex=0.5)

points (newpos2,new _points,pch=16,col="red", cex=0.5)

abline (h=0.065,1ty=1,col="black")## 0.065 is the dig ancestry average in all
chromosomes (without F1 hybrids).

abline (h=0.065,1ty=2,col="black") ##average in all SNPs in the chromosome
title("CHR 1",adj=0 )#family = "A"

#####4##CHR2

# we should use .ps2l.txt file, the output of ELAT
dat <- fread(paste("Wolf dog CHR2.ps2l.txt",sep='"'), header=F,data.table=F)

##Selecting specific rows (removing First generation hybrids) #####

data modify <- dat[c(150:153, 155:163, 165:168, 170:249, 251:263, 265:266,
268:314),]
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print (data modify)
data3 <- data modify/2

write.table(data3, "../Plotting dog in wolf//wolves CHR2.ps2l.txt", row.names
=FALSE, col.names = FALSE)

dat <- fread(paste("wolves CHRZ2.ps2l.txt",sep='"), header=F,data.table=F)
#Load SNP positions

positions <- fread(paste("Wolf dog CHR2.snpinfo.txt",sep='""),
header=T,data.table=F)

####corresponds to the ancestry of wolf, read only one column for each
individuals,we should check it before doing further analysis
Wolf <- dat[seqg(2,dim(dat) [2],by=2)]

Dog <- dat[seq(l,dim(dat) [2],by=2) ]## corresponds to the ancestry of dog, read
only one column for each individuals,

avg wolf <- apply(Wolf,2,mean,na.rm=T) #calculating average ancestry
avg_dog <- apply(Dog,2,mean,na.rm=T) #calculating average ancestry

write.table (avg _dog, "../Plotting dog in wolf//avg dog chr2.txt", row.names
=FALSE, col.names = FALSE)

Mean <- mean(avg dog, na.rm = TRUE)## average in all SNPs
#0.063

SD <- sd(avg _dog, na.rm = TRUE) *3

#0.0338

Threshould positive <- Mean+SD

#0.097

Threshould negative <- Mean-SD

#0.03

x= avg_dog

new points<- keep(avg dog, x> 0.097)##### 0.03 is 3SD+mean for the chromosome
number 1

#0 SNPs

###Deserts ancestry

x= avg_dog

desert points<- keep(avg dog, x< 0.03)##### 0.001 is threshold for desert
ancestry

###0 SNPs

positions2 <- fread(paste ("SNP position SD chr2.txt",sep='""),
header=F,data.table=F) ##positions of SNPs with more than 3SD values
newpos2 <- round(positions2$V1/10) ##positions of SNPs with more than 3SD
values

newpos <- round (positions$pos/10)
plot (newpos,avg dog, type="1",1lwd=2,col="1ightblue", ylim=c(0,0.15),xlab="SNP
Position (KB)", ylab="Dog ancestry")
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points (newpos, avg _dog,pch=16,col="1ightblue", cex=0.5)
points (newpos2,new points,pch=16,col="red", cex=0.5)

abline (h=0.065,1ty=1,col="black")## 0.065 is the dig ancestry average in all
chromosomes (without F1 hybrids).

abline (h=0.063,1ty=2,col="black") ##average in all SNPs in the chromosome
title("CHR 2",adj=0 )#family = "A"

Do for all 38 chromosomes in all datasets

#HH###EHFf####FIdentification of loci under positive selection#########H####

integrated Haplotype Score (iHS)

Software: rehh package version 3.2.2 (Gautier et al. 2017)
https://cran.r-project.org/package=rehh

#Voight, B. F., Kudaravalli, S., Wen, X., & Pritchard, J. K. (2006). A map of
recent positive selection in the human genome. PLoS biology, 4(3), e72.

#Mathieu Gautier, Renaud Vitalis, rehh: an R package to detect footprints of
selection in genome-wide SNP data from haplotype structure, Bioinformatics,
Volume 28, Issue 8, April 2012, Pages 1176-1177,

# Load necessary libraries #
library(rehh)

hh <- data2haplohh(hap file = "Wolf hybrid outlier.vcf.gz",
polarize vcf = FALSE,
vcf reader = "data.table", chr.name = "1")

scan <-scan_hh/(
hh,
limhaplo = 2,
limhomohaplo = 2,
limehh = 0.05,
limehhs = 0.05,
phased = TRUE,
polarized = FALSE,
scalegap = NA,
maxgap = NA,
discard integration at border = TRUE,
interpolate = TRUE,
threads =1

ihs results <- ihh2ihs(
scan,
fregbin = 1,
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min maf = 0.05,

min nhaplo = NA,
standardize = TRUE,
include freq = FALSE,
right = FALSE,

alpha = 0.05,

p.side = NA,
p.adjust.method = "none",
verbose = TRUE

sum(is.na(ihs results$ihs))

# Extract the 1HS data frame from the list
ihs _df <- ihs_results$ihs

# Convert log p-value to p-value

ihs_df$PVALUE <- IOA(—ihS_df$LOGPVALUE)
write.csv(ihs df, "ihs df chrl3.csv")

# Select SNPs with significant selection signals
significant snps <- subset (ihs df, abs(IHS) > 2 & PVALUE < 0.05)
# Save results to CSV

write.csv(significant snps, "significant SNPs iHS chrl.csv", row.names =
FALSE)

######Do for all outlier loci that were found based on the previous
analysis######

Codes For Chapter 4

randomForest

#Software: randomForest version: 4.7-1.2
#https://www.stat.berkeley.edu/~breiman/RandomForests/

#Liaw A, Wiener M (2002). “Classification and Regression by randomForest.” R

News, 2(3), 18-22. https://CRAN.R-project.org/doc/Rnews/.

# Load necessary libraries #
require (sp)

require (raster)
require (randomForest)
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require (rfUtilities)
require (mapproj)
require (dismo)
require (maps)
require (proj4)
require (geoR)
require (spatialEco)
library (ggplot2)
library (dplyr)
library(caret)

FHAEFHHFEFHHHEHF#FFE Remove correlated Layers #########HF##FHHF#H

Oregon <- read.csv("All Envi layers RF.csv", header = T)
xdata.Oregon <- Oregonl[,c(1:32)]

cl.Oregon <- multi.collinear (xdata.Oregon, p=0.05)
for(l in cl.Oregon) {
cl.test <- xdata.Oregon[,-which (names (xdata.Oregon)==1) ]

print (paste ("REMOVE VARIABLE", 1, sep=": "))
multi.collinear(cl.test, p=0.05)

Oregon.trim <- Oregon[, -which (names (Oregon) %in% cl.Oregon) ]

###### create The RandomForest model######### 44 # 44 H# 44 # 44 #HHHHHEHESEHHSE
df <- read.csv("wolf dog uncorrelated.csv")

# Split data into training and testing sets

set.seed (123)

trainIndex <- createDataPartition(df$Pop2 dog, p = 0.8, list = FALSE)
trainData <- df[trainIndex, ]

testData <- df[-trainIndex, ]

# Create the Random Forest model

set.seed (123)
rf model <- randomForest (Pop2 dog ~ ., data = trainData, importance = TRUE)

# Print the variation explained (pseudo R-squared)

print (paste("Variation Explained:", rf modelS$rsqg[length(rf model$rsqg)] * 100,
"%") )

# View the default feature importance (Mean Decrease in Accuracy and Gini)
print (importance (rf model))

windows ()

varImpPlot (rf model)

# Use the varImp function from caret to compute permutation-based importance

set.seed(123)
importance mir <- varImp(rf model, scale = FALSE)
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# Display the permutation importance (MIR scale)

print (importance mir)
write.csv(importance mir, "imortant layers 90 intensity.csv")

rmse <- function (observed, predicted) {
sgrt (mean ( (observed - predicted)"2))

# Define the tuning grid for 'mtry' (number of features to sample)

tune grid <- expand.grid(mtry = 1:21) # Adjust mtry values based on your
dataset

# Set up trainControl for cross-validation
train control <- trainControl (method = "cv", number = 5, search = "grid")

# Train the Random Forest model with hyperparameter tuning
set.seed (123)
rf tuned <- train(

Pop2 dog ~ .,

data = trainData,

method = "rf",

trControl = train control,

tuneGrid = tune grid,

ntree = 500 # Number of trees (adjust based on your needs)

# Print the best tuned model based on accuracy
print (rf tuned)

# Predict on test data and calculate RMSE
predictions <- predict(rf tuned, newdata = testData)
rmse value <- rmse (testData$Pop2 dog, predictions)

# Print the RMSE
print (paste ("RMSE:", rmse_value))

# Set up RFE control
rfe control <- rfeControl (functions = rfFuncs, method = "cv", number = 5)

# Perform RFE for feature selection

set.seed (123)
rfe result <- rfe(
trainData[, -ncol(trainData)],
trainData$Pop2 dog,
sizes = c(1l:4), # Specify subset sizes (e.g., number of features)
rfeControl = rfe control

# Print RFE result
print (rfe result)

# Plot the RFE results to see how the RMSE changes with the number of features
plot (rfe result, type = c("g", "o"))
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# Get the optimal subset of features based on RFE
best features <- predictors(rfe_result)

print (best features)

write.csv(best features, "best feartures2.csv")

# Train final model using the selected features from RFE
set.seed(123)
final rf model <- randomForest (
Pop2 dog ~ .,
data = trainData[, c(best features, "Pop2 dog")],
ntree = 500,
mtry = rf tunedSbestTune$mtry # Use the best 'mtry' from the previous
tuning

)

# Evaluate the final model on the test data

final predictions <- predict(final rf model, newdata = testDatal,
c (best features, "Pop2 dog")])

final rmse <- rmse(testData$Pop2 dog, final predictions)

# Print final RMSE
print (paste("Final RMSE:", final rmse))

# Print the variation explained (pseudo R-squared)
print (paste ("Variation Explained:",
final rf model$rsqgllength(final rf modelS$Srsq)] * 100, "%"))

# Plot variable importance to see which factors contribute most to the model
windows ()

importance (final rf model)

varImpPlot (final rf model)

# Predicted values
predicted <- predict(final rf model, df)

# Confusion matrix
conf matrix <- table(Actual = df$Pop2 dog, Predicted = predicted)
print (conf matrix)

#calculate permutation importance

set.seed (123)

importance mir <- varImp(final rf model, scale = FALSE)
print (importance mir)

write.csv(importance mir, "important permutationZ.csv")
# Evaluate if the Random Forest model is overfitting
overfit test <- rf.regression.fit(final rf model)

# Print the result of the overfit evaluation

print (overfit test)

# Multiple linear regression (multiple predictors)
model <- Im(Pop2 dog ~ bio 13 + bio 12 + hf + bio 6 + bio 4, data = df)
summary (model)
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Redundancy Analysi

s (RDA)

Package: vegan, version: 2.6-

# https://github.com/vegandevs/vegan/issues

10

#Oksanen, J., Blanchet, F. G.,
O’hara, R. B., ... & Oksanen,
package, version, 2(9), 1-295.

Kindt, R., Legendre,

M. J.

(2013) .

Package

P., Minchin, P. R.,

‘vegan’ .

Community ecology

# Load necessary libraries #

library (vegan)
library(data.table)
library(ggplot2)
library(vcfR)
library(dplyr)

####### Conver VCF file (outlier SNPs)

# Input VCF file path

vcf file <- "Pure dogs linear LD.vcf"

# Output CSV file path

output csv <- "Pure dogs linear LD.csv"

vcf to csv(vcf file, output cs

v)

to CSV file#h#####

FhHEHFH SR F RS Transposed data ######4HHHH4EHESHH

# Load the CSV file without treating the first row as headers
input file <- "Hybrid wolf dog linear LD.csv"

data <- read.csv(input file, header

# Transpose the entire dataset
transposed data <- t(data)

# Convert the transposed matrix back to a data frame

FALSE,

stringsAsFactors

transposed df <- as.data.frame (transposed data)

# Save the transposed data to a new CSV file

output file <- "Transposed Hybrid wolf dog linear LD.csv"

write.table (transposed df, output file,

col.names = FALSE)

print (paste ("Transposed file saved as:",

sep

row.names

output file))

# Replace with your file path

= FALSE)

= FALSE,

#4444 Prepare input data#######
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genotype matrix <-

read.csv ("Transpose genotype hybrid dogs oulier wolves.csv", row.names = 1,
header = T)
env_matrix <- read.csv("Env_hybrid dog.csv", row.names = 1, header = T)

# Perform Redundancy Analysis (RDA) #####
rda result <- rda(genotype matrix ~ ., data = env matrix)

# View the RDA result summary
summary (rda result)

# Test the significance of the RDA model
anova_result <- anova(rda result, permutations = 999)
print (anova_ result)

# Calculate and print Adjusted R?
adjusted r2 <- RsquareAdj (rda result)$adj.r.squared
print (paste("Adjusted R?:", round(adjusted r2, 4)))

# Perform an overall significance test for the RDA model
overall pval <- anova.cca(rda result, permutations = 999)

# Display the result
print (overall pval)

#Determine Significant Axes
anova_result <- anova.cca(rda result, by = "axis", permutations = 999)
print (anova result)

# Extract significant axes
significant axes <- which (anova result[["Pr(>F)"]] < 0.05)
print (significant axes)

# Extract species (loci) loadings for significant RDA axes

snp loadings <- scores(rda result, choices = significant axes, display =
"species")

snp_loadings

###### Prepare data for ggplot

individual scores <- scores(rda result, display = "sites", scaling = 2) #
Scores for individuals

species scores <- scores(rda result, display = "species", scaling = 2) #
Scores for SNPs or variables

environmental vectors <- scores(rda result, display = "bp", scaling = 2) #
Scores for environmental variables

# Convert individual scores to a data frame

individual df <- data.frame(individual scores)

individual_df$Cluster <- clusters_data$Cluster # Add cluster information from
your data

# Convert species scores to a data frame (optional, for SNPs/variables)
species df <- data.frame (species_ scores)

species dfS$vVariable <- rownames (species df)

# Convert environmental vectors to a data frame
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env_df <- data.frame (environmental vectors)
env_dfS$Variable <- rownames (env_df)

########## Enhanced RDA plot with ggplot2 ########

ggplot () +

# Plot individual scores with clusters

geom point(data = individual df, aes(x = RDAl, y = RDA2, color = Cluster),
size = 3, alpha = 0.7) +

labs(title = "Enhanced RDA Triplot - Scaling 2", x = "RDAl", y = "RDA2",
color = "Cluster") +

# Add environmental variable vectors
geom_segment (data = env_df, aes(x = 0, y = 0, xend = RDAl, yend = RDA2Z),
arrow = arrow(length = unit (0.2, "cm")), color = "blue") +
geom text (data = env_df, aes(x = RDAl, y = RDA2, label = Variable), color =
"blue", vjust = -0.5, size = 4) +

# Add species (optional, if applicable)
geom_ text (data = species df, aes(x = RDAl, y = RDA2, label = Variable),

color = "red", alpha = 0.6, size = 3) +

# Improve theme and appearance

theme minimal () +
theme (legend.position = "right") +
scale color brewer (palette = "Setl")
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