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ZUSAMMENFASSUNG

Anthropogene Aktivitaten und Klimawandel sind die Hauptursachen fir den Verlust
von Biodiversitat. Es wird geschétzt, dass das Artenaussterben bis 2050 40% erreicht
(Thomas et al. 2004). Der Verlust der genetischen Diversitéat, Inzuchtdepression, und
die Anhaufung von Deletionsmutationen sind grundlegende Mechanismen, die das
Risiko zum Aussterben erhéhen kénnen und somit das Anpassungspotential von vom
Aussterben bedrohter Arten reduziert. Paleogenomik trdgt zum Verstandnis von
Populationsdynamiken und der Evolution der Megafauna ausgestorbener Arten bei,
indem es den Prozess, sowie genomische Konsequenzen des Aussterbens
wiederspiegelt. Diese Informationen kdnnen fur den Schutz rezenter Arten von grof3er
Bedeutung sein. Jedoch kdnnen die Ursachen fur das Aussterben auch abhangig von
der jeweiligen Art sein. In dieser Doktorarbeit werden die evolutionaren, immuno-
genetischen Populationsdynamiken des ausgestorbenen Wollhaarmammuts
(Mammuthus primigenius) und der drei rezenten Elefanten-Arten (Loxodonta africana,
L. cyclotis und Elephas maximus) untersucht. Mammuts und Elefanten bilden die
Ordnung der Russeltiere (Proboscidea), eine Ordnung, die nicht nur durch eine
schnelle Diversifizierung, sondern auch durch Aussterbensereignisse gepragt worden
ist und somit fundamentale Einblicke in die genetischen Hintergriinde des Aussterbens
und Uberlebens nahverwandter Arten gewahren kann. Die raumlich-zeitliche
Immundiversitat des Mammuts wahrend des spaten Pleistozans wurde mittels ,in-
solution target hybridization capture “und, next-generation sequencing” untersucht.
Die immungenetische Diversitdt von TLRs (toll-like receptors) und MHC (major
histocompatibility complex) der drei rezenten Elefantenarten wurde mit einer neuen
Hoch-Durchsatz-Multilocus-Genotypisierungsmethode (high throughput multilocus
genotyping) untersucht. Nachteilige Allele wurden wahrend des spaten Pleistozans in
den Mammutpopulationen weitervererbt und in hoher Zahl erhalten. Dahingegen
zeigte die immungenetische Diversitat von TLRs und MHC der drei rezenten
Elefantenarten, dass Inzucht und Mangel an Heterozygotie die genetische Diversitat
mindern. Dies konnte eine abgeschwachte Immunantwort zur Folge haben. Eine
ausbalancierte Selektion kénnte aber auch daflr sorgen, die MHC-Diversitat zu
erhalten. Wahrend einige der Ergebnisse spezifisch fur Elefanten sind, kénnten andere
auch als allgemeine Risikoindikatoren flr das Aussterben anderer Arten gelten und

somit relevant fur den Artenschutz sein.



SUMMARY

Anthropogenic pressure and climate change are the main causes of biodiversity loss.
It is estimated that by 2050 the extinction of living species could reach 40%. Loss of
genetic diversity, inbreeding depression, and mutation deleterious accumulation are
the underlying mechanisms that might increase extinction risk reducing the adaptive
potential of the endangered populations. Paleogenomics has helped to understand the
population dynamics and evolution of extinct megafauna, however, causes of
extinction may be species-specific. This PhD thesis is focused to understand the
evolutionary dynamics of the immunity in populations of the extinct woolly mammoth
and the three extant elephant species. Mammoths and elephants represent the
Proboscidean order, a group that has undergone rapid diversification and extinction
processes, thus providing fundamental insight into the genetic drivers of both extinction
and conservation in closely related species. The approach consisted in analyze the
spatiotemporal mammoths immunodiversity during the Late Pleistocene using in-
solution target hybridization capture and next-generation sequencing. As a result,
deleterious alleles segregate in mammoth populations and were maintained at
considerable frequencies during the Late Pleistocene. On the other hand,
immunogenetic diversity of TLRs and MHC was measured in the three living elephant
populations by incorporation of a novel high throughput multilocus genotyping.
Inbreeding and heterozygosity deficiency are decreasing genetic diversity in elephant
populations that may implicate a depletion of the immune response, interesting,
balancing selection is acting as rebound effect to maintain the MHC diversity. The
findings found in this study provides important insight to quantify genetic threats in

extinct and endangered species.



1. CHAPTER I INTRODUCTION

1.1. EXTINCTION

1.1.1. Megafauna extinction

At the global scale, biodiversity is being lost in the middle of a six mass extinction and
scientific evidence suggests that climate change and anthropogenic pressure are the
main causes (Urban 2015; Thomas et al. 2004). This six mass extinction started in the
Late Quaternary and has been estimated that over 300 mammal species have
disappeared since then (Davis, Faurby, and Svenning 2018). The Quaternary period
began 2.6 million years ago, is divided into the Pleistocene and the Holocene, and was
dominated by glacial-interglacial oscillations. The Pleistocene (2.6 My to 11,000 years
before the present (BP)) is marked by long cold glacial intervals (glaciations) of up to
100,000 years followed by short warm interglacial intervals of 10,000 years. The
Holocene, an interglacial period occurred 11,000 years ago during the last glaciation

and where human civilizations emerged (Pillans and Gibbard 2012).

Towards the Mid Pleistocene transition (MPT) ~1.2-06 million years ago, oscillation of
warming and cooling episode, coinciding with an enigmatic mass extinction in the deep
oceans, altering the biomass equilibrium and consequent erosion of diversity in marine
biota (Barnosky 2008; Kender et al. 2016). Post MPT, glacial-interglacial periodicity
from 41,000 to ~100,000 years cycle was modified, and extinctions became more
pronounced in the last 800,000 years than during earlier glacial-interglacial cycles.
Extinct vegetation and fauna were replaced by migration and evolution of similar
species (Zhou et al. 2018; Anthony John Stuart 2015). During the Late Pleistocene
occurred an accelerated defaunation in most parts of the planet knows as the
Quaternary Megafauna Extinction (QME), which occurred during the last glacial period,
becoming stronger towards 50,000 years ago at the end of the Pleistocene. Near 65
% of terrestrial megafauna (> 45 kg) became globally extinct, including several
proboscidean (Barnosky et al. 2004; A. Cooper et al. 2015). Two highly controversial

theories implicate environmental pressures caused by global climate change and



dispersal of prehistoric humans as the main drivers of several megafaunal species
extinction (Barnosky et al. 2004; Elias and Schreve 2013).

Climate played a predominant role in the extinctions, but severity was highly variable
among geographic regions, implying a major species loss in regions that experienced
the most dramatic changes, with the most affected in North America, South America
and Australasia, lesser extent in northern Eurasia, and southern Asia and sub-Saharan
Africa were less affected (Nogués-Bravo et al. 2010; A. Cooper et al. 2015; Anthony
John Stuart 2015). In North America, climate change reduced plant and animal
diversity during the Younger Dryas cooling event (12,900 to 11,700 BP), in the
transition to Holocene, plants recovered their diversity, while megafauna were
decimated by extinction (Seersholm et al. 2020). In northern Europe, Siberia, and
Alaska extinctions occurred in two climatic change pulses. The first coincided to
increasingly glacial conditions between 45 and 21 kyr BP, including the Last Glacial
Maximum (LGM) event (29-19 kyr BP), affecting warm-adapted species. During the
second pulse of extinctions, between 21 and 3 kyr BP when temperatures rapidly
increase in the Bolling—Allerad warming event (14.7 kyr BP), retreating glaciates and

affecting cold-adapted species (Nogués-Bravo et al. 2010).

1.1.2. Prehistoric anthropogenic impact

Extinction of several species is often attributed to prehistorical humans through overkill,
rapid overkill (blitzkrieg), fire, habitat fragmentation, and the introduction of exotic
species and diseases (sitzkrieg) (Barnosky et al. 2004; Anthony John Stuart 2015).
The arrival of humans in North America was simultaneous with climate change and
archaeological evidence shows that Clovis people hunted large mammals and overkill
was an additional factor in the extinction of certain species (Anthony John Stuart 2015;
Seersholm et al. 2020). In certain areas of the Arctic region humans coexisted for a
long period with mammoths without severely affecting their distribution (Wang et al.
2021). Human hunting appears to have been a minor factor in driving Pleistocene
extinctions occurred in South America and Australia (Barnosky et al. 2004; Anthony
John Stuart 2015; Barnosky and Lindsey 2010) and even though Neanderthals



developed advanced hunting techniques to select specific prey animals (Marin et al.

2017) there is no evidence of causing considerable damage on the megafauna.

An hyperdisease hypothesis proposes that with the arrived of aboriginal humans or
their dogs, arrived potential disease vectors as rats or fleas with their respective
parasites, and in this way, may have been possible to introduce one or more highly
virulent diseases into native animals populations, being one of the possible drivers of
extirpation or extinction of the Pleistocene megafauna (MacPhee, R.D.E. and Marx,
P.A. 1997; MacPhee and Greenwood 2013; Kathleen Lyons et al. 2004). It has been
proposed that the introduction of one Herpesviridae virus from humans to
Neanderthals may have contributed to the extinction of Neanderthals (Wolff and
Greenwood 2010). The case of Christmas Island rats for now is the only evidence that
supports hyperdisease hypothesis, where fleas from invasive black rats may have
infected the endemic Christmas Island rats with a trypanosome parasite, which could

have caused their collapse (Wyatt et al. 2008).

Geographically and temporal patterns of extinction suggest a complex interplay where
climate change and human effects appears to be the reasons for the extinction;
however, megafaunal population dynamics and evolutionary scenarios are species-
specific, making it difficult to have a complete picture causes of extinction (Lorenzen
et al. 2011).

1.1.3. Anthropocene

Increasing human pressure is having profound impacts on natural environments and
distributed species. Alarmingly, extinction rates have accelerated during the last
century affecting severely large vertebrates, being one of the main causes the
anthropogenic pressure (Ceballos et al. 2015; Ripple et al. 2019). Megafaunal decline
can alter drastically ecological services, modifying ecosystems and producing a
detriment in species interactions (Ripple et al. 2015). Endangered populations face a
loss of genetic diversity associated with inbreeding depression that might affect the
reproduction, reduce the fitness, and accumulate deleterious mutations causing a
genomic erosion that may result in the subsequent extinction (Diez-del-Molino et al.
2018).



1.2. PROBOSCIDEAN

1.2.1. Proboscidean evolution and extinction

Proboscidean order including living and extinct elephants (Elephantidae) and their
relatives. lts diversification exploded during the Miocene, and they spread outside Afro-
Arabia reaching Eurasia and the Americas. Before the Quaternary collapse
proboscidean reached a maximum of 33 species. The decline came in a first wave of
extinctions approximately 7 Ma and intensified around 3 Main Eurasia and 2.4 in Africa.
Climate change and over-hunting triggered the extirpation of some species in the Late
Pleistocene (Cantalapiedra et al. 2021). Elephantidae extinction occurred at different
times involving several species, the European straight tusked elephants (genus
Palaeoloxodon) disappeared among ~50,000 to 35,000 years (Anthony J. Stuart
2005), the North American Columbian mammoth (Mammuthus columbi) ~11,000 years
at the end of the last ice age (Enk et al. 2011), and the woolly mammoth (Mammuthus
primigenius) is extirpated from the mainland ~11,000 years, surviving isolated on small
islands until ~4,000 years into the Holocene (Haile et al. 2009; Nystrom et al. 2010;
Palkopoulou et al. 2015). Only three species of elephantids survive, the savanna
elephant (Loxodonta africana) and the forest elephant (Loxodonta cyclotis) that are
restricted to Africa, and one is endemic to Asia (Elephas maximus) (Roca et al. 2015).
Elephants have suffered a remarkable decline due anthropogenic impacts, as
fragmenting and reducing population sizes, disrupting social linkages, and decreasing

genetic diversity (Goswami, Vasudev, and Oli 2014; Lee and Graham 2006).

1.2.2. Consequences of diversity loss

As a consequence, directly or indirectly, of human activities, ecosystems are
experiencing a massive loss of diversity. For which, small and isolated populations
have a high risk of extinction (Ceballos, Ehrlich, and Raven 2020) and this modern
extinction crisis is prompting scientific efforts to understand the genetic and ecological
interactions occurring across these small populations. One of the main threats of

declining populations is to maintain high genetic diversity, otherwise they may



susceptible to extinction through mutational meltdown. Small populations with low
connectivity have more chance to increase the inbreeding, reduce the genome-wide
heterozygosity, accumulate and fix deleterious mutations that may result in a dramatic
drop down of population size and reducing the adaptive fitness (Charmouh et al. 2022;
Diez-del-Molino et al. 2018). This scenario coincides with the woolly mammoths
experienced just prior its extinction. An isolated population on Wrangel Island that
suffered a reduction of genetic diversity with accumulation and fixation of deleterious
alleles, resulting in genomic meltdown and probably leading with functional

consequences (Fry et al. 2020; Rogers and Slatkin 2017).

1.3. MEASURING THE IMMUNODIVERSITY

1.3.1. Innate and adaptive immune systems

The immune system of vertebrates has two powerful mechanisms, the innate and the
adaptive immune systems, which act coordinated to recognize, control, and eliminate
infectious agents and malignant cells (Buchmann 2014; Suckale, Sim, and Dodds
2005). Innate immunity is considered a nonspecific response because pattern-
recognition is based on the recognition of a limited set of molecular structures that are
evolutionary conserved and are maintained invariant among microorganisms, whereas
the adaptive immune system provides high specificity despite having to respond to a
wide number of targets (M. D. Cooper and Alder 2006; Ward and Rosenthal 2014). The
adaptive immune system is composed of specialized T and B lymphocytes cells that
express antigen-specific receptors on their cell surface, allowing the recognition of a
unique microorganism by specific antigens, producing long-term immunological

memory (Chaplin 2010).

1.3.2. Toll-Like-Receptors

Toll-like receptors (TLRs) are the first line of defense of innate immunity, sensing

infectious microorganisms by recognizing a wide variety of pathogen-associated



molecular patterns (PAMPs), including glycolipids such as bacterial
lipopolysaccharides (LPS), bacterial lipoproteins and lipoteichoic acids, flagellin, the
unmethylated CpG DNA of bacteria and viruses, double-stranded RNA, and single-
stranded viral RNA. The interactions of the TLRs trigger intracellular signaling
pathways inducing the release of inflammatory cytokines (lwasaki and Medzhitov
2004; Tang et al. 2012). All TLRs have a common structural framework including an
extracelular LRR ectodomain, a single transmembrane helix, and an intracellular
Toll/interleukin-1 receptor (TIR) domain (Botos, Segal, and Davies 2011). The
ectodomain varies from 17 to 26 consecutive leucine-rich repeat motifs (LRR) that
adopt a horseshoe-shaped solenoid structure with a wide versatility for the recognition
of a variety of pathogens. The cytoplasmatic TIR domains are conserved across all
TLRs and are involved in dimerization and initiate the signaling cascade and the
transmembrane helix links the extracellular and intracellular portions and determines
the subcellular localization of TLRs (Botos, Segal, and Davies 2011; Bella et al. 2008).
TLRs can be located into endosomal compartments and there are effective against
viruses, or into cell surface in which they detect bacteria, parasites and fungi (Kumar,
Kawai, and Akira 2009).

1.3.3. The major histocompatibility complex

The major histocompatibility complex (MHC) is the most large multigenic and
polymorphic region found in most vertebrates. MHC consists of two clusters of genes,
MHC class | and MHC class Il (Trowsdale 2011). Genes in the MHC locus code for
molecules that present protein-derived peptides (antigens) from intracellular (e.g.,
viruses, cancer infected cells) and extracellular (e.g., bacteria and parasites) to T-cells.
Through antigen presentation, MHC molecules are able to control sel/nonself
recognition, autoimmunity, and to activate an immune response against the pathogens
(Neefjes et al. 2011). A prominent characteristic of the MHC antigen-binding-
recognition region (ABR), the pocket where antigens are bound, is the highly degree
of polymorphism that allows it to recognize a high diversity of pathogens (Radwan et
al. 2020). ABR in MHC | and Il share a similar fold which is composed of two domains,
with a single alpha-chain in the class | and alpha-chain and beta-chain in the class I,

producing a wide plasticity to accommodate a broader range of antigens (Falk et al.
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1991; Wieczorek et al. 2017; Manczinger et al. 2019). Several mechanisms of
balancing selection have been proposed to explain the exceptional MHC
polymorphism, the heterozygote advantage (HA) (overdominance), where the
presence of two alleles per MHC gene increases the chance of pathogen recognition,
similarly, negative frequency-dependent selection (NFDS) (rare allele advantage),
posits that having highly diverged MHC alleles will increase the repertoire to bind more
different antigens and in consequence triggering a specific immune response, and
fluctuating selection (FS) (spatiotemporal selection), assumes an arms race between
pathogen and host, with alleles are transient and replacing each other due to pathogen
pressure (Radwan et al. 2020; Spurgin and Richardson 2010). Balancing selection
may promoting trans-species polymorphisms (TSP), alleles that are more similar or

identical in multiple species (Klein, Sato, and Nikolaidis 2007).

1.3.4. Immunodiversity loss

Demographic bottlenecks erode genetic diversity and may decreased fitness and
adaptive potential. Immunodiversity is often substantially reduced during severe
population bottlenecks and the depletion of variation at MHC loci has been associated
with reduction to mount a protective immune response and potentially increase
susceptibility to disease, being a major extinction risk factor for endangered species
(Ejsmond and Radwan 2011). The evolution of TLR diversity is generally less well
characterized, however, there is evidence showing species-specific pathogen
recognition, which is important from the ecological point of view of the evolution of wild-
type infectious diseases (Werling et al. 2009). TLRs with the MHC are associated with
resistance to infectious disease and a reduction in the diversity of both could imply
increased of susceptibility to pathogens, which in extreme, could affect species

survival.

Neutral markers are useful for genetic profiling and to infer populations demography
due to high rates of evolution of intra-species polymorphisms (Ishida et al. 2011).
However, they are not under natural selection, they are inappropriate to investigate
functional genetic variation behind episodes of pathogen exposure. On the other hand,

diversity in the innate and adaptive immune systems can be of great use in determining
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to a large extent the long-term survival and viability of populations (McCallum 2012;
Smith, Sax, and Lafferty 2006). A combination of Neutral markers with immune genes

could provide a better measure of diversity and population dynamics in wildlife species.

1.3.5. Technical approaches to measure the immunodiversity

Paleogenomics, the study of ancient DNA (aDNA), have revolutionized our
understanding of many questions in anthropology, archaeology, ecology, and
evolutionary biology reconstructing major prehistoric and historic events in a shorter
timescale (Orlando et al. 2021). Studies in aDNA have improve from analysis of short
DNA fragments (229 bp mitochondrial DNA in quagga) (Higuchi et al. 1984) till by
genome-scale studies, reconstructing whole human population ancestry (Orlando et
al. 2021; Hellenthal et al. 2014) and metagenomic and enviromental DNA analysis in
complete ecoregions (Orlando et al. 2021; Fellows Yates et al. 2021; Kjeer et al. 2022).
Using a combination of aDNA in-solution target-enrichment techniques with next-
generation sequencing (NGS) prove an invaluable tool for measuring diversity of
immunological important nuclear DNA loci in the woolly mammoth and its distribution

over time, specifically during the Late Pleistocene through the Holocene.

Genotyping genes with extensive polymorphism may result in a difficult task, especially
in non-model vertebrates. Genome reference sequences are available in different
databases; however, the genes annotation includes errors, notably, in immune genes
that are commonly present at multiple copies, locus may be very divergent, or where
domains are well conserved throughout many genes in other families, making
methodological design of multilocus genotype challenging (Babik 2010; Sommer,
Courtiol, and Mazzoni 2013). Genotyping has move from cloning/Sanger sequencing
to NGS technologies reducing time and cost balance for larger sample size; however,
some technical problems still be frequent like allelic dropout due to unbalanced
amplification, alleles artefacts, and SNP calling (Babik 2010; Sommer, Courtiol, and
Mazzoni 2013). Long-read sequencing platform (Chang et al. 2014) has the potential
to produce longer reads that can facilitated massive genotyping in complex genomic
organization regions, like immune genes, in poorly studied organisms such as wildlife

elephant populations.
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1.4. STUDY AIMS

The general objective of this study is to investigate the evolutionary dynamics of the
immunity to extinct woolly mammoths and extant elephants. During most part the
Pleistocene, Woolly mammoth populations dominated North America, Siberia, and
Beringia, but abruptly collapsed on the mainland around 10,000 years ago at the end
of the Late Pleistocene which may have been driven by climate warming and human
predation. An isolated population survived on the Wrangel Islands until its final
extinction about 4,000 years ago. Paleogenomic studies from one specimen on this
Island have highlighted how the isolation reduced the genetic diversity and led to
increase in the frequency of detrimental mutations. On the other hand, during the
transition from the Pleistocene to the Holocene when the majority of megafaunal
became extinct the three elephant species did not suffer population declines, however,
due anthropogenic activities (i.e., poaching, ivory trading, territory fragmentation),
elephants have suffered a remarkable loss of their diversity. This is potentially serious,
especially in endangered species, because the immune response may be

compromised, increasing susceptibility to infection.

To address these evolutionary aspects, two specific aims were established: the first
aim was to test the effect of population collapse on genomes of Late Pleistocene
mammoths. In Chapter 2, using in-solution target hybridization capture approach
followed by next-generation sequencing, a large set of nuclear genes, covering
primarily the immune system diversity were analyzed in mammoths over the Late
Pleistocene and across different geographic regions. Our results suggest that during

this period mammoths had a relatively high load of deleterious alleles.

The second aim was to measure the immunogenetic diversity of TLRs and MHC in the
three living elephant populations. In Chapter 3, a multilocus genotyping method
coupled with PacBio high throughput sequencing platform was implemented, a total of
263 wild and captive elephants were analyzed. Evidence of balancing selection acting
on MHC diversity was found for populations of three elephant species, however,
immunodiversity may going in detrimental as consequence of inbreeding and

heterozygosity deficiency, which can increase susceptibility to infections.
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2.1. ABSTRACT

Mammoths (Mammuthus sp.) had a holoarctic distribution until the Pleistocene-
Holocene transition approximately 10,000 years ago resulted in their population
declining to isolated island populations and relict mainland populations. Among Island
mammoth populations, genomic degradation has been observed which has been
suggested to have been a driver of their eventual extinction. However, during the
Pleistocene, mammoth populations exhibited a complex demographic history marked
by population fluctuations, loss of genetic lineages, population replacement and
interbreeding among populations. To test the genomic consequences of mammoth
spatiotemporal dynamics, we performed in-solution target hybridization capture and
next-generation sequencing on 90 mammoths samples temporally distributed across
the Late Pleistocene and collected across the mammoth’s range. Two hundred and
fifty nine genes representing neutral, antiviral, arctic adaptation associated, cellular
process associated, immune and sexual markers were analyzed. Loss of diversity was
concentrated in innate immune genes. Potentially deleterious alleles were identified
throughout the Pleistocene with little difference in frequency among different time
points. Predictions of the functional consequences of observed non-synonymous
variants suggest mammoths may have experienced genomic degradation, with
dysregulation of the immune system as a major consequence, throughout the
Pleistocene.
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2.2. INTRODUCTION

Mammoths (Mammuthus sp.) dispersed from Africa to Asia approximately 5 million
years ago gradually achieving a Holoartic distribution in the Early Pleistocene (1.9
Mya), including much of Europe and North America (~1.5 to 1.3 Mya) (Lister, 2001,
Lister et al., 2005). The woolly mammoth (Mammuthus primigenius) and the
Columbian mammoth (Mammuthus columbi) dispersed at different times during the
Pleistocene though their range overlapped in North America (Enk et al., 2016).
Mammoths populations collapsed on the mainland at the end of the Late Pleistocene
around 10,000 years ago (Haile et al., 2009) while relic populations survived on islands
such as St. Paul (5,600 yBP) (Graham et al., 2016) and Wrangel islands (4,000 yBP)
until their final extinction (Nystrom et al., 2010, 2012; Palkopoulou et al., 2015). Recent
environmental DNA (eDNA) results from sediments suggests mammoths persisted in
the Siberian mainland during the Holocene in northeast Siberia until ~7.3 kya, Taimyr
Peninsula ~3.9 kya (Wang et al., 2021), North America ~8.6 kya (Wang et al., 2021),
and eastern Beringia (Yukon) ~5.7 kya (Murchie et al., 2020, 2021) likely as relict

populations.

Mammoths evolutionary history and demographic changes were inferred, originally,
from mitochondrial DNA analysis. Around ~1.0-2.0 million years ago (Ma), three
mitochondrial lineages diverged (Barnes et al., 2007; D. Chang et al., 2017; Debruyne
et al., 2008; Palkopoulou et al., 2013). Clade | (haplogroups C, D, E, and F) originated
in North America, and was confined there until migrated across the Beringian land
bridge occurred circa 300 ka during the Middle Pleistocene. It dispersed throughout
Eurasia around 66 kya and became the predominant clade during the Late Pleistocene
(Barnes et al., 2007; Debruyne et al., 2008; Gilbert et al., 2008; Palkopoulou et al.,
2013). Clade Il (haplogroup A) originated in Siberia ~810-360 ka with a limited
distribution to western Beringia and northern Siberia until its extinction. It coexisted in
northeast Siberia with clade | during the Middle Pleistocene ~44 kya (Barnes et al.,
2007; Debruyne et al., 2008; Gilbert et al., 2008; Palkopoulou et al., 2013). Clade Il
(haplogroup B) originated ~1.4-0.7 Ma in Europe and dispersed to North America in
different waves (~1.3 Ma) and (~500-240 kya). Its extinction is explained by a

competition replacement scenario with mtDNA clade | (D. Chang et al.,, 2017,
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Debruyne et al., 2008; Enk et al., 2016; Fellows Yates et al., 2017; Palkopoulou et al.,
2013). A new mitochondrial lineage was recently detected using eDNA (Wang et al.,
2021) indicating that mammoth’s phylogeographic history was far more complex than

previously assumed and some evolutionary gaps remain un-resolved.

Although Columbian mammoths are considered to be a distinct species, the Columbian
mammoth mitochondrial lineage is embedded within the woolly mammoth clade I,
suggesting introgression occurred among mammoth species (Debruyne et al., 2008;
Enk et al., 2011; Palkopoulou et al., 2018). Recent nuclear genomic analyses suggest
a complex evolutionary history of mammoth species admixture and introgression
across their range. Columbian mammoths appear to be the result of a hybrid speciation
event between an ancient mammoth lineage and the woolly mammoth (van der Valk
et al., 2021) followed by recent unidirectional gene flow from North American woolly
mammoths (Palkopoulou et al., 2018; van der Valk et al., 2021) and woolly mammoths
and straight-tusked elephants also interbred (Palkopoulou et al., 2018). These events
are not surprising given their remarkable ability to disperse over long-distances,
including extensive ranges covered during their lifetimes (Wooller et al., 2021).

The climate varied dramatically during the Pleistocene, from extremely cold and dry
conditions until the last glacial maximum (LGM) (26.5-19 Kya) (Clark et al., 2009),
followed by a rapid period of warming known as the Bglling—Allergd interstadial (~14.6-
12.9 kya) (Rasmussen et al., 2006), and a subsequent return to colder temperatures
during the Younger Dryas stadial (~12.9-11.7 kya) (Mangerud, 2021) which directly
preceded the Pleistocene-Holocene transition. The warming event of the Bglling—
Allergd interstadial drove a requisite shift in Arctic vegetation composition, leading to
mammoth habitat loss, population decline, local extinctions and recolonization events
(Gilbert et al., 2008; Kuzmin, 2010; MacDonald et al., 2012; Murchie et al., 2021;
Nikolskiy, 2011; Nogués-Bravo et al., 2008; Stuart et al., 2004; Wang et al., 2021).

When compared to mainland populations of mammoths and Asian elephants, the
genome of Wrangel Island mammoth exhibited an excess of homozygous substitutions
and accumulation of detrimental mutations (Palkopoulou et al., 2015). The decreased

population size and prolonged geographic isolation on Wrangel Island resulted in an
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excess of the deleterious genetic variants, affecting genes associated with behavioral
and developmental processes (Fry et al.,, 2020; Rogers & Slatkin, 2017). Although
guantification of genetic factors such as population size, inbreeding depression, loss
of genetic diversity, and mutational accumulation can help explain the extinction
process (Frankham, 2005; M. Lynch et al., 1995), understanding their role as drivers
of extinction is often challenging as species on the brink of extinction exhibit different
evolutionary responses (Diez-del-Molino et al., 2018). For example, small-isolated
populations of Iberian lynx (Lynx pardinus) (Abascal et al., 2016; Casas-Marce et al.,
2017; Kleinman-Ruiz et al., 2022), Indian tigers (Panthera tigris tigris) (Khan et al.,
2021), Indian lions (Panthera leo leo) (de Manuel et al., 2020), Channel Island foxes
(Urocyon littoralis) (Robinson et al., 2016), Apennine bears (Ursus arctos marsicanus)
(Benazzo et al., 2017), and Grauer’s gorillas (Gorilla beringei graueri) have suffered
differing genetic consequences in response to severe population decline.

The Iberian lynx suffered drastic population bottlenecks and severe genetic erosion,
resulting in a loss of spatiotemporal genetic diversity, increased genetic differentiation
between populations, and lineage extinction (Abascal et al., 2016; Casas-Marce et al.,
2017). In the Indian tiger, purging has been efficiently removing the high load of
deleterious recessive mutations; however, the remaining deleterious alleles occur at
high frequencies and may have a fithess cost associated with inbreeding depression
(Khan et al., 2021). The Indian lion experienced a low genetic diversity characterized
with extreme reduction in heterozigosity with an accumulation of homozygous
deleterious mutations (de Manuel et al., 2020), Channel Island foxes have had long
term small population sizes resulting in increased homozygosity of deleterious alleles.
However, the foxes may have compensated with phenotypic plasticity in regulatory and
epigenetic mechanisms (Robinson et al., 2016). Apennine bears experienced
inbreeding and low genetic diversity, with subsequent fixation of deleterious mutations
by drift. However, their extinction risk remains low, due to dietary adaptations and
maintenance of diversity of immune and olfactory receptors genes (Benazzo et al.,
2017). A rapid population decline faced during the last 20 years by Grauer’s gorilla
decreased genome-wide diversity, increased genetic drift and inbreeding, which has
increased the frequency of deleterious alleles affecting immunity and methylation

genes with a possible impact in pathogens clearance (van der Valk et al.,, 2019).

25



Neanderthals and Denisovans may have suffered a rapid accumulation of deleterious
alleles that contributed to lowered fitness and populations viability (Harris & Nielsen,
2016; Juric et al., 2016).

To test the effect of population collapse on genomes of Late Pleistocene mammoths,
we performed an in-solution target hybridization capture approach on 90 mammoths
samples distributed temporally across the Late Pleistocene and much of the known
distribution. We focused on genome degradation process in a panel of 259 genes
associated as antiviral (host antiviral proteins) (Tenthorey et al., 2020), neutral markers
(neutral intron-markers) (Igea et al., 2010), arctic adaptation (genes associated to with
arctic-climate adaptation) (V. J. Lynch et al., 2015), cellular process (genes involved in
cell stability), immunity (genes associated with antigen recognition and immune
response), and sexual markers (introns encode in X and Y chromosomes) (Roca et al.,
2005). Our results suggest that accumulation of deleterious alleles was a persistent

feature of mammoths throughout the Pleistocene.

2.3. RESULTS

2.3.1. Results Estimation of Endogenous content and coverage

We evaluated the success of our DNA capture-enrichment across 259 target gene
regions, estimating the number of sites covered (21X) for mitochondrial and enriched
nuclear DNA targets (Supplementary Figure 2.1). Mitochondrial DNA coverage was
negligible. In two samples, 67 and 107 mtDNA sites were covered (=21X), indicating
that our nuclear DNA capture was specific enough to avoid mtDNA (Supplementary
Figure 2.1). Additionally, 56 captured-enriched sequenced libraries with > 50,000
mapped reads were used to compare endogenous DNA, sites coverage, and read
lengths for each geographic region Supplementary Figure 2.1 (Boxplot A-C).
Sequences from the Alaska-Yukon region yielded more endogenous DNA and sites
with coverage 2 1X. However, read lengths were longer in Eastern Siberia 78.43 to
87.26 base pairs (bp) and markedly shorter in North America 51.72 to 78.61 base pairs

26



(bp) Supplementary Figure 2.1 (Boxplot A-C). For all captured-enriched libraries, we
calculated the percentage of target sites covered for each sample and each geographic
region, finding that Alaska-Yukon and Eastern Siberian samples yielded the most
coverage per target Supplementary Figure 2.1 (Boxplot D). Enrichment was more
efficient in samples from high-latitude regions such as the Alaska-Yukon and Eastern
Siberia regions and decreased for low latitude samples from North America samples.
This result is consistent with studies of climate variables that determine aDNA
preservation when comparing sub-arctic and arctic samples (Hofreiter et al., 2015;
Schwarz et al., 2009; Smith et al., 2003).

2.3.2. Genetic affinity and dynamics of mammoths during the Late Pleistocene

To assess genetic relationships among the newly sequenced mammoths, we
compared them to 24 extant and extinct proboscidean genomes and employed
multidimensional scaling (MDS) and pairwise-distance analysis to understand the
population dynamics throughout the Late-Pleistocene. MDS was used to capture
genetic variation among all species and as a way to validate our low coverage data. A
summary of type of analyses for each sample is reported in the Supplementary Table
2.1.

The first dimension demonstrated that 15.5% of the total genetic variation separated
mammoths from elephants (Figure 2.1). The African elephant cluster retained the
straight-tusked elephants suggesting genetic relatedness between African and
European elephant species consistent with recent independent data (Palkopoulou et
al., 2018). Woolly mammoths and Columbian mammoth also clustered consistent with
previous analyses (Enk et al., 2016; Palkopoulou et al., 2018; van der Valk et al., 2021).
A second MDS analysis included only Asian elephants and mammoths (Figure 2.1).
Mammoths from both sides of the Bering Strait formed a central cluster, with individuals
from the Taimyr peninsula, a distant region from Beringia, clustering separately. This
suggests that while some geographic differentiation is present, it does not correspond
to temporal or geographic proximity suggesting a complex population history across
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the region and not a simple separation of two populations across the Bering strait. The
genetic variation in these genes is not differentiating between the Columbian mammoth
and mammoth cluster, thus suggesting close relatedness or lack of resolution at these
markers (Figure 2.1). Comparing per-individual enriched mammoths against each
reference genome make evident two groups could be distinguished: an woolly
mammoth group and a woolly mammoth group closely genetically related to the

Columbian mammoth.

Pairwise-distances were calculated for the 22 capture-enriched mammoth samples
with sufficient coverage for analysis compared to a whole mammoth genome sequence
panel which contained eight individuals from the Late Pleistocene (Supplementary
Table 2.2). Of 22 captured-enriched mammoths, 10 samples were most closely related
to genome H (Alaska) (Figure 2.1). Even though mammoths of our samples co-existed
with the Oimyakon genome P during the Late Pleistocene, there were remotely related,
suggesting that Oimyakon was an isolated lineage. In contrast, we found that five
samples (SYU3, Ber5, Berll, Ber20, and WR2) (Figure 2.1) were most closely related
to genome Q, from Wrangel Island (Palkopoulou et al., 2015) despite being a non-
contemporary (Figure 2.1) suggesting a temporal continuity of this lineage. We also
found interrelationships with lineages distant from northern of Siberia that were
dramatically reduced by local extirpation and widespread extinction. Samples 2006-
001 from Yakutia (~41,300 yBP) and AM104 (42,764 yBP) from Cleary Creek (Alaska)
could represent a small relict of a different lineage, both shared the same nuclear
profile but with different mitochondrial haplotype. Mammoth 2002_472 (>48,800 yBP)
was closely related to genome G (~31,500 yBP) from the Taymir Peninsula. Mammoth
17301 was related to genome S (from the Yamal Peninsula ~45,300 yBP, mtDNA clade
[II) despite being sampled in Yukon >45,400 years ago and bearing a North American
mitochondrial haplotype (clade 1). Consistent with the results of previous studies (Enk
et al., 2016; Palkopoulou et al., 2018; van der Valk et al., 2021) Columbian mammoth
MtDNA and nuclear genomes suggest an extensive interbreeding with woolly

mammoths occurred across their overlapping ranges.
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Figure 2.1.Genetic relationships among mammoths.

A. In the left panel, multidimensional scaling (MDS) of extant and extinct proboscidean species were projected onto the first two dimensions estimated (dim1
and dim2) using 15,566,481 transversion sites. In the right panel, MDS of mammoths and Asian elephants were projected. Modern samples are depicted as
circles and ancient samples as diamonds. B. A map representing the genetic affinity among mammoths analyzed in this study against a whole mammoth
genome panel is shown. Different nuclear lineages are represented by different geometric shapes as described in the figure. The color bar indicates mammoth
temporal distributions, and small dots the geographic location. Black dots without lines correspond to samples of undetermined lineage.
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2.3.3. Patterns of genetic diversity

Arctic adaptation-related genes showed a similar pattern of diversity to all other genes
with analyzed with the exception of keratin 3 (KRT3), transient receptor potential cation
channel subfamily A member 1 (TRPA1), and transient receptor potential cation
channel subfamily V member 3 (TRPV3), which showed a reduction in diversity in
mammoths compared to the Asian elephant (Figure 2.2). Similarly, KRT3, a keratin
gene involved in hair development, and TRPA1 and TRPV3 which are temperature-
sensitive transient receptor potential (thermoTRP) channels, involved in mammoth

cold tolerance adaptation (Lynch et al., 2015) had reduced diversity.

Among immune related genes, mammoth MHC class | gene showed a four-fold
increase in diversity compared to other mammoths immune genes (Figure 2.2). The
comparison was based on differences in mean genetic distance values. KIR3DL3 and
KIR3DX1 (Figure 2.2), members of the killer-cell immunoglobulin-like receptors (KIRS)
exhibited a reduction in diversity compared to Asian elephants. KIRs include both
activating and inhibitory receptors that interact with the MHC class | (Parham, 2005).
The interferon-induced transmembrane 1 IFITM1-Like gene (Figure 2.2), a potent
antiviral effector against human hepatitis C virus (HCV) (Narayana et al., 2015) and
IRGM (Immunity-related GTPases M) involved in intracellular pathogen defense (Singh
et al., 2010) also exhibited decreased diversity (Figure 2.2). TLR2, TLR10, and TLR13
showed lower diversity than other mammoth TLRs (Figure 2.2). In the cellular gene
category, MAGE family member H1 (MAGEH1) (Figure 2.2), which plays a role on
tumorogenesis (Doyle et al., 2010) had reduced diversity compared to the Asian

elephant.
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Figure 2.2.Gene diversity.

A boxplot compares the genetic distance between present-day Asian elephants and mammoths with genes grouped by function: arctic adaptation, cellular
process, antiviral, neutral markers, and sexual markers are shown separately.
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2.3.4. Adaptive diversity declines post climate change

We compared mammoth spatial and temporal genetic distances by fitting linear mixed
models (LMMs) to different gene functions. Geographic distances were significantly
correlated with the genetic distance in arctic adaptation genes, cellular process genes,
immunity, and sexual markers, but was not correlated with the genetic distance in
neutral markers (Supplementary Table 2.3). Based on gene function temporal genetic
diversity estimation, LMMs showed that neutral markers, arctic adaptation, immunity
related genes, and sexual markers diversity had a significant effect on mammoth
population diversity throughout MIS3 (LGM 26.5-19 Kya). LMMs showed that the effect
was maintained after genetic diversity decline occurred during MIS2 and MIS1 periods,
in neutral markers, immunity, and sexual markers. In general, sexual markers showed
reduced genetic diversity over time, whereas immunity and neutral markers was not

linear with some lost diversity recovered over time.

2.3.5. Accumulation of detrimental mutations

For protein functional impact prediction, mammoth genetic variants were examined
using the Ensembl predictor (VEP) (McLaren et al., 2016). When looking at the number
of unique substitution per length of each gene unique substitutions and coverage per
gene were not correlated (Supplementary Figure 2.2). One hundred and ninety three
identified SNPs were classified into ten SNP types and variants were sorted into four
categories of potential impacts (Supplementary Table 2.4). Fifty three mutations in 41
genes were classified as having low impact (minor coding effect), thirty six mutations
in 25 genes as modifier impact, (non-coding variants, where impact prediction is not
clear), ninety five mutations in 59 genes as moderate impact (a non-disturbing variant
that might alter the protein function), and nine mutations in seven genes as high impact
on gene function or loss-of-function (LoF) variants, that are predicted to disrupt gene
function (Supplementary Table 2.4). The first group of mutations with predicted low
impact, included 43 synonymous variants and ten intronic variants of which three
appeared in a splice region in the complement C5 (C5), CD109 molecule (CD109), and
RB transcriptional corepressor 1 (RB1) genes. In the second group with modifier
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impact variants, 33 mutations occurred in introns, two in coding sequence in the
complement C3d receptor 2 (CR2) and lymphocyte antigen 9 (LY9) genes, and one
variant in the downstream region of the inositol-trisphosphate 3-kinase A (ITPKA)
gene. The moderate impact group contained 94 missense variants, corresponding to
non-synonymous single-nucleotide polymorphisms (nsSNPs), including two mutations
that altered a splice region of laeverin (LVRN) and myeloid cell nuclear differentiation
antigen (MNDA) genes. A single nsSNP introduced a proline in the T-box transcription
factor 15 (TBX15) gene by frameshift.

LoF variants, included one premature stop in the C-reactive protein (CRP) (Sproston
& Ashworth, 2018). Four frameshift deletion variants, two in the immunoglobulin
superfamily member 10 (IGSF10) gene, one in a splice region of the Leucine rich
repeat containing 9 (LRRC9) gene, and one in a splice donor site of the LVRN gene
were observed. Three frameshift insertion variants in the C5, CR2, and MNDA genes
were identified. The mutation in CR2 occurred in a intron splice region and an
additional splice donor variant in an intron of the MNDA gene was detected
(Supplementary Table 2.4).

We examined whether there was a spatiotemporal association in accumulation of
variants as previously observed for Wrangel Island (Fry et al., 2020; Rogers & Slatkin,
2017). We tested genetic variants distribution in the MIS3, MIS2, and MIS1 periods
(Figure 2.3). Variants were evenly distributed spatiotemporally suggesting no specific

selective pressure during various climatic upheaval.
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Figure 2.3. Temporal distribution of SNPs during the Late-Pleistocene.
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2.3.6. Predicted functional impact of missense variants

PredictSNP identified 12 nsSNPs as deleterious substitutions on 9 genes and
PROVEAN identified 10 nsSNPs as deleterious substitutions in 9 genes. In total,
both methods predicted 17 nsSNPs as deleterious substitutions occurring in 14
genes, (summarized in Supplementary Table 2.9). Both methods classified 5
NsSNPs as deleterious in 4 genes: MNDA (S179Y and T228K), the atypical
chemokine receptor 4 (ACKR4, also know as CCRL1) (R149G), the leptin receptor
(LEPR) (D162V), and Toll-like receptor 13 (TLR13) (L142R). The results obtained
from I-Muntant2.0 revealed that 74 nsSNPs have negative AAG values tending to
decrease protein stability, while 20 nsSNPs increase protein stability
(Supplementary Table 2.5).

Among the 7 LoF variants, MNDA and IGSF10 carried additional deleterious
NSSNPs. Three deleterious substitutions S179Y, T227K, and T228K occurred on
the MNDA protein domain HIN-200 and may cause loss of modulating cell growth
function (Bottardi et al., 2020). However, the AAG scores of the T227K and T228K
variants show an increase in protein stability. With regard to IGSF10, the deleterious
substitution N1893H, is within the immunoglobulin I-set domain which is involved in

protein binding functions (Howard et al., 2016).

Three genes with deleterious nsSNPs belong to the Leucine-rich repeat superfamily.
Leucine rich repeat and death domain containing 1 (LRRD1), an adapter protein
whose domain architecture suggests a signaling function, (presumably in apoptosis)
(Telliez et al., 2000), carried the L87I deleterious variant. The variant was outside of
the repeat and death domains and is predicted to increase protein stability. Leucine
rich repeat containing 66 (LRRC66), a protein that plays an important role in the
development of innate immunity and the nervous system (Y. Chen et al., 2006; Ng
et al., 2011), contained two deleterious variants R271P and D683E. The L142R
mutation was detected in TLR13, a bacterial single-stranded RNA sensor of
bacterial 23S rRNA (Oldenburg et al., 2012). LRRC66 and TLR13 deleterious
nsSNPs are within the LRR structural motif and may produce structural and

functional alterations.
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Three genes involved in immune cell regulation processes each contained one
deleterious nsSNP. L134Y, was observed in the lymphocyte antigen 86 (LY86) also
known as myeloid differentiation 1 (MD-1), the mutation occurring in the MD-2-
related lipid-recognition (ML) domain. Together with the radioprotective 105
(RP105) protein, LY86 forms a complex that plays a negative regulatory role in TLR4
signaling (X. Chen et al., 2019). R149G, was detected in ACKR4 a chemokine
binding regulator of activated B cells differentiation (Kara et al., 2018) and tumor
progression (Whyte et al., 2020) L1093M was identified in the hemoglobin (Hb)
scavenger receptor, CD163, a macrophage-specific receptor involved in anti-

inflammatory process (Etzerodt & Moestrup, 2013).

Among the nsSNPs classified as deleterious, there are 5 genes associated with
arctic adaptation, two of these are important in hair growth. A396P substitution in
collagen type XVII alpha 1 chain (COL17Al), a protein that participates in the
assembly of hemidesmosomes and which has been associated as a niche for hair
follicle stem cells (Natsuga et al., 2019). Q309H was found in the intermediate
filament (IF) rod domain of Keratin 71 (KRT71), a protein involved in hair follicle
morphogenesis (Fujimoto et al., 2012). I725M was found in the Lipopolysaccharide-
responsive beige-like anchor protein (LRBA) which supports intracellular vesicular
traffic, promotes CTLA4 expression and associates to the subcellular targeting of
hair bundle proteins in cochlear hair cells (Vogl et al., 2017). The D162V substitution
occurred in the LEPR gene, which encodes a receptor for the fat cell-specific
hormone leptin, which is involved in metabolic processes (Miunzberg & Morrison,
2015). Trace amine associated receptors 1 and 3 (TAAR1 and TAAR3) are
vertebrate odorant G protein-coupled receptors that recognize amines and influence
animal behavior (Dewan, 2021). T57S and M17R deleterious substitutions were
detected in TAAR1 and TAARS3 respectively, at the 7 transmembrane receptor
(rhodopsin family) domain suggesting that they may have had functional

consequences.
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2.4. DISCUSSION

Nuclear DNA sequences from mammoths revealed a central sequence cluster
spanning the Bering Strait over much of the Pleistocene. Siberian and North
American lineages overlapped, expanded, and migrated in both directions,
maintaining mitogenome and nuclear genetic continuity for ~45000 years (Enk et
al., 2016). Our data do not support a differentiation between populations of
Mammuthus primigenius and Mammuthus columbi, which could be explained by
extensive genetic exchange between populations and between species. This
suggests that mammoths formed a largely panmitic population during the
Pleistocene. However, they suffered continuous loss of diversity, including the
complete loss of mitochondrial and nuclear DNA lineages up and until their

restriction to Islands such as Wrangel.

The genetic distances of Arctic adaptation, cellular process, immunity and sexual
markers genes were consistent with fine-scale genetic geographic adaptation (for
example, microhabitats, refugia or discrete population herds), which was more
pronounced throughout the MIS3 period, but became less defined after the LGM
when a decrease in genetic diversity occurred. Woolly mammoth populations
collapsed in the North dramatically (~25-20 kya) (Murchie et al., 2021; Wang et al.,
2021). In contrast, populations increased in central and southern Siberia, suggesting
an adaptive advantage for interior populations southward (MacDonald et al., 2012).
We detected a resilience signal during the MIS1, thus, during a warm period, (the
Balling—Allergd interstadial, ~14.6-12.9 kya), woolly mammoths suffered a diversity
decline, which was followed by a cold period, (the Younger Dryas stadial, ~12.9-
11.7 kya), trended toward diversity recovery in neutral markers and immune genes
but not sexual markers. The loss of diversity in sexual markers is consistent with
lineages extinction. Proboscideans are characterized by matrilineal herds (Brand et
al., 2020; Munshi-South, 2011; Pe¢nerova, Diez-del-Molino, et al., 2017; Schuttler
et al.,, 2014). The patterns of diversity loss associated with adaptive matrilineal
ancestry haves been observed in response to climate change in the American
mastodon. Mastodons experienced mitochondrial clade extirpation in Northern

populations, followed by southern expansion North, of small founder matriarchal
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herds in response to climatic warming during interglaciations (Karpinski et al., 2020;
Zazula et al., 2014).

The Asian elephant and woolly mammoth clades split from a common ancestor 2.5
Mya (Palkopoulou et al., 2018; Rohland et al., 2010). Compared to Asian elephants
woolly mammoth genetic diversity was higher. Asian elephants suffered a sharp
demographic decline ~120 kya (Palkopoulou et al., 2018) and genetic diversity has
remained low (Fleischer et al., 2001; Vidya, 2016). Mammoths in contrast, despite
losing lineages, remained genetically diverse until suffering a severe bottleneck after
being isolated on Wrangel Island prior to their extinction (Palkopoulou et al., 2018).
Additionally, woolly mammoths had a complex evolutionary history during the
Pleistocene characterized by pervasive gene flow, including different episodes of
interbreeding with the Columbian mammoth which could explain their relative higher
diversity when compared to extant elephants (Enk et al., 2016; Palkopoulou et al.,
2018; van der Valk et al., 2021). However, gene flow can introduce maladaptive
alleles that can become problematic during periods of population decline.
Deleterious alleles may be driven to high frequency, reducing fithess and increasing
the genetic load and thus the extinction risk (Walters & Berger, 2019). This has been
suggested to have occurred on Wrangel Island (Fry et al., 2020; Rogers & Slatkin,
2017) but according to our analysis likely plagued mammoths throughout the
Pleistocene.

We detected low diversity in genes associated with arctic adaptation in mammoths
when compared to elephants orthologous genes. KRT3 is involved in hair growth,
cornification, and keratinization and TRPAL1 is involved in thermal sensation.
Selection for adaptation to cold temperatures may have reduced diversity in these
genes before Columbian and woolly mammoth speciation (van der Valk et al., 2021).
However, TRPV3, a hypomorphic hair growth and thermal sensation gene which
results in reduced sensitivity to warm temperatures (V. J. Lynch et al., 2015)
incorporated nonsynonymous changes over several hundreds of thousands of years
(van der Valk et al., 2021) suggesting that climate-driven adaptation was local and
clinal as suggested by our LMMs analyses. Local adaptation can be observed in

humans, where cold temperatures in northern latitudes have selected for a specific
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allele of TRPM8, a thermosensor that mediates sensitivity to cold temperatures (Key
et al., 2018).

In contrast to arctic adaptation genes, HLAIA gene (MHC class I) exhibited more
variation relative to neutral genomic regions analyzed in this study. This result
suggests that the MHC | evolved under long-term balancing selection which is
consistent with observed polymorphism in the MHC Il DQA in mainland mammoth
populations’ compared to Wrangel's Island population (Penerova et al., 2016).
Mammoth MHC diversity patterns were similar to those observed in archaic humans
where MHC genes were more diverse than innate immune genes (Reher et al.,
2019; Sullivan et al., 2017). This indicates that the MHC accumulated variants that
might have been advantageous (de Filippo et al., 2016). However, contrasting with
any potential advantages the adaptive immune system might have provided, the
innate immune genes were characterized by a paucity of diversity. KIRs, IFITM1-
Like, IRGM, TLR2, TLR10, TLR13, and MAGEH1 all exhibited limited genetic
diversity. The lack of diversity of these immune genes in mammoths compared to
Asian elephants may indicate a reduced adaptive potential and vulnerability to
infectious diseases (Morris et al., 2015). Reduced resistance to pathogens due to
low diversity of innate immune genes (Castellano et al., 2014) and potentially
damaging genetic variants associated with inborn errors of immunity (Zhou et al.,
2022) had been proposed as one of the causes of Neanderthal extinction. Diseases
as a driver of extinction would be more likely in megafauna particularly susceptible
to pathogens (MacPhee, R.D.E. and Marx, P.A., 1997).

While most SNPs identified represented synonymous substitutions, a complex
pattern of deleterious variation among mammoths populations was observed prior
to restriction to Wrangel Island. Mammoths carried hundreds of deleterious
mutations with different frequencies among Pleistocene and Wrangel Island
populations (Fry et al., 2020; Rogers & Slatkin, 2017). We observed both loss of
function frameshift insertion and splice mutations in genes involved in anti-tumor
activity (MNDA), host defense and pathogen recognition (CRP and CR2),
placentation (LVRN), and immunity (IGSF10) and nervous system development

(LRRC9). In addition, mis-splicing in these genes might potentially compromise their
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function thereby resulting in genetic disorders (Y. I. Li et al., 2016; Scotti & Swanson,
2016).

We additionally observed potentially deleterious nsSNPs in 14 genes, including the
MNDA and IGSF10 genes. Further nsSNPS in the LRRD1, LRRC66, and TLR13
genes of the Leucine-rich repeat superfamily were identified, which can affect the
stability of the LRR structural motif, a versatile structure able to bind diverse proteins
and non-protein ligands and primarily involved in innate immunity and neural
development (Dolan et al., 2007). This study also identified several deleterious
mutations in LY86, ACKR4, and CD163 genes that may have potentially caused

dysregulation of immune function.

Pathogenesis in inflammatory bowel disease is associated with activation of
TLR4/NF-kB signaling mediates by LY86 suppression (X. Chen et al.,, 2019).
Alteration of activated B cell differentiation and tumor immunity control is caused by
chemokine ACKR4 imbalance (Kara et al., 2018; Whyte et al., 2020). Decrease anti-
inflammatory response is mediated by CD163 deficiency which occurs in vascular
diseases such as atherosclerosis (Gutiérrez-Muiioz et al., 2020). We observed a
high proportion of the deleterious variants occurring together with low diversity in at
these genes, which suggest that immune response may have been impaired in

mammoths.

The effect of nsSNPs in the COL17A1, KRT71, LRBA, and LEPR genes are less
clear as they are involved in cold tolerance, adapting skin, long hair, and adipose
metabolism to arctic conditions (V. J. Lynch et al., 2015). Therefore, the nsSNPs
mutations may have been adaptive such as with TRPV3, since these genes are
involved in similar processes. However, a missense mutation in the human KRT71
gene has been associated with hypotrichosis, a hereditary hair disorder (Fujimoto
et al., 2012). Furthermore, a deficiency in LRBA leads to sensorineural hearing loss
and a deleterious mutation are associated with the autoimmune condition
monogenic lupus (Liphaus et al., 2020). Homozygous loss of function of these genes

would likely be maladaptive or lethal. However, functional studies would be
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necessary to determine if they could have a potential beneficial phenotypic effect in

heterozygous individuals.

Most TAARSs genes are suggested to play a role in olfactory activity (Ferrero et al.,
2011). The mammoth TAAR1 and TAARS3 genes carried deleterious substitutions.
In humans, TAARs dysregulation has been associated with mental and metabolic
disorders (Rutigliano & Zucchi, 2020). Functional validation of deleterious mutations
demonstrated that in the Wrangel Island mammoth, the olfactory receptor OR5A1
lost the capacity to detect R-ionones and thus floral scents (Fry et al., 2020).
Olfactory receptors suffered a high rate of pseudogenization in the Wrangel Island
mammoth (Rogers & Slatkin, 2017). The hydrolethalus syndrome protein 1 (HYLS1)
is a gene involved in behavioral and neurological function (Fry et al., 2020).
Deleterious mutations in this gene may have had adverse neurological and
behavioral consequences in mammoths, which likely worsened as the population
declined. However, our data suggests such genomic degradation preceded
restriction of the mammoths range to Wrangel Island and was a feature common to
mammoths throughout the Pleistocene and that the accumulation of deleterious

mutations may have been a determining factor in their extinction.

Spatiotemporal analysis suggests that most of the variants identified were present
throughout much of the last 50K years and selection was unable to purge them as
has been observed in island fox and Indian tiger populations that experienced a
dramatic increase and fixation of deleterious variants (Khan et al., 2021; Robinson
et al., 2016). At the same time, the accumulation of LoF variants may have occurred
over a short time span, as has been demonstrated in Grauer’s gorillas (van der Valk
et al.,, 2019). Although genetic purging may remove deleterious alleles in
populations with low genetic diversity or small population size (van der Valk, Tom et
al., n.d.), an important mechanism to reduce the burden as has been observed in
Iberian lynx (Kleinman-Ruiz et al., 2022), a rapid population decline may have a
devastating effect even in species with high diversity (van der Valk, Tom et al., n.d.).
This appears to be the case in the woolly rhinoceros (Coelodonta antiquitatis), which
did not experience reduced genetic diversity, but its extinction, presumably, was

driven by climate changes during the Bglling-Allerad interstadial (~14.6-12.9 Kya)
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that eliminated its habitat (Lord et al., 2020). Mammoths had the plasticity to respond
to this specific climatic event, but their genetic diversity was dramatically altered,

probably accelerating the observed genetic erosion.

The low diversity of innate immune genes and the abundance of deleterious or loss
of function mutations suggests mammoths suffered from long term genomic
degradation throughout the Late Pleistocene. This was likely strongly exacerbated
during the Pleistocene-Holocene transition when the population became restricted
to islands or small relictual populations on the mainland. The high mutational load
may have rendered mammoths less able to adapt to the drastic changes occurring
across their range during the end Pleistocene compared to other sympatric species
such as horse, reindeer, bison, and musk ox which exhibited a steady decline of
genetic diversity before the Pleistocene-Holocene transition but suffered far less

extensive subsequent loss (Lorenzen et al., 2011).

2.5. METHODS

2.5.1. Sampling and DNA extraction

Woolly and Columbian mammoths were sampled across much of their historical
geographical range and temporal distribution throughout the Late Pleistocene. We
combined samples previously included in two phylogeographic mtDNA studies of
mammoths (Debruyne et al., 2008; Enk et al., 2016) of which 48 samples originated
from Holartic permafrost (Debruyne et al., 2008), and 42 correspond to samples
obtained across North America and previously analyzed by Enk et al. 2016 (Enk et
al., 2016). In total, 90 samples from five regions including the Urals, the Taimyr
Peninsula, Northeast Siberia, Alaska, and sub Arctic North America, with
radiocarbon dating that ranged from 54,000 to 4,000 years ago were initially
analyzed (Supplementary Table 2.6).

DNA extraction was performed in ancient DNA facilities at the McMaster ancient

DNA Centre (McMaster University, Ontario, Canada) as described in (Debruyne et

al., 2008; Enk et al., 2016) 11 double-stranded libraries were previously generated
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by Enk et al. 2016 (Enk et al., 2016) and 79 double-stranded libraries were produced
in the current study, according to Dabney & Meyer, 2012 and Kircher et al., 2012
(Dabney & Meyer, 2012; Kircher et al., 2012) with modifications detailed below.
First, libraries were prepared from 42,5 ul of DNA extract adjusting the reaction to
50 pl according to the blunt-end repair protocol, which consisted of a blunt-end
repair, adapter ligation and adapter fill-in step. For all purification steps, columns
were incubated at 37°C for 5 min in a heat block using the MinElute PCR purification
kit (QIAGEN). All library building procedures were conducted in dedicated ancient
DNA facilities at the Department of Wildlife Diseases of the Leibniz Institute for Zoo

and Wildlife Research in Berlin, Germany.

2.5.2. Libraries

Double-indexed P5 and P7 specific combination were used for each library and each
library was amplified in triplicate. A master mix PCR with Herculase Il Fusion DNA
Polymerase (Agilent Technologies) was adjusted to a 50 pl final reaction volume
using 5 pl of the library as a template. The cycling conditions were a denaturation
step of 95°C for 5 min, followed by 12 cycles of 95°C for 30 s, 60°C for 30 s, 72°C
for 40 s, and a final extension of 72°C for 7 min. Products were pooled and purified
using the QiAquick PCR purification kit (QIAGEN) and eluted in 25 ul of TET Elution
Buffer (buffer TE with 0.05% Tween-20). To ensure that library preparation and
indexing worked, all indexed libraries were screened by gPCR using IS5 and IS6
primers (0,2 uM each) (Kircher et al., 2012) and KAPA SYBR® FAST qPCR Master
Mix (2X) (Sigma-Aldrich). Each library was diluted 1:100 in EBT buffer, and standard
serial dilutions from 10pM to 0.0625 pM of the PhiX Control V3 425bp-526bp
(lumina, San Diego, CA, USA) were employed as positive control. The final
reaction was adjusted to 10 pl using 4 ul of template (libraries and Phix dilutions),
and blanks (water and TET buffer). An activation step of 95°C for 5 min, followed by
40 cycles of 95°C for 30 s, and 60°C for 45 s, with a melt curve of 60-95°C, ending

with an 8°C hold for 30 s was employed.

43



2.5.3. Baits and Capture

An RNA oligonucleotide bait set of 259 targets was designed and synthesized by
Daicel Arbor Biosciences (MyBaits kit) in a 12 K kit with a tilling density of 4 X. The
genes of interest were extracted from the African elephant reference genome
loxAfr3 from Ensembl (Broad/loxAfr3) using the name of the gene or employing a
blast search with the human homologue (Supplementary Table 2.7). Additionally,
the array included neutral intron-markers used in multi-locus phylogenetic analysis
in mammals (Igea et al., 2010), sex specific markers used to determine African
elephant dispersion patterns (Roca et al., 2005), and genes associated with

adaptation to Arctic climates (V. J. Lynch et al., 2015).

The 90 mammoth libraries were enriched following the manufacture’s instructions
(MYcroarray, Mybaits Sequence Enrichment protocol v3.02). Briefly, two successive
rounds of hybridization capture were performed for each library with baits at a final
concentration 8,0 ng/ul, 55°C hybridization temperature, 24h hybridization capture,
and 20 pl of washed bead per reaction. Every round was washed 4 times at 55°C,
and the pellet was resuspended in EBT buffer, 11 pl in the first round of hybridization
and 15 pul in the second round of hybridization. For each round of enrichment, the
amplification was carried out in a final volume of 40 pl using the IS5 and I1S6 primers
(0,15 pM each) and the KAPA SYBR ® FAST gPCR Master Mix (2X) (Sigma-
Aldrich). The cycling consisted of a 95°C activation step for 5 min, followed by 12
cycles of 95°C 30 s, and 60°C 45 s, and a final step of 60°C for 3 min. The final
products were quantified using the same conditions described for gPCR. Of 90
libraries, 78 captured-enriched libraries were pooled in equimolar ratios and
sequenced on an lllumina MiSeq plataform using paired-end sequencing at the

Leibniz Institute for Zoo and Wildlife Research in Berlin, Germany.
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2.5.4. Sequence read processing

The reads were demultiplexed according to the respective indexes using bcl2fastq
v. 2.17 (lllumina, San Diego, CA, USA). Adapter sequences, low quality stretches
and leading/trailing N’s were removed from the sequencing reads using
AdapterRemoval 2.0 (Schubert et al., 2016). Reads shorter than 30 bp after
trimming were discarded. Clean reads were then mapped to the African elephant
reference genome loxAfr4 (Broad/loxAfr4) (Palkopoulou et al., 2018) using bwa-
backtrack v0.7.15 algorithm (H. Li & Durbin, 2010). We disabled the seed parameter
() to improve the mapping of reads with an excess of terminal substitutions, as
expected from ancient DNA reads (Schubert et al., 2012). Non-mapping reads and
reads with mapping quality lower than 30 were discarded. PCR duplicates were
removed by using Picard-tools v2.6.0 (http://picard.sourceforge.net), and then
realigned using GATK v3.6 (DePristo et al., 2011). We recalculated the MD-tag

using Samtools version 1.9 (H. Li et al.,, 2009). Finally, we mapped the newly
sequenced mammoths and reference samples to the loxAfr3 version of the African
elephant reference genome using the same parameters described above. The
loxAfr3 alignments were used exclusively for the Ensembl Variant Effect Predictor
(VEP) (McLaren et al., 2016) analyses.

Sequencing and mapping statistics for the newly sequenced samples can be found
in Supplementary Table 2.1. Sequencing reads of new and reference samples were
processed using the same procedure. Next, we estimated genomic and on-target
coverage, and endogenous content. Based on these results a second sequencing
round was done for 20 samples (Supplementary Table 2.1) in order to increase the

coverage.
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2.5.5. Proboscidean genomes

For comparative purposes, we analyzed the captured-enriched data together with
published genome data from proboscidean species (Dastjerdi et al., 2014; DePristo
et al., 2011; Lynch et al., 2015; Meyer et al., 2017; Palkopoulou et al., 2015, 2018;
Reddy et al., 2015; Yamagata et al., 2019). This dataset consisted of genome-wide
sequencing data for 24 extant and extinct species. The extant species include eight
Asian elephants (Elephas maximus), two forest elephants (Loxodontha cyclotis),
two savanna elephants (Loxodontha africana) and the extinct species contain two
straight-tusked elephants (Elephas antiquus), seven woolly mammoths (Mammutus
primiginius), one Columbian mammoth (Mammutus columbi), and two American

mastodons (Mammut americanum) (Supplementary Table 2.8).

2.5.6. aDNA damage

We used mapDamage2.0 (Jonsson et al., 2013) to evaluate the authenticity of
aDNA sequencing data. MapDamage2.0 was run on the read alignments restricted
to bases with a minimum Phred quality score of 20. Nucleotide substitution patterns
and read length distribution are shown in Supplementary Figure 2.3. Most samples
showed an increase of C to T and G to A substitutions at the end of the read, which
is characteristic of authentic aDNA data.

2.5.7. Multidimensional Scaling Plots (MDS)

We used MDS analysis as an initial approach to evaluate the reliability of the data
and compare the newly sequenced mammoths with reference samples. To do so,
we built a dataset consisting of the newly sequenced samples and seven previously
sequenced M. primigenius, one M. columbi, eight E. maximus, two P. antiquus, two
L. africana, two L. cyclotis and two M. americanum (Dastjerdi et al., 2014; V. J.
Lynch et al., 2015; Meyer et al., 2017; Palkopoulou et al., 2018; Reddy et al., 2015;
Yamagata et al., 2019). Given the low coverage obtained for many of the samples,
instead of calling genotypes, we followed a random sampling approach. For each
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individual and each site, we sampled a random read after discarding reads with
mapping quality below 30 and bases with quality below 20 using ANGSD v0.916
(Korneliussen et al., 2014). After discarding samples with less than 0.01% non-
missing sites, invariable sites, transition sites and sites with more than 85% missing
data we had a final dataset consisting of 46 samples (22 newly sequenced and 24
reference samples) and 15,566,481 transversion sites. We then used Plink2.0 (C.
C. Chang et al., 2015) to estimate pairwise distances between samples and the
calmd function in R to estimate the MDS. We performed an MDS analysis using the
complete dataset (that included 12 of the newly sequenced samples that had at
least 0.02% non-missing SNPs). Additionally, we used the pairwise-distance
estimated using Plink to assess which of the reference mammoth samples was the
closest to each of the newly sequenced mammoths.

2.5.8. MDS downsampling tests

To evaluate the effect of the missing data on the MDS analysis, we performed a
subsampling experiment using the dataset described in the section above. We sub
sampled the high coverage M-primigenius_V sample to varying depth of coverage
(from 0.01% to 50% of the sites in the SNP dataset) and performed an MDS plot in
each case (Supplementary Table 2.9). We used this experiment to set a threshold
for the minimum coverage required to confidently place a given sample in the space
of the MDS plot. Our results show that for the MDS plot built using the complete
dataset (including L. africana, L. cyclotis, P. antiquus, M. primgenius, M. columbi,
and E. maximus), we require a minimum of 0.01% non-missing sites (~1500), while
for MDS plot restricting to M. primigenius, M. columbi, and E. maximus we require
a minimum of 0.01-0.02% non-missing sites (~3000-4000). A total of 22 of the newly
sequenced samples were within the first threshold and a total of 12 within the

second.
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2.5.9. Per-target diversity estimates

To evaluate changes in diversity over time and across different geographic regions
on the captured genes, we estimated the pairwise-distance between samples for
each of the captured genes. As describe previously, genes were categorized
according to the main function in antiviral, neutral markers, Arctic adaptation, cellular
process, immunity, and sexual markers. For each captured gene and each sample,
we generated a consensus sequence using ANGSD v0.916 -dofasta 1
(Korneliussen et al., 2014). For a given pair of samples and a captured gene, we
counted the fraction of differences between the pair across all sites in cases where
both samples had no missing data (IBS pairwise-distance). We assessed the effect
of different missingness thresholds in the percentage of non-missing sites in each
paired comparison (including all samples, 20%, 50% and 75% coverage per gene
and paired comparison) as well as the inclusion/exclusion of transition sites in the
patterns observed. As expected, results including transitions showed on average a
higher distance. Similarly, we observed a higher variance when we did not apply a
minimum coverage filter. For the results presented here, we restricted the analysis
to transversion sites and pairs with a minimum coverage of 50%. Given that the
additional error derived from the aDNA damage is expected to artificially increase
the diversity in ancient samples we focused on genes that showed a decrease in
genetic diversity in the mammoths compared to the Asian elephant. After applying
these filters, our comparisons involved a total of 18 mammoth samples, 11 of which

were sequenced in this study, and 8 Asian elephant samples.

2.5.10. Linear mixed model

We build a linear mixed model to estimate the relationships of mammoths’ genetic
distance with geographic distance and temporal distribution. The different genes
were analyzed separately, based on their genes function: neutral, antiviral, Arctic
adaptation, cellular process, immunity, and sexual markers. Among the six models,

gene identity was considered as a random factor. Fifty percent coverage per site
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pairwise genetic distance was used for each individual. Due to the intermittent
connection between Eurasian and North American mammoth population across the
Bering land bridge in the Bering Strait, we forced the geographic distance
measurement to go from east to west (through the Pacific Ocean). Samples were
grouped according to Marine Isotope Stage 3 (MIS3, 27-60 Kya), Marine isotope
stage 2 (MIS2, 15-27 Kya), and Marine isotope stage 1 (MIS1, 4-14 Kya). Because
of the low coverage sites for samples of MIS1 and MIS2, the sample data were
merged into MIS1, and all the missing data were ignored during the analysis. The
linear mixed models (Imm) were performed using the “Ime” function from the
package “nime”. All the analyses were performed in R 4.0.3 environment (R Core
Team, 2020).

2.5.11. SNPs effect analysis

We used VEP (McLaren et al., 2016) to annotate the SNP substitutions on the target
genes that showed contrasting diversity patterns between the mammoths and the
African elephant. For this analysis we used the read alignments to the loxAfr3 of the
reference genome. We first used GATK HaplotypeCaller to perform genotype-
calling at the target genes and for the newly sequenced and reference mammoths.
Bases with quality below 20 and reads with mapping quality below 30 were
excluded. Additionally, we restricted the analysis to transversion SNPs in order to
reduce the error derived from aDNA damage. We note that given the low coverage
of our sequencing data we did not apply a depth of coverage filter, thus our data
consists of mostly haploid calls and not proper diploid genotypes. We ran VEP to
annotate the SNPs using the loxAfr3.0 database. Gene isoforms were removed, and
variants detected in at least two samples were kept for the SNP analysis. We
estimated if gene length and/or coverage have a correlation with the type of genetic

variants and if there are associated with number of SNPs substitutions.
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2.5.12. Missense variants analysis

Missense variant protein FASTA sequences were retrieved using Uniprot IDs (The
UniProt Consortium et al.,, 2021) https://www.uniprot.org/. For distinguishing

deleterious missense variants from neutral ones, two computational predictors tools
were  used. The  program predictSNP  (Bendl et al, 2014)

https://loschmidt.chemi.muni.cz/predictsnp1/ is a machine learning consensus

classifier that integrates six prediction tools (MAPP, PhD-SNP, PolyPhen-1,
PolyPhen-2, SIFT, and SNAP). We also employed Protein Variation Effect Analyzer
(PROVEAN) (Choi et al., 2012; Choi & Chan, 2015)
http://provean.jcvi.org/seq_submit.php. This tool predicts the functional effect of a

protein variant by searching for homolog proteins with BLAST for any organism, and
providing a deleterious or neutral amino acid variation score. To investigate if
missense mutations will affect the proteins stability, the Gibbs free energy change
(AAG) was calculated using the support vector machine I-Mutant2.0 (Capriotti et al.,
2005,
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Supplementary Figure 2.1. DNA capture-enrichment quality.

A comparison of the quality of data obtained by capture-amplification experiment compared by region is shown. A. The proportion of endogenous reads
recovered. B. correspond of sites coverage at least once aligned over the entire African elephant reference genome loxAfr4 (Broad/loxAfr4). C. lllustrates that
read length distribution is longer in arctic regions (Alaska-Yukon and Eastern Siberia). D. Coverage estimation of the reads mapping to the target regions.
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Supplementary Figure 2.2. Correlation analysis between gene length and nucleotide substitutions.

The x-axis represents the number of unique substitutions detected by gene and the y-axis the length in bp within different genes. The distribution of unique
substitutions does not depend on gene length.
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Supplementary Figure 2.3. MapDamage profile.

DNA damage pattern in the samples analyzed in this study. Length distribution of mapped reads (left graph). Substitutions C > T (5') (central graph) and G > A
(3) (right graph) are shown in orange and blue, respectively, coincide with ancient endogenous DNA patterns.



Supplementary Table 2.1. Sequencing mapping statistics for mammoth libraries.

Summary statistics for captured-enrichment samples sequenced in this study. Samples included for each analysis are indicated in type of analysis and trimmed
reads obtained following a second sequencing round is provided. Mapping statistics correspond to the total of reads remained after filtering and coverage for
whole genome, mtDNA, and chromosome X are reported.

L . Second mtDNA
Individuals Type of analysis Sequencing Reads Whole-genome coverage coverage Chr X coverage
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Berll M primigenius | Yes | Yes | Yes | Yes | Yes 3817351 5246469 | 5571324 | 5286970 | 68273 1.225 | 0.985 | 78.43 | 0.477 | 1483 | 4498475 | 0.137 | 1.19 0 99634 | 0.0651 | 1.167 | 0.98
WR2 M primigenius | Yes | Yes [ Yes | No | Yes 3282796 4564508 | 5375479 | 5045325 | 49064 0.913 | 0.988 | 80.1 | 0.492 | 1255 | 2149645 | 0.066 | 1.828 0 83152 | 0.0555 | 1.209 | 0.66
ISM04 M primigenius | Yes | Yes | Yes | No | Yes 1609423 2732446 | 2813210 | 1793205 | 17755 0.631 | 0.987 | 52.36 | 0.484 | 409 862694 | 0.026 | 1.078 0 19783 | 0.0086 | 1.083 1
IK-99-5001 | Mammuthussp | Yes | Yes | Yes | Yes | Yes 2874776 2544153 | 2885687 | 1775807 | 625465 | 21.675 | 0.548 | 78.06 | 0.432 | 23669 | 46565382 | 1.423 | 1.049 0 2E+06 | 11.546 | 1.04 | 0.99
IK-01-359 Mammuthus sp | Yes | Yes | Yes [ No | Yes 252788 2357365 | 2718293 | 2515484 6282 0.231 | 0.997 81 0.456 | 156 433015 | 0.013 | 1.175 0 9069 | 0.0061 | 1.393 | 1.19
Ber5 M primigenius | Yes | Yes | Yes | No | Yes 520796 2103137 | 2240703 | 2052997 | 7755 0.346 | 0.995 | 84.9 | 0.473 | 308 583225 | 0.018 | 1.129 0 22551 [ 0.0159 | 1.16 | 1.03
Ber9 M primigenius | Yes | Yes | Yes | No | Yes 359688 1137101 | 1270825 | 1149907 | 4546 0.358 | 0.995 | 87.26 | 0.461 | 174 357387 | 0.011 | 1.11 0 13904 | 0.0101 | 1.092 | 0.98
Ber20 M primigenius | Yes | Yes | Yes | No | Yes 458638 987361 | 1048085 | 932669 | 10105 0.964 | 0.987 | 84.91 | 0.468 | 400 816867 | 0.025 | 1.05 0 32553 | 0.023 | 1.043 | 0.99
1K-99-70 Mammuthus sp | Yes | Yes | Yes | Yes | Yes No 982257 | 1027178 | 991028 8104 0.789 0.99 | 78.77 | 0.473 | 388 5565147 | 0.017 | 1.15 0 25035 | 0.0164 | 1.221 | 1.06
11708 M primigenius | Yes | Yes | Yes | No | Yes 375489 976169 | 1044619 | 979386 9079 0.869 | 0.989 | 78.61 | 0.46 193 653028 0.02 | 1.093 0 14393 | 0.0094 | 1.054 | 0.96
AMB8052 M primigenius | Yes | Yes [ Yes | No | Yes 277976 954144 | 998134 | 917044 6656 0.667 | 0.991 | 76.42 | 0.45 222 430167 | 0.013 | 1.183 0 12711 | 0.0081 | 1.335 | 1.13
Syus Mammuthus sp | Yes | Yes | Yes | No | Yes 276322 821423 | 906956 | 773109 4918 0.542 | 0.992 | 84.14 | 0.468 | 176 390641 | 0.012 | 1.059 0 13599 | 0.0095 | 1.089 | 1.03
AM8744 M primigenius | Yes | Yes | Yes | Yes | Yes 713662 701992 | 720541 | 615325 | 158811 | 22.041 | 0.674 | 72.42 | 0.445 | 6781 | 10574283 | 0.323 | 1.088 107 433477 | 0.2615 | 1.133 | 1.04
6746 M primigenius | Yes | Yes [ Yes | No | Yes 47203 647157 | 669539 | 626136 | 10967 1638 | 0979 | 73.7 | 0.498 | 253 769304 | 0.024 | 1.051 0 17030 | 0.0105 | 1.095 | 1.04
42292 M primigenius | Yes | Yes | Yes | Yes | Yes 632179 635052 | 639099 | 523098 | 204714 | 32.032 | 0.499 | 67.31 | 0.42 | 5237 | 11173374 | 0.342 | 1.233 68 245485 | 0.1376 | 1.436 | 1.16
Berl0 M primigenius | Yes | Yes | Yes | No | Yes No 470508 | 519980 | 498839 6130 1.179 | 0.985 | 85.64 | 0.463 | 254 458036 | 0.014 | 1.146 0 19628 | 0.014 | 1.108 | 0.97
1300002 Mammuthus sp | Yes | Yes | Yes | No | Yes 422817 412821 | 424374 | 381056 | 40796 9.613 | 0.869 | 67.57 | 0.443 | 1527 | 2697118 | 0.082 | 1.022 0 99269 | 0.0559 | 1.039 | 1.02
30136 M primigenius | Yes | No [ No | No | Yes No 800136 | 912211 | 360282 780 0.086 | 0.998 | 75.32 | 0.475 14 53805 0.002 | 1.092 0 937 0.0006 | 1.125 | 1.03
2000-174 M primigenius | Yes | No [ No | No | Yes 198281 765675 | 868137 | 789032 2830 0.326 | 0.996 | 69.71 | 0.439 | 107 170746 | 0.005 | 1.155 0 6301 | 0.0037 | 1.184 | 1.02
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T-02-110 Mammuthus sp | Yes | No | No No | Yes No 723109 752920 606565 1408 0.187 | 0.997 | 76.28 0.5 31 96172 0.003 | 1.117 0 2470 0.0016 | 0.957 | 0.86
UNSM23 Mammuthussp | Yes | No [ No [ No | Yes 42168 585110 | 572922 | 141463 1541 0.269 | 0.98 | 66.46 | 0.459 74 95330 0.003 | 1.074 0 4007 | 0.0022 | 1.227 | 1.14
UNSMO1 Mammuthus sp | Yes | No | No No | Yes No 576363 576169 279096 2005 0.348 | 0.991 | 51.72 | 0.485 78 101284 0.003 | 1.024 0 3862 0.0017 | 1.045 | 1.02
780001 M primigenius | Yes [ No | No | No | Yes No 469742 | 633758 | 604539 | 12564 | 1.982 | 0.974 | 75.41 | 0.294 16 54106 0.002 | 17.511 0 1331 | 0.0008 | 0.906 | 0.05
DMNS23 Mammuthussp | Yes | No [ No [ No | Yes No 75184 74823 56300 909 1.215 | 0.982 | 54.16 | 0.467 53 47259 0.001 | 1.042 0 2626 | 0.0012 | 1.093 | 1.05
DMNS28b M columbi Yes | No | No No No 1658298 2716450 | 3143043 | 419028 1348 0.043 | 0.995 | 57.33 | 0.463 30 72929 0.002 1.06 0 1739 0.0008 | 0.989 | 0.93
UNSM24 Mammuthus sp | Yes | No | No | No | No No 858683 | 852178 | 168436 570 0.067 | 0.996 | 56.24 | 0.473 10 30965 0.001 | 1.035 0 545 0.0003 [ 1.032 | 1
11340 M primigenius | Yes | No [ No | No | No No 407630 | 410119 | 377091 1448 0.353 | 0.996 | 78.68 | 0.466 73 104875 | 0.003 | 1.086 0 5413 | 0.0035 | 1.061 | 0.98
UNSM21 M columbi Yes [ No | No [ No | No 160242 366551 | 423863 67496 325 0.077 | 0.986 | 53.38 | 0.449 22 16971 0.001 | 1.022 0 1107 | 0.0005 | 1.061 | 1.04
30133 M primigenius | Yes | No | No No No No 304755 371382 112470 395 0.106 | 0.996 | 72.38 | 0.492 7 27518 0.001 | 1.039 0 442 0.0003 | 1.146 | 1.1
Ber7 M primigenius | Yes | No | No No No No 275129 282015 270717 445 0.158 | 0.998 | 86.51 | 0.456 10 34216 0.001 | 1.125 0 802 0.0006 | 1.079 | 0.96
AM523 M primigenius | Yes [ No | No | No | No No 151377 | 150320 | 140435 207 0.138 | 0.998 | 56.77 | 0.504 6 11147 0 1.054 0 271 0.0001 | 1.257 | 1.19
42135 M primigenius | Yes | No | No No No No 92481 106213 91841 2237 2.106 | 0.967 | 76.51 | 0.544 7 35169 0.001 | 4.866 0 568 0.0004 | 0.943 | 0.19
49929 M primigenius | No | Yes | Yes | No | Yes No 20201 20501 17437 11543 | 56.305 | 0.14 | 70.09 | 0.415 | 362 647426 0.02 1.25 0 19173 | 0.0112 | 1.323 | 1.06
AM104 M primigenius No | Yes | Yes | Yes | Yes No 14992 14781 12861 9848 66.626 | 0.02 | 68.42 | 0.416 382 438313 0.013 | 1.537 0 14987 | 0.0085 | 1.744 | 1.13
173001 M primigenius No | Yes | Yes | Yes | Yes No 13536 13496 11775 8525 63.167 | 0.092 | 68.15 | 0.421 613 364539 0.011 | 1.594 0 19299 0.011 | 2.165 | 1.36
2002-472 M primigenius | No | Yes | Yes | Yes | Yes No 12886 14727 11742 7380 | 50.112 | 0.233 | 84.04 | 0.419 | 248 402735 | 0.012 | 1.54 0 12891 | 0.009 | 1.617 | 1.05
2006-001 Mammuthussp | No | Yes | Yes | Yes | Yes No 12016 12335 10662 7963 64.556 | 0.054 | 73.23 | 0.392 304 354910 0.011 | 1.643 0 13445 | 0.0082 | 1.656 | 1.01
AM1208 M primigenius | No [ No | No | No | Yes No 24236 24335 22664 483 1.985 | 0.978 | 72.47 | 0.468 20 33901 0.001 | 1.033 0 1465 | 0.0009 | 0.989 | 0.96
UNSM32 M primigenius | No | No | No | Yes | Yes 7842 17066 19869 6552 1138 5.728 | 0.773 | 76.38 | 0.396 83 66647 0.002 | 1.304 0 5620 | 0.0036 | 1.128 | 0.86
DMNS47 M columbi No | No | No No | Yes 3266 15728 16618 15219 647 3.893 | 0.949 | 82.5 | 0.458 23 51874 0.002 | 1.029 0 1926 0.0013 | 0.985 | 0.96
URL1 Mammuthussp | No | No [ No [ No | Yes 2923 15091 17400 16483 545 3.132 | 0.962 | 82.84 | 0.455 26 41459 0.001 | 1.089 0 2241 | 0.0015 | 0.961 | 0.88
Ber28 M primigenius No | No | No | Yes | Yes No 9325 9805 7898 5701 58.144 | 0.059 | 77.44 | 0.416 392 325837 0.01 1.355 0 18590 0.012 | 1.633 | 1.21
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2005-915 M primigenius No [ No [ No No | Yes No 8856 10349 5281 3575 34.544 | 0.112 | 86.54 | 0.422 116 263533 0.008 | 1.174 0 8366 0.006 1.2 1.02
URL2 Mammuthussp [ No [ No | No | No | Yes No 1629 1632 1258 262 16.054 | 0.76 | 75.93 | 0.425 15 19268 0.001 | 1.032 0 902 0.0006 | 1.263 | 1.22
49562 M primigenius No | No | No No | Yes No 627 686 407 203 29.592 | 0.389 | 72.91 | 0.407 9 14365 0 1.03 0 583 0.0004 | 1.126 | 1.09
2190003 M primigenius | No | No [ No | No | No No 1557061 | 1993207 1066 83 0.004 | 0.838 | 74.02 | 0.447 2 5571 0 1.103 0 150 | 0.0001 | 0.987 | 0.89
8572 M primigenius | No | No [ No [ No | No No 1367824 | 1518727 | 43796 334 0.022 | 0.988 | 60.86 | 0.487 | 20 19535 0.001 | 1.041 0 1089 | 0.0006 | 1.118 | 1.07
ISMO1 M primigenius No [ No [ No No No No 1069904 | 1178600 26289 196 0.017 0.99 | 58.79 | 0.437 4 10240 0 1.125 0 244 0.0001 | 0.964 | 0.86
WAST_01 | Mammuthussp [ No [ No | No | No | No No 723151 | 717615 | 24248 570 0.079 | 0.964 | 48.01 | 0.493 13 25197 0.001 | 1.086 0 582 0.0002 | 1.072 | 0.99
UNSM27 M primigenius No [ No [ No No No No 685369 710721 31395 89 0.013 | 0.971 | 49.96 | 0.477 2 4329 0 1.027 0 78 0 1.281 | 1.25
ISM12 Mammuthussp [ No [ No | No | No | No No 544578 | 616653 | 28292 363 0.059 | 0.981 | 55.29 | 0.461 15 19671 0.001 | 1.02 0 929 0.0004 | 0.893 | 0.87
AK-323-V-I M primigenius No [ No | No No No No 480991 540155 542 43 0.008 | 0.104 | 71.53 | 0.409 2 2903 0 1.06 0 120 0.0001 | 1.192 | 1.13
UNSMO09 Mammuthus sp [ No | No | No No No No 474118 527707 19911 168 0.032 | 0.972 | 57.51 | 0.45 4 9493 0 1.018 0 325 0.0002 | 0.708 | 0.7
UNSMO7 Mammuthussp [ No [ No | No | No | No No 450600 | 440709 281 20 0.005 | 0.921 | 65.2 | 0.435 3 1295 0 1.007 0 220 | 0.0001 | 0.889 | 0.88
AM1187 M primigenius No | No | No No No No 366868 427254 448 26 0.006 | 0.907 | 55.62 | 0.45 1 1446 0 1 0 75 0 0.742 | 0.74
UNSM16 Mammuthussp [ No [ No | No | No | No No 297459 | 283273 4917 64 0.023 | 0.985 | 54.97 | 0.476 2 3415 0 1.03 0 82 0 1341 | 13
UNSM29 M primigenius No [ No [ No | No | No No 200662 | 217565 162 35 0.016 | 0.698 | 63.83 | 0.427 1 2162 0 1.033 0 48 0 1.33 | 1.29
DMNS49 M columbi No [ No [ No No No No 149124 168459 4201 92 0.055 | 0.963 | 65.4 | 0.437 5 5722 0 1.052 0 346 0.0002 | 0.945 [ 0.9
CMNH40031 | Mammuthussp | No | No [ No | No | No No 140753 | 148200 | 34326 144 0.097 | 0.996 | 49.04 | 0.485 1 6861 0 1.029 0 63 0 0.778 | 0.76
UCMPO9 Mammuthussp [ No [ No | No | No | No No 37022 39077 128 27 0.069 | 0.767 | 65.22 | 0.425 3 1760 0 1.001 0 174 | 0.0001 | 1.125 | 1.12
GDY1 Mammuthus sp | No | No | No No No No 20176 20055 7910 324 1.616 | 0.955 | 68.21 | 0.447 16 21813 0.001 | 1.013 0 1192 0.0007 | 0.916 | 0.9
AM1189 M primigenius | No | No [ No [ No | No No 8647 10244 2042 12 0.117 | 0.964 | 65.5 | 0.483 0 786 0 1 0 0 0 NA | NA
UNSM14 Mammuthus sp | No | No | No No No No 7154 7718 309 14 0.181 | 0.517 71 0.444 0 994 0 1 0 0 0 NA NA
UNSMO08 M columbi No [ No | No | No | No No 5288 5149 65 12 0.233 | 0.745 | 41.33 | 0.489 1 496 0 1 0 50 0 0.827 | 0.83
UNSMO02 Mammuthussp [ No [ No | No | No | No No 2052 2042 1324 89 4.358 | 0.919 | 79.27 | 0.43 6 6842 0 1.031 0 370 | 0.0002 | 1.285 | 1.25
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. . Second mtDNA
Individuals Type of analysis Sequencing Reads Whole-genome coverage coverage Chr X coverage
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IK-99-322 Mammuthussp [ No | No | No [ No | No No 1055 1115 4 2 0.179 0.5 81 0.394 0 162 0 1 0 0 0 NA NA
ISM15 Mammuthussp [ No [ No | No | No | No No 1004 950 461 35 3.684 | 0.891 | 65.8 | 0.414 0 2300 0 1.001 0 0 0 NA | NA
UNSM22 Mammuthussp [ No | No | No [ No | No No 657 443 1 0 0 NA NA NA 0 0 0 NA 0 0 NA NA NA
2000-173 M primigenius | No | No [ No | No | No No 652 729 674 62 8.505 | 0.858 | 84.1 | 0.439 2 5185 0 1.006 0 150 | 0.0001 | 1.121 | 1.12
DMNS08 Mammuthussp [ No [ No | No | No | No No 472 448 168 27 6.027 | 0.799 | 72.67 | 0.41 3 1962 0 1 0 196 | 0.0001 | 1.112 | 1.11
8139 M primigenius No [ No [ No | No | No No 446 492 167 34 6.911 | 0.714 | 63.68 | 0.418 2 2165 0 1 0 133 0.0001 | 0.958 | 0.96
UNSM15 M columbi No [ No | No [ No | No No 400 472 6 3 0.636 0 63.33 | 0.411 0 190 0 1 0 0 0 NA | NA
UNSM34 M columbi No [ No | No [ No | No No 364 262 61 35 13.359 | 0.186 | 60.54 | 0.387 1 2074 0 1.022 0 61 0 0.993 | 0.97
ISM07 M jeffersonii No [ No | No [ No | No No 213 245 67 20 8.163 0.6 | 60.2 | 0.418 2 1203 0 1.001 0 140 | 0.0001 | 0.86 | 0.86
AM1193 M primigenius No [ No [ No | No | No No 107 112 62 7 6.25 0.885 | 66.57 | 0.45 1 466 0 1 0 74 0 0.9 0.9
UNSM33 Mammuthus_sp | No No | No No No No 52 63 5 4 6.349 0 68.75 | 0.452 0 275 0 1 0 0 0 NA NA
UNSM30 M_primigenius No No No No No No 48 54 7 3 5.556 0.5 48.67 0.31 0 146 0 1 0 0 0 NA NA
AM2446 M_primigenius No No No No No No 17 15 0 0 0 NA NA NA 0 0 0 NA 0 0 NA NA NA
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Supplementary Table 2.2. Whole mammoth genome sequence panel.

The panel includes eight mammoths across the Late-Pleistocene. Geographic distribution and
mitochondrial clade were used for genetic affinity comparison with the samples enriched and sequenced

in this study.
) ) o Mitochondrial clade
Genome ID Name Specie Date, years ago | Geographic origin
(Haplotype)
o Mammutus Taimyr Peninsula,
M. primigenius_G Woolly mammoth o ~31,500 ) Clade | (E1)
primiginius Russia
o Mammutus
M. primigenius_H Woolly mammoth o ~44,900 Alaska, USA Clade | (C1)
primiginius
o Mammutus Yamal Peninsula,
M. primigenius_S Woolly mammoth o ~45,300 ) Clade Il (B2)
primiginius Russia
o Mammutus )
M. primigenius_V Woolly mammoth o ~42,400 Wyoming, USA Clade | (NA)
primiginius
o Mammutus Wrangel Island,
M. primigenius_Q Woolly mammoth o ~4,300 ) Clade | (NA)
primiginius Russia
o Mammutus . )
M_primigenius_P Woolly mammoth o ~44,800 Oimyakon, Russia Clade Il (A1)
primiginius
M primigenius -1 Mammutus o )
Woolly mammoth o ~28,140 Siberia, Russia Clade | (NA)
(Yuka) primiginius
) ) Mammutus )
M. columbi_U Columbian mammoth lumbi ~13400 Wyoming, USA Clade | (NA)
columbi
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Supplementary Table 2.3. Linear mixed models.

Results of LMMs relating mammoths’ genetic and temporal distance with gene function. Standard error

(SE), degree of freedom (DF), t-values, and p-values. Significant effects are highlighted in bold.

Fixed Effects

Value SE DF t-value p-value
Intercept 0.004636616 0.0004294222 439 10.797338 0.0000
Neutral Per_diffMIS 1_MIS 3 -0.001126830 0.0003992227 439 -2.822560 0.0050
markers Per_diffMIS 3_MIS 3 -0.000920003 0.0004050205 439 -2.271498 0.0236
dist_geo -0.000000039 0.0000000364 439 -1.084613 0.2787
Intercept 0.0029296655 0.0005622663 148 5.210459 0.0000
Antiviral Per_diffMIS 3_MIS 3 0.0002524799 0.0001830106 148 1.379591 0.1698
dist_geo 0.0000000141 0.0000000461 148 0.305042 0.7608
Intercept 0.0027775829 0.0001334224 870 20.817963 0e+00
Arctic
) Per_diffMIS 3_MIS 3 0.0001696302 0.00004633613 870 3.660862 3e-04
Adaptation
dist_geo 0.0000000440 1.148000e-08 870 3.833384 le-04
Intercept 2.62629e-03 1.687788e-04 596 15.560542 0.0000
Cellular -
Per_diffMIS 3_MIS 3 1.72294e-05 4.490433e-05 596 0.383692 0.7013
Process
dist_geo 9.15000e-08 1.125000e-08 596 8.139052 0.0000
Intercept 0.004147007 0.0005103479 2812 8.125843 0.0000
Per_diffMIS 1_MIS 3 -0.001161031 0.0004889756 2812 -2.374415 0.0176
Immunity
Per_diffMIS 3_MIS 3 -0.001107316 0.0004891371 2812 -2.263815 0.0237
dist_geo 0.000000061 0.0000000130 2812 4.672039 0.0000
Intercept 0.0019531151 0.0007376276 385 2.647833 0.0084
Per_diffMIS 1_MIS 3 0.0018549161 0.0005817362 385 3.188586 0.0015
Sexual markers
Per_diffMIS 3_MIS 3 0.0028563642 0.0005799929 385 4.924826 0.0000
dist_geo -0.0000001816 0.0000000574 385 -3.162176 0.0017
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Supplementary Table 2.4. Predicted SNPs effect.

Table describing the consequence and the impact for each variant; genome annotation and protein features based on African elephant reference genome
loxAfr3 for each gene are included. Accumulation of SNPs variants observed in the mammoth population are shown in the n.ind column and gene length is

given.
Feature Protein Amino n. Gene
SYMBOL Location Gene Consequence IMPACT . . Codons | Uniprot UNIPARC .
type position acids ind | length
1 TAAR3 scaffold_0:27567772-27567772 | ENSLAFG00000030742 missense_variant MODERATE Transcript 176 M/R aTg/aGg G3U118 |[UPIO001C5FC2A| 2 1776
2 TAAR3 scaffold_0:27568229-27568229 | ENSLAFG00000030742 synonymous_variant LOW Transcript 328 | atA/atT G3U118 [UPIO001C5FC2A| 10 1776
3 PMEL scaffold_2:45328720-45328720 | ENSLAFG00000014591 missense_variant MODERATE Transcript 324 EN gAg/gTg G3TDI1 | UPIOO01C5E157 | 2 8274
4 TLR13 scaffold_24:23116114-23116114 | ENSLAFG00000025903 missense_variant MODERATE Transcript 412 L/R cTclcGe G3UEZ6 |UPIOO01C5ACBA| 6 10266
5 TLR11 scaffold_256:178541-178541 ENSLAFG00000029363 missense_variant MODERATE Transcript 153 N/K aaClaaA G3U832 |UPIOO01C5FDB2| 3 7362
6 TLR11 scaffold_256:178706-178706 ENSLAFG00000029363 missense_variant MODERATE Transcript 208 SIR agCl/agG G3U832 |[UPIO001C5FDB2| 2 7362
7 MNDA scaffold_33:7973961-7973961 | ENSLAFG00000002774 missense_variant MODERATE Transcript 16 DIV gAt/gTt G3TRT8 |UPIO001C5C21A| 5 54935
8 MNDA scaffold_33:7974506-7974506 | ENSLAFG00000002774 missense_variant MODERATE Transcript 78 GIV gGa/gTa | G3TRT8 |UPIO001C5C21A| 5 54935
9 MNDA scaffold_33:7974525-7974525 | ENSLAFG00000002774 splice_donor_variant HIGH Transcript - - - G3TRT8 | UPIO001C5C21A| 5 54935
10 MNDA scaffold_33:7974970-7974970 | ENSLAFG00000002774 missense_variant MODERATE Transcript 111 VIL Gta/Tta G3TRT8 |UPIO001C5C21A| 3 54935
11 MNDA scaffold_33:7981639-7981639 | ENSLAFG00000002774 frameshift_variant HIGH Transcript 201 E/EX gaa/gAaa | G3TRT8 |UPIO001C5C21A| 5 54935
12 MNDA scaffold_33:7981648-7981648 | ENSLAFG00000002774 missense_variant MODERATE Transcript 204 VIF Gtt/Ttt G3TRT8 |UPIO001C5C21A| 2 54935
13 MNDA scaffold_33:7981667-7981667 | ENSLAFG00000002774 missense_variant MODERATE Transcript 210 E/V gAg/gTg G3TRT8 |UPIO001C5C21A| 9 54935
14 MNDA scaffold_33:7981718-7981718 | ENSLAFG00000002774 missense_variant MODERATE Transcript 227 T/IK aCa/aAa | G3TRT8 |UPIO001C5C21A | 4 54935
15 MNDA scaffold_33:7981721-7981721 | ENSLAFG00000002774 | missense_variant, splice_region_variant MODERATE Transcript 228 TIK aCg/aAg | G3TRT8 |UPIO001C5C21A | 4 54935
16 MNDA scaffold_33:8102089-8102089 | ENSLAFG00000002774 missense_variant MODERATE Transcript 179 DY Gat/Tat G3TRT8 | UPIO001C5C455 6 54935
17 FGA scaffold_51:1096901-1096901 | ENSLAFG00000032360 missense_variant MODERATE Transcript 253 KIT aAg/aCg G3U772 |UPIOO01C5CAAD| 4 10479
APOBEC-3G-

18 like scaffold_73:6503283-6503283 | ENSLAFG00000020906 missense_variant MODERATE Transcript 219 PIT Cct/Act G3TLG1 |UPIO001C5DA6D| 2 4519
19 A2ML1 scaffold_15:54008684-54008684 | ENSLAFG00000017288 synonymous_variant LOW Transcript 326 T acG/acC G3TIL7 | UPIOO01C5ES33 | 5 43464
20 A2ML1 scaffold_15:54015995-54015995 | ENSLAFG00000017288 missense_variant MODERATE Transcript 485 E/D gaG/gaC G3TIL7 | UPIOO01C5ES533 | 6 43464
21 A2ML1 scaffold_15:54033251-54033251 | ENSLAFG00000017288 synonymous_variant LOW Transcript 1297 L ctClctG G3TIL7 | UPIOO01C5ES533 | 2 43464
22 A2ML1 scaffold_15:54039703-54039703 | ENSLAFG00000017288 synonymous_variant LOW Transcript 1433 S tcG/tcC G3TIL7 | UPIOO01C5E533 | 4 43464
23 ACKR4 scaffold_103:3874007-3874007 | ENSLAFG00000014708 missense_variant MODERATE Transcript 128 QMH caG/caC G3TDP3 | UPIO001C5FFA8 2 8165
24 ACKR4 scaffold_103:3874068-3874068 | ENSLAFG00000014708 missense_variant MODERATE Transcript 149 R/IG Cga/Gga | G3TDP3 | UPIO001C5FFA8| 2 8165
25 ACOX2 scaffold_12:8774662-8774662 | ENSLAFG00000027265 missense_variant MODERATE Transcript 649 SIA Tet/Get G3U1U7 |UPIO001C5ADAF| 2 36552
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Feature Protein Amino n. Gene
SYMBOL Location Gene Consequence IMPACT Codons | Uniprot UNIPARC
type position acids ind | length
26 ACP4 scaffold_4:10627502-10627502 | ENSLAFG00000001738 intron_variant MODIFIER Transcript - - - G3SP54 |UPIO001C5CFEF| 5 6290
27 ADGRG6 scaffold_0:16673868-16673868 | ENSLAFG00000005050 synonymous_variant LOW Transcript 870 S tcCltcG G3SVG3 | UPI0O001C5B35A | 3 159924
28 APOBEC1 scaffold_15:53748325-53748325 | ENSLAFG00000030837 missense_variant MODERATE Transcript 108 HIQ caT/caA G3UOR4 |UPIOO01C5E4DC| 2 3139
29 APOBEC1 scaffold_15:53748854-53748854 | ENSLAFG00000030837 synonymous_variant LOW Transcript 158 P ccG/ccC | G3UOR4 |UPIOO01C5E4DC| 2 3139
30 ARNTL scaffold_21:36176422-36176422 | ENSLAFG00000026673 intron_variant MODIFIER Transcript - - - G3TVX8 |UPIO001C5C69E| 2 35840
31 BPI scaffold_19:37485057-37485057 | ENSLAFG00000005285 missense_variant MODERATE Transcript 71 N/K aaT/aaG | G3SVY2 | UPIO001C5F262 | 2 50445
32 C5 scaffold_6:38197001-38197001 | ENSLAFG00000013034 synonymous_variant LOW Transcript 16 T acT/acA G3TAK1 | UPIOO01C5F4F7 | 7 109981
33 C5 scaffold_6:38197052-38197052 | ENSLAFG00000013034 intron_variant MODIFIER Transcript - - - G3TAK1 | UPIOO01C5F4F7 3 109981
34 C5 scaffold_6:38210839-38210839 | ENSLAFG00000013034 intron_variant MODIFIER Transcript - - - G3TAK1 [ UPIO001C5F4F7 [ 2 109981
35 C5 scaffold_6:38210841-38210841 | ENSLAFG00000013034 splice_region_variant, intron_variant LOW Transcript - - - G3TAK1 | UPIOO01C5F4F7 | 2 109981
36 C5 scaffold_6:38210850-38210850 | ENSLAFG00000013034 frameshift_variant HIGH Transcript 140-141 -IX -IT G3TAK1 [ UPIO001C5F4F7 [ 3 109981
37 C5 scaffold_6:38210954-38210954 | ENSLAFG00000013034 intron_variant MODIFIER Transcript - - - G3TAK1 | UPIOO01C5F4F7 | 2 109981
38 C5 scaffold_6:38219964-38219964 | ENSLAFG00000013034 intron_variant MODIFIER Transcript - - - G3TAK1 [ UPIO001C5F4F7 | 3 109981
39 C5 scaffold_6:38228465-38228465 | ENSLAFG00000013034 missense_variant MODERATE Transcript 556 M atT/atG G3TAK1 [ UPIO001C5F4F7 [ 6 109981
40 C5 scaffold_6:38240914-38240914 | ENSLAFG00000013034 intron_variant MODIFIER Transcript - - - G3TAK1 | UPIOO01C5F4F7 2 109981
41 C5 scaffold_6:38270043-38270043 | ENSLAFG00000013034 intron_variant MODIFIER Transcript - - - G3TAK1 [ UPIO001C5F4F7 [ 2 109981
42 C5 scaffold_6:38282836-38282836 | ENSLAFG00000013034 intron_variant MODIFIER Transcript - - - G3TAK1 [ UPIO001C5F4F7 [ 3 109981
43 CD109 scaffold_0:92051216-92051216 | ENSLAFG00000006753 synonymous_variant LOW Transcript 1179 S tcT/tcA G3SYT3 |UPIOO01C5D8AE| 3 165168
44 CD109 scaffold_0:92066103-92066103 | ENSLAFG00000006753 intron_variant MODIFIER Transcript - - - G3SYT3 [UPIOO01C5D8AE| 2 165168
45 CD109 scaffold_0:92073370-92073370 | ENSLAFG00000006753 missense_variant MODERATE Transcript 804 QIE Cag/Gag G3SYT3 |UPIOOO1CS5DS8AE| 5 165168
46 CD109 scaffold_0:92082093-92082093 | ENSLAFG00000006753 splice_region_variant, intron_variant LOW Transcript - - - G3SYT3 |UPIO001C5D8AE| 2 165168
47 CD163 scaffold_15:52345224-52345224 | ENSLAFG00000002941 missense_variant MODERATE Transcript 1093 L/M Ctg/Atg G3SRE6 |UPIO0O01C5E7ED| 4 34603
48 CD163 scaffold_15:52352414-52352414 | ENSLAFG00000002941 intron_variant MODIFIER Transcript - - - G3SRE6 |UPIO001C5E7ED| 2 34603
49 CD163 scaffold_15:52352474-52352474 | ENSLAFG00000002941 missense_variant MODERATE Transcript 700 VIF Gt/Ttt G3SRE6 |UPIOO01C5E7ED| 4 34603
50 CD302 scaffold_3:68193526-68193526 | ENSLAFG00000010149 intron_variant MODIFIER Transcript - - - G3T527 | UPIO001C5F046 | 2 33788
51 CD302 scaffold_3:68194644-68194644 | ENSLAFG00000010149 missense_variant MODERATE Transcript 117 D/E gaT/gaA | G3T527 | UPIOO01C5F046 | 9 33788
52 CLEC4E scaffold_15:52572775-52572775 | ENSLAFG00000022194 missense_variant MODERATE Transcript 82 K/N aaG/aaC G3TN20 | UPIOO01C5E843 | 2 7027
53 CLEC4E scaffold_15:52572886-52572886 | ENSLAFG00000022194 synonymous_variant LOW Transcript 119 L ctG/ctT G3TN20 | UPIOOO1C5E843 | 5 7027
54 COL13A1 scaffold_10:51508063-51508063 | ENSLAFG00000015605 intron_variant MODIFIER Transcript - - - G3TFl4 UPIO001C5F476 2 187098
55 COL17A1 scaffold_10:14403043-14403043 | ENSLAFG00000011870 missense_variant MODERATE Transcript 396 A/P Gee/Cec | G3TZNO | UPIOO01C5F092 | 3 52171
56 CR2 scaffold_13:12923243-12923243 | ENSLAFG00000009563 missense_variant MODERATE Transcript 58 v Ttg/Gtg G3T3Z4 |UPIO001C5C5B6| 6 34190
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Feature Protein Amino n. Gene
SYMBOL Location Gene Consequence IMPACT Codons | Uniprot UNIPARC
type position acids ind | length
57 CR2 scaffold_13:12925579-12925579 [ ENSLAFG00000009563 synonymous_variant LOW Transcript 301 \Y gtT/gtG G3T3Z4 |[UPIO001C5C5B6 | 2 34190
frameshift_variant, splice_region_variant,
58 CR2 scaffold_13:12930824-12930824 | ENSLAFG00000009563 intron_variant HIGH Transcript 738-739 -IX -IT G3T3Z4 |UPIO001C5C5B6 | 7 34190
59 CR2 scaffold_13:12930825-12930825 | ENSLAFG00000009563 coding_sequence_variant MODIFIER Transcript - - - G3T3Z4 |UPIO001C5C5B6 | 7 34190
60 CRP scaffold_33:9027520-9027520 | ENSLAFG00000029698 stop_gained HIGH Transcript 110 L/ tTg/tAg G3UIV1 | UPIO001C5C36F | 3 1158
61 ELP1 scaffold_6:50803877-50803877 | ENSLAFG00000000736 synonymous_variant LOW Transcript 698 R cgG/cgC | G3SMA4 | UPIOO01C5F784 | 2 55915
62 ELP1 scaffold_6:50810895-50810895 | ENSLAFG00000000736 missense_variant MODERATE Transcript 931 SIT aGt/aCt G3SMA4 | UPIO001C5F784 7 55915
63 F5 scaffold_33:24844509-24844509 | ENSLAFG00000001975 missense_variant MODERATE Transcript 814 L/R cTg/cGg G3SPK7 |UPIO001C5D06D | 3 113234
64 F8 scaffold_120:1033757-1033757 | ENSLAFG00000015274 missense_variant MODERATE Transcript 60 R/L cGclcTe G3TEU8 |UPIOO01C5ATEC| 2 139793
65 F8 scaffold_120:1058023-1058023 | ENSLAFG00000015274 synonymous_variant LOW Transcript 305 S tcT/tcG G3TEU8 |UPIO001C5A7EC| 3 139793
66 F8 scaffold_120:1105775-1105775 | ENSLAFG00000015274 missense_variant MODERATE Transcript 961 ] Tta/Ata G3TEU8 |UPIO001C5A7EC| 6 139793
67 F8 scaffold_120:1106011-1106011 | ENSLAFG00000015274 missense_variant MODERATE Transcript 1039 DIE gaT/gaG G3TEU8 |UPIO001C5A7EC| 6 139793
68 FANCI scaffold_28:17697830-17697830 | ENSLAFG00000016287 splice_region_variant, intron_variant LOW Transcript - - - G3TGQ9 |UPIO001C5CD39| 4 95707
69 FANCI scaffold_28:17698249-17698249 | ENSLAFG00000016287 intron_variant MODIFIER Transcript - - - G3TGQ9 | UPIO001C5CD39| 2 95707
70 FANCM scaffold_9:20799327-20799327 | ENSLAFG00000001136 synonymous_variant LOW Transcript 910 A gcClgeG G3SN12 |UPIO001C5B14D| 8 67397
71 FANCM scaffold_9:20806441-20806441 | ENSLAFG00000001136 missense_variant MODERATE Transcript 1400 v Tta/Gta G3SN12 |UPIO001C5B14D| 4 67397
72 FANCM scaffold_9:20806518-20806518 | ENSLAFG00000001136 missense_variant MODERATE Transcript 1425 K/N aaAlaaT | G3SN12 |UPIO001C5B14D| 3 67397
73 FANCM scaffold_9:20829255-20829255 | ENSLAFG00000001136 missense_variant MODERATE Transcript 1782 C/s tGt/tCt G3SN12 |UPIO001C5B14D| 3 67397
74 FGF5 scaffold_30:16583108-16583108 | ENSLAFG00000016173 intron_variant MODIFIER Transcript - - - G3TGG7 |UPIOO01C5EDBS| 2 25853
75 GHR scaffold_7:47730850-47730850 | ENSLAFG00000025524 synonymous_variant LOW Transcript 107 P ccT/ccA G3UMD7 |UPIO001C5C8EA| 5 174786
76 GHR scaffold_7:47751697-47751697 | ENSLAFG00000025524 synonymous_variant LOW Transcript 555 A gcG/geT | G3UMD7 |UPIOO01C5C8EA| 4 174786
77 GP5 scaffold_25:14960380-14960380 | ENSLAFG00000002812 missense_variant MODERATE Transcript 542 L/ Ctc/Atc G3SR71 |UPIOO01C5BED6| 4 3649
78 HOXA2 scaffold_5:31368220-31368220 | ENSLAFG00000001565 missense_variant MODERATE Transcript 176 GIA gGg/gCg | G3SNS8 | UPIO000E32225 2 2433
79 IFNG scaffold_2:58253558-58253558 | ENSLAFG00000004484 missense_variant MODERATE Transcript 109 S/IA Tcc/Gee G3SUC6 | UPIOO01C5E889 | 2 6995
80 IFNG scaffold_2:58253691-58253691 | ENSLAFG00000004484 missense_variant MODERATE Transcript 64 D/IE gaCl/gaA G3SUC6 | UPIO001C5E889 3 6995
81 IFNG scaffold_2:58253839-58253839 | ENSLAFG00000004484 synonymous_variant LOW Transcript 46 A gcG/geC | G3SUC6 | UPIOO01C5E889 | 3 6995
82 IGF1R scaffold_28:31235087-31235087 | ENSLAFG00000011658 synonymous_variant LOW Transcript 432 | atA/atC G3UCL7 |UPIOO01C5CF66| 3 349784
83 IGSF1 scaffold_100:978106-978106 ENSLAFG00000011426 synonymous_variant LOW Transcript 1209 | atT/atA G3T7G2 | UPIO001C5BOB5 | 4 12333
84 IGSF1 scaffold_100:986469-986469 ENSLAFG00000011426 missense_variant MODERATE Transcript 301 LV Ctc/Gtc G3T7G2 | UPIO001C5BOBS | 4 12333
85 IGSF10 scaffold_41:8433532-8433532 | ENSLAFG00000000038 missense_variant MODERATE Transcript 177 RIS Cgc/Age G3SKZ8 |UPIO0O01C5AEDB| 2 23666
86 IGSF10 scaffold_41:8438232-8438232 | ENSLAFG00000000038 synonymous_variant LOW Transcript 286 S tcAltcT G3SKZ8 |UPIO001C5AEDB| 3 23666
87 IGSF10 scaffold_41:8439597-8439597 | ENSLAFG00000000038 missense_variant MODERATE Transcript 729 SIR agClagG G3SKZ8 |UPIOO01C5AEDB| 2 23666
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Feature Protein Amino n. Gene
SYMBOL Location Gene Consequence IMPACT Codons | Uniprot UNIPARC
type position acids ind | length
88 IGSF10 scaffold_41:8440774-8440774 | ENSLAFG00000000038 missense_variant MODERATE Transcript 1122 FIV Ttc/Gte G3SKZ8 |UPIO001C5AEDB| 5 23666
89 IGSF10 scaffold_41:8441082-8441082 | ENSLAFG00000000038 synonymous_variant LOW Transcript 1224 T acAlacC G3SKZ8 |UPIO001C5AEDB| 3 23666
90 IGSF10 scaffold_41:8441090-8441091 | ENSLAFG00000000038 frameshift_variant HIGH Transcript 1227 P/X ccAlcc G3SKZ8 |UPIO001C5AEDB| 3 23666
91 IGSF10 scaffold_41:8441135-8441136 | ENSLAFG00000000038 frameshift_variant HIGH Transcript 1241 N/X Aat/at G3SKZ8 [UPIO0O01C5AEDB| 3 23666
92 IGSF10 scaffold_41:8444034-8444034 | ENSLAFG00000000038 missense_variant MODERATE Transcript 1893 N/H Aac/Cac G3SKZ8 |UPIOO01C5AEDB| 2 23666
93 IGSF10 scaffold_41:8444054-8444054 | ENSLAFG00000000038 missense_variant MODERATE Transcript 1899 R/S agG/agC | G3SKZ8 |UPIO001C5AEDB| 3 23666
94 IGSF10 scaffold_41:8449819-8449819 | ENSLAFG00000000038 synonymous_variant LOW Transcript 1992 S tcG/tcC G3SKZ8 |UPIO0O01C5AEDB| 3 23666
95 IL17B scaffold_1:68809228-68809228 | ENSLAFG00000021716 synonymous_variant LOW Transcript 73 L ctG/ctC G3TPO6 | UPIO001C5D721 2 6614
96 IL1B scaffold_50:1818140-1818140 | ENSLAFG00000004059 synonymous_variant LOW Transcript 207 R Cga/Aga | G3STJ8 |UPIO001C5D732 | 2 6832
97 1L20 scaffold_13:12069514-12069514 | ENSLAFG00000018715 missense_variant MODERATE Transcript 34 VIL Gtg/Ctg G3TLC9 [UPIO001C5BBF2| 2 3667
98 IL24 scaffold_13:12120705-12120705 | ENSLAFG00000013062 splice_region_variant, intron_variant LOW Transcript - - - G3TAL5 |UPIO001C5BC3C| 8 6805
99 IRAK2 scaffold_12:36765895-36765895 | ENSLAFG00000002546 synonymous_variant LOW Transcript 602 A gcCl/gecG | G3SQP2 | UPIOO01C5E246 | 9 87751
100 ITPKA scaffold_64:11105276-11105276 | ENSLAFG00000017766 downstream_gene_variant MODIFIER Transcript - - - G3TJI5 | UPI000195307D 2 8640
101 KDM8 scaffold_65:9508841-9508841 | ENSLAFG00000018540 intron_variant MODIFIER Transcript - - - G3TLO7 |UPIO001C5FBDA| 2 21325
102 KIT scaffold_38:6340250-6340250 | ENSLAFG00000022078 intron_variant MODIFIER Transcript - - - G5E7C2 | UPIO0O01C5FOFO 3 103034
103 KIT scaffold_38:6342974-6342974 | ENSLAFG00000022078 synonymous_variant LOW Transcript 962 S tcCltcA G5E7C2 | UPI0O001C5FOFO0 [ 5 103034
104 KRT24 scaffold_31:22629111-22629111 | ENSLAFG00000000455 missense_variant MODERATE Transcript 267 SIT aGt/aCt G3SLR9 | UPIOO01C5E489 | 4 6491
105 KRT3 scaffold_2:39213772-39213772 | ENSLAFG00000015682 missense_variant MODERATE Transcript 561 G/IR Ggc/Cgc G3TFN2 |UPIO001C5DB4B| 2 5714
106 KRT35 scaffold_31:23306338-23306338 | ENSLAFG00000004691 missense_variant MODERATE Transcript 103 VIF Gtc/Ttc G3SUR3 | UPIOO01C5E395 | 2 4435
107 KRT35 scaffold_31:23306345-23306345 | ENSLAFG00000004691 synonymous_variant LOW Transcript 100 T acAlacC G3SUR3 | UPIO001C5E395 2 4435
108 KRT4 scaffold_2:39241653-39241653 | ENSLAFG00000005514 intron_variant MODIFIER Transcript - - - G3SWD3 |[UPI0001C5DC3C| 2 7216
109 KRT71 scaffold_2:38928404-38928404 | ENSLAFG00000017618 splice_region_variant, intron_variant LOW Transcript - - - G3TJ84 |UPIOO01C5DEC2| 2 8790
110 KRT71 scaffold_2:38928468-38928468 | ENSLAFG00000017618 missense_variant MODERATE Transcript 309 QM caG/caT G3TJ84 |UPIO001C5DEC2| 2 8790
111 KRT76 scaffold_2:39193923-39193923 | ENSLAFG00000005508 splice_region_variant, intron_variant LOW Transcript - - - G3TJ84 |UPIOO01C5DAA4 | 4 8648
112 KRT76 scaffold_2:39195585-39195585 [ ENSLAFG00000005508 splice_region_variant, intron_variant LOW Transcript - - - G3SWDO0 |UPIO001C5DAA4 | 2 8648
113 LATS1 scaffold_0:8479143-8479143 | ENSLAFG00000005083 intron_variant MODIFIER Transcript - - - G3SVI4 | UPIOOOOE336EA | 4 55134
114 LEPR scaffold_17:28469778-28469778 | ENSLAFG00000003592 synonymous_variant LOW Transcript 801 G ggA/ggC G3SSQ3 |UPIOO01CS5DDDF| 6 69544
115 LEPR scaffold_17:28469928-28469928 | ENSLAFG00000003592 synonymous_variant LOW Transcript 751 ggG/ggT | G3SSQ3 |UPIO001C5DDDF| 4 69544
116 LEPR scaffold_17:28484540-28484540 | ENSLAFG00000003592 splice_region_variant, intron_variant LOW Transcript - - - G3SSQ3 |UPIO001C5DDDF| 3 69544
117 LEPR scaffold_17:28487875-28487875 | ENSLAFG00000003592 missense_variant MODERATE Transcript 319 N/K aaT/aaA | G3SSQ3 |UPIO001C5DDDF| 2 69544
118 LEPR scaffold_17:28488140-28488140 | ENSLAFG00000003592 synonymous_variant LOW Transcript 268 \Y gtG/gtC G3SSQ3 |UPIO001C5DDDF| 3 69544
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119 LEPR scaffold_17:28489623-28489623 | ENSLAFG00000003592 intron_variant MODIFIER Transcript - - - G3SSQ3 |UPIO001C5DDDF| 3 69544
120 LEPR scaffold_17:28489630-28489630 | ENSLAFG00000003592 intron_variant MODIFIER Transcript - - - G3SSQ3 |UPIO001C5DDDF| 5 69544
121 LEPR scaffold_17:28492185-28492185 | ENSLAFG00000003592 missense_variant MODERATE Transcript 162 DIV gAt/gTt G3SSQ3 |UPIOO01CSDDDF| 3 69544
122 LEPR scaffold_17:28494568-28494568 | ENSLAFG00000003592 synonymous_variant LOW Transcript 112 T acT/acG G3SSQ3 |UPIO001C5DDDF| 8 69544
123 LEPR scaffold_17:28494592-28494592 | ENSLAFG00000003592 synonymous_variant LOW Transcript 104 S tcCltcA G3SSQ3 |UPIO001C5DDDF| 8 69544
124 LRBA scaffold_51:5835553-5835553 | ENSLAFG00000014125 synonymous_variant LOW Transcript 619 T acT/acG G3TCN9 | UPI0O001C5C880 | 5 763450
125 LRBA scaffold_51:5853439-5853439 | ENSLAFG00000014125 missense_variant MODERATE Transcript 725 I'M atClatG G3TCN9 | UPI0001C5C880 | 6 763450
126 LRBA scaffold_51:5883295-5883295 | ENSLAFG00000014125 synonymous_variant LOW Transcript 1377 G ggT/ggA G3TCN9 | UPI0001C5C880 5 763450
127 LRRC49 scaffold_28:2397727-2397727 | ENSLAFG00000009974 missense_variant MODERATE Transcript 120 QP cAg/cCg G3T4Q3 | UPIOO01C5AAFS5 | 3 177694
128 LRRC66 scaffold_38:3251265-3251265 | ENSLAFG00000008892 missense_variant MODERATE Transcript 709 T/N aCclaAc G3T2R1 | UPIOO01C5F1F0 3 31550
129 LRRC66 scaffold_38:3251342-3251342 | ENSLAFG00000008892 missense_variant MODERATE Transcript 683 DIE gaClgaG G3T2R1 | UPIOOO1C5F1FO | 2 31550
130 LRRC66 scaffold_38:3251653-3251653 | ENSLAFG00000008892 missense_variant MODERATE Transcript 580 VIL Gta/Tta G3T2R1 | UPIOOO1C5F1FO | 3 31550
131 LRRC66 scaffold_38:3251665-3251665 | ENSLAFG00000008892 missense_variant MODERATE Transcript 576 E/Q Gag/Cag G3T2R1 | UPIOOO1C5F1FO | 3 31550
132 LRRC66 scaffold_38:3252110-3252110 | ENSLAFG00000008892 missense_variant MODERATE Transcript 427 DIE gaC/gaA G3T2R1 | UPIOOO1C5F1FO | 2 31550
133 LRRC66 scaffold_38:3254233-3254233 | ENSLAFG00000008892 missense_variant MODERATE Transcript 271 R/IP cGc/cCc G3T2R1 | UPIOO01C5F1F0 8 31550
134 LRRC66 scaffold_38:3258303-3258303 | ENSLAFG00000008892 intron_variant MODIFIER Transcript - - - G3T2R1 | UPIOOO1C5F1FO | 3 31550
135 LRRC66 scaffold_38:3269782-3269782 | ENSLAFG00000008892 synonymous_variant LOW Transcript 124 | atA/atT G3T2R1 | UPIOOO1C5F1FO | 7 31550
136 LRRC66 scaffold_38:3270064-3270064 | ENSLAFG00000008892 missense_variant MODERATE Transcript 30 IIM atT/atG G3T2R1 | UPIOOO1C5F1FO | 3 31550
137 LRRC9 scaffold_9:35586494-35586494 | ENSLAFG00000016138 intron_variant MODIFIER Transcript - - - G3TGF2 |UPIO001C5C3C8| 3 134814
138 LRRC9 scaffold_9:35604484-35604484 | ENSLAFG00000016138 intron_variant MODIFIER Transcript - - - G3TGF2 |UPIO001C5C3C8| 3 134814
139 LRRC9 scaffold_9:35605622-35605622 | ENSLAFG00000016138 missense_variant MODERATE Transcript 328 Lv Ctt/Gtt G3TGF2 |UPIO001C5C3C8| 8 134814
140 LRRC9 scaffold_9:35612992-35612992 | ENSLAFG00000016138 missense_variant MODERATE Transcript 418 N/K aaClaaA G3TGF2 |UPIO001C5C3C8| 4 134814
141 LRRC9 scaffold_9:35638373-35638373 | ENSLAFG00000016138 missense_variant MODERATE Transcript 642 I Ata/Tta G3TGF2 |[UPIO001C5C3C8| 12 134814
142 LRRC9 scaffold_9:35638440-35638440 | ENSLAFG00000016138 intron_variant MODIFIER Transcript - - - G3TGF2 |UPIO001C5C3C8| 4 134814
143 LRRC9 scaffold_9:35648492-35648493 | ENSLAFG00000016138 | frameshift_variant, splice_region_variant HIGH Transcript 760 P/X Ccclcc G3TGF2 |UPIO001C5C3C8| 4 134814
144 LRRD1 scaffold_5:57325540-57325540 | ENSLAFG00000030816 missense_variant MODERATE Transcript 87 L/ Tta/Ata G3UN87 |UPIO001C5CBF2| 7 24982
145 LRRD1 scaffold_5:57325861-57325861 | ENSLAFG00000030816 missense_variant MODERATE Transcript 194 VIL Gta/Tta G3UN87 |UPIO001C5CBF2| 7 24982
146 LRRD1 scaffold_5:57326866-57326866 | ENSLAFG00000030816 missense_variant MODERATE Transcript 529 QIE Caa/Gaa | G3UN87 |UPIO001C5CBF2| 7 24982
147 LRRIQ4 scaffold_42:10499636-10499636 | ENSLAFG00000014769 missense_variant MODERATE Transcript 416 YIF tAc/tTc G3TDT7 | UPI0001C5D090 2 23749
148 LRRIQ4 scaffold_42:10509002-10509002 [ ENSLAFG00000014769 missense_variant MODERATE Transcript 26 HIQ caT/caA G3TDT7 | UPIO001C5D090 | 9 23749
149 LVRN scaffold_1:48084969-48084969 | ENSLAFG00000002068 intron_variant MODIFIER Transcript - - - G3SPR9 | UPIO001C5CA43| 4 103511
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150 LVRN scaffold_1:48087837-48087837 | ENSLAFG00000002068 synonymous_variant LOW Transcript 523 L ctCletG G3SPR9 [UPIO0O01C5CA43| 4 103511
151 LVRN scaffold_1:48121103-48121103 | ENSLAFG00000002068 | missense_variant, splice_region_variant MODERATE Transcript 276 RIG Cgt/Ggt G3SPR9 |UPIO001C5CA43| 5 103511
152 LVRN scaffold_1:48121126-48121127 | ENSLAFG00000002068 | splice_donor_variant, frameshift_variant HIGH Transcript 268 A/X Gceclcc G3SPR9 | UPIO001C5CA43| 5 103511
153 LY86 scaffold_54:9844957-9844957 | ENSLAFG00000000519 missense_variant MODERATE Transcript 134 LV Ctg/Gtg G3SLV3 | UPI0O001C5CO3F | 2 79203
154 LY9 scaffold_33:10338073-10338073 | ENSLAFG00000023009 missense_variant MODERATE Transcript 125 E/A gAg/gCg | G3TMS7 | UPIOOO1C5C9F2| 3 34074
155 LY9 scaffold_33:10350906-10350906 | ENSLAFG00000023009 coding_sequence_variant MODIFIER Transcript - - - G3TMS7 | UPIOO01C5C9F2| 5 34074
156 MRPS22 scaffold_76:74347-74347 ENSLAFG00000010630 synonymous_variant LOW Transcript 344 T acAlacT G3T5Z5 | UPIO001C5B290 | 6 18382
157 MRPS22 scaffold_76:89782-89782 ENSLAFG00000010630 synonymous_variant LOW Transcript 126 P ccAlccC G3T5Z5 | UPIO001C5B290 | 4 18382
158 MRPS22 scaffold_76:91150-91150 ENSLAFG00000010630 synonymous_variant LOW Transcript 79 T acCl/acA G3T5Z5 | UPI0001C5B290 | 2 18382
159 MRPS22 scaffold_76:91203-91203 ENSLAFG00000010630 missense_variant MODERATE Transcript 62 Q/K Cag/Aag G3T5Z5 | UPI0001C5B290 2 18382
160 MTUS1 scaffold_22:38535888-38535888 | ENSLAFG00000009785 synonymous_variant LOW Transcript 609 \ gtC/gtG G3T4C7 |UPIOO01C5FAD6 | 7 111850
161 MTUS1 scaffold_22:38536469-38536469 | ENSLAFG00000009785 missense_variant MODERATE Transcript 416 HIN Cat/Aat G3T4C7 |UPIO001C5FAD6G| 6 111850
162 MTUS1 scaffold_22:38536601-38536601 | ENSLAFG00000009785 missense_variant MODERATE Transcript 372 SIA Tct/Get G3T4C7 |UPIOO01C5FAD6 | 2 111850
163 NF1 scaffold_31:864661-864661 ENSLAFG00000000258 intron_variant MODIFIER Transcript - - - G3U9S1 [UPIO001C5B6AE| 5 248450
164 NF1 scaffold_31:864671-864671 ENSLAFG00000000258 intron_variant MODIFIER Transcript - - - G3U9S1 |UPIO001C5B6AE| 5 248450
165 NF1 scaffold_31:864754-864754 ENSLAFG00000000258 intron_variant MODIFIER Transcript - - - G3U9S1 [UPIO001C5B6AE | 8 248450
166 PHKA2 scaffold_39:12666388-12666388 | ENSLAFG00000009425 intron_variant MODIFIER Transcript - - - G3T3Q0 | UPIO001C5D662 [ 3 77577
167 RB1 scaffold_23:29420373-29420373 | ENSLAFG00000013579 intron_variant MODIFIER Transcript - - - G3ULO3 | UPIO001C5D688 2 207581
168 RB1 scaffold_23:29465404-29465404 | ENSLAFG00000013579 splice_region_variant, intron_variant LOW Transcript - - - G3ULO03 | UPIO001C5D688 | 2 207581
169 SAMHD1 scaffold_19:36086800-36086800 | ENSLAFG00000001940 intron_variant MODIFIER Transcript - - - G3SPI6 | UPIO001C5F0B8 2 47337
170 SLC45A2 scaffold_7:37902693-37902693 | ENSLAFG00000017087 intron_variant MODIFIER Transcript - - - G3TI69 |UPIO001C5BDA9| 2 38882
171 SLC45A2 scaffold_7:37915256-37915256 | ENSLAFG00000017087 missense_variant MODERATE Transcript 276 G/A gGa/gCa G3TI69 |UPIO0O01C5BDA9| 5 38882
172 TAAR1 scaffold_0:27518319-27518319 | ENSLAFG00000008959 missense_variant MODERATE Transcript 57 TIS Act/Tct G3T2U3 | UPIO001C5FCOB| 7 1727
173 TBX15 scaffold_11:65831490-65831490 | ENSLAFG00000018452 inframe_insertion MODERATE Transcript 546-547 -/P -/CCT G3TKU5 | UPIO001C5FES6 2 120723
174 TLR10 scaffold_18:41571276-41571276 | ENSLAFG00000008544 missense_variant MODERATE Transcript 800 D/A gAc/gCc | G3TSH8 | UPIO0O01C5F920 | 2 35638
175 TLR10 scaffold_18:41571826-41571826 | ENSLAFG00000008544 missense_variant MODERATE Transcript 617 N/H Aac/Cac | G3TSH8 | UPI0O001C5F920 | 3 35638
176 TLR10 scaffold_18:41572528-41572528 | ENSLAFG00000008544 missense_variant MODERATE Transcript 383 Q/K Caa/Aaa | G3TSH8 | UPIO001C5F920 | 9 35638
177 TLR10 scaffold_18:41572565-41572565 | ENSLAFG00000008544 missense_variant MODERATE Transcript 370 HIQ caClcaA | G3TSH8 | UPIO0O01C5F920 | 12 35638
178 TLR2 scaffold_51:2370508-2370508 | ENSLAFG00000005069 missense_variant MODERATE Transcript 407 TIN aCt/aAt G3UL46 | UPI0001C6019D 4 10029
179 TLR2 scaffold_51:2371020-2371020 | ENSLAFG00000005069 missense_variant MODERATE Transcript 236 F/L tT/tG G3UL46 | UPI0001C6019D | 11 10029
180 TLR3 scaffold_22:42068418-42068418 | ENSLAFG00000017558 missense_variant MODERATE Transcript 274 E/Q Gag/Cag G3TJ47 | UPIO001C5FC38 2 18315
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181 TLR3 scaffold_22:42073534-42073534 | ENSLAFG00000017558 synonymous_variant LOW Transcript 119 T acC/acA G3TJ47 | UPIOO01C5FC38 | 2 18315
182 TLR4 scaffold_6:41870027-41870027 | ENSLAFG00000006775 missense_variant MODERATE Transcript 330 YIF tAc/tTc G3SYU3 | UPIO001C5F551 8 17536
183 TLR6 scaffold_18:41635735-41635735 | ENSLAFG00000032091 missense_variant MODERATE Transcript 482 KIQ Aaa/Caa G3ULC1 | UPIOO01C5BF3A| 3 36640
184 TLR7 scaffold_39:18946361-18946361 | ENSLAFG00000001156 synonymous_variant LOW Transcript 225 S tcT/teG G3ULI5 | UPIO001C5D68F | 3 51481
185 TLR8 scaffold_39:18879315-18879315 | ENSLAFG00000011755 missense_variant MODERATE Transcript 30 T/S Act/Tct G3T843 | UPI0001C5D922 | 3 20340
186 TRPA1 scaffold_8:18951396-18951396 | ENSLAFG00000010128 missense_variant MODERATE Transcript 1031 RIT aGa/aCa G3T518 | UPIO001C5B834 | 6 77873
187 TRPV1 scaffold_47:7229191-7229191 | ENSLAFG00000013211 synonymous_variant LOW Transcript 585 v gtG/gtC G3T518 |UPIO001C5C74C| 3 32815
188 TRPV1 scaffold_47:7240388-7240388 | ENSLAFG00000013211 missense_variant MODERATE Transcript 325 KIT aAg/aCg G3T518 |UPIO0O01C5C74C| 2 32815
189 TRPV3 scaffold_47:7190668-7190668 | ENSLAFG00000013204 missense_variant MODERATE Transcript 333 N/K aaCl/aaA | G3TAW1 |UPIOO01C5C6EF| 2 48154
190 TRPV3 scaffold_47:7198477-7198477 | ENSLAFG00000013204 synonymous_variant LOW Transcript 114 R Cgg/Agg G3TAW1 | UPIO0O01C5C6EF| 3 48154
191 TYR scaffold_62:12547534-12547534 | ENSLAFG00000016209 missense_variant MODERATE Transcript 164 RIT aGa/aCa G3TGJ7 | UPIOOOOE32C8D | 3 103233
192 TYR scaffold_62:12547745-12547745 | ENSLAFG00000016209 synonymous_variant LOW Transcript 234 P ccGl/ecC G3TGJ7 | UPIOO0OE32C8D | 2 103233
193 TYRP1 scaffold_6:86260142-86260142 | ENSLAFG00000001901 missense_variant MODERATE Transcript 486 SIA Tct/Get G3SPG1 | UPIOO01C5FF09 7 17047
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Supplementary Table 2.5. Deleterious missense variants.

Deleterious effect of missense variants were estimated using three predictors (PredictSNP, PROVEAN, and I-Mutant2.0). Deleterious aminoacid substitutions
with predictions scores are underlined in bold.

cene Uniprot 1D Amino acid PredictSNP PROVEAN I-Mutant2.0
substitution Predicted Effect Accuracy % Predicted Effect Cutoff=-2.5 Predicted Effect AAG
A2ML1 G3TIL7 E485D Neutral 74 Neutral -0.785 Increase Stability 0.18
ACKR4 G3TDP3 Q128H Neutral 63 Neutral -0.792 Decrease Stability -1.70
ACKR4 G3TDP3 R149G Deleterious 61 Deleterious -3.206 Decrease Stability -1.00
ACOX2 G3U1U7 S649A Neutral 83 Neutral 2.483 Increase Stability 0.13
APOBEC-3G-like G3TLG1 P219T Neutral 74 Neutral 0.615 Decrease Stability -1.43
APOBEC1 G3UOR4 H108Q Neutral 83 Neutral -1.601 Decrease Stability -0.21
BPI G3SVY2 N71K Neutral 74 Neutral 2.476 Decrease Stability -1.60
C5 G3TAK1 1556M Neutral 83 Neutral 0.271 Decrease Stability -0.75
CD109 G3SYT3 Q804E Neutral 73 Neutral -1.222 Increase Stability 0.18
CD163 G3SRE6 V700F Neutral 63 Neutral -1.017 Decrease Stability -2.63
CD163 G3SRE6 L1093M Deleterious 51 Neutral -0.426 Decrease Stability -0.26
CD302 G3T527 D117E Neutral 83 Neutral 0.124 Increase Stability 0.46
CLEC4E G3TN20 K82N Neutral 74 Neutral -0.799 Decrease Stability -0.64
COL17A1 G3TZNO A396P Deleterious 51 Neutral -1.759 Decrease Stability -1.37
CR2 G3T3z4 L58V Neutral 83 Neutral 1.204 Decrease Stability -1.18
ELP1 G3SMA4 S931T Neutral 83 Neutral 0.293 Decrease Stability -0.46
F5 G3SPK7 L814R Neutral 75 Neutral -2.267 Decrease Stability -1.96
F8 G3TEUS8 R60L Neutral 75 Neutral 1.020 Decrease Stability -0.70
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F8 G3TEUS8 L961I Neutral 74 Neutral -0.205 Decrease Stability -0.26
F8 G3TEUS8 D1039E Neutral 83 Neutral -0.779 Decrease Stability -0.34
FANCM G3SN12 L1400V Neutral 83 Neutral -0.654 Increase Stability 0.28
FANCM G3SN12 K1425N Neutral 83 Neutral -0.796 Decrease Stability -0.57
FANCM G3SN12 C1782S Neutral 83 Neutral 0.763 Decrease Stability -2.58
FGA G3U772 K253T Neutral 83 Neutral 0.877 Decrease Stability -0.26
GP5 G3SR71 L542] Neutral 83 Neutral 0.570 Decrease Stability -0.40
HOXA2 G3SNS8 G176A Neutral 83 Neutral 3.557 Decrease Stability -1.23
IFNG G3SUCe6 D64E Neutral 75 Neutral -0.901 Decrease Stability -0.51
IFNG G3SUC6 S109A Neutral 74 Neutral -1.512 Decrease Stability -2.39
IGSF1 G3T7G2 L301V Neutral 83 Neutral -0.264 Decrease Stability -0.64
IGSF10 G3SKz8 R177S Neutral 75 Neutral 0.941 Decrease Stability -2.75
IGSF10 G3SKZ8 S729R Neutral 83 Neutral 4.633 Increase Stability 0.51
IGSF10 G3SKz8 F1122Vv Neutral 75 Neutral -1.512 Decrease Stability -2.12
IGSF10 G3SKZ8 N1893H Neutral 60 Deleterious -3.930 Decrease Stability -1.34
IGSF10 G3SKZ8 R1899S Neutral 63 Neutral 1.369 Decrease Stability -3.10
IL20 G3TLC9 V34L Neutral 83 Neutral -0.589 Decrease Stability -0.50
KRT24 G3SLR9 S267T Neutral 83 Neutral 0.363 Decrease Stability -0.94
KRT3 G3TFN2 G561R Neutral 83 Neutral -2.183 Increase Stability 0.11
KRT35 G3SUR3 V103F Neutral 75 Neutral 4.723 Decrease Stability -1.18
KRT71 G3TJ84 Q309H Neutral 63 Deleterious -3.216 Decrease Stability -0.98
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LEPR G3SSQ3 D162V Deleterious 61 Deleterious -4.132 Decrease Stability -0.27
LEPR G3SSQ3 N319K Neutral 83 Neutral -0.522 Decrease Stability -0.49
LRBA G3TCN9 1725M Neutral 63 Deleterious -2.574 Decrease Stability -1.49
LRRC49 G3T4Q3 Q120P Neutral 83 Neutral -0.045 Decrease Stability -0.45
LRRC66 G3T2R1 130M Neutral 60 Neutral -0.468 Decrease Stability -0.34
LRRC66 G3T2R1 R271P Deleterious 87 Neutral 0.305 Decrease Stability -2.26
LRRC66 G3T2R1 D427E Neutral 83 Neutral -0.793 Decrease Stability -0.16
LRRC66 G3T2R1 E576Q Neutral 83 Neutral -0.317 Decrease Stability -1.01
LRRC66 G3T2R1 V580L Neutral 74 Neutral 0.850 Increase Stability 0.05
LRRC66 G3T2R1 D683E Deleterious 51 Neutral -1.367 Decrease Stability -0.36
LRRC66 G3T2R1 T709N Neutral 83 Neutral 1.517 Decrease Stability -0.41
LRRC9 G3TGF2 L328V Neutral 74 Neutral 0.203 Decrease Stability -0.85
LRRC9 G3TGF2 N418K Neutral 83 Neutral -0.480 Decrease Stability -1.35
LRRC9 G3TGF2 1642L Neutral 83 Neutral -0.598 Decrease Stability -0.44
LRRD1 G3TSC9 L871 Deleterious 51 Neutral -0.124 Increase Stability 0.45
LRRD1 G3TSC9 V194L Neutral 83 Neutral 1.158 Decrease Stability -1.47
LRRD1 G3TSC9 Q529E Neutral 74 Neutral -0.863 Increase Stability 0.18
LRRIQ4 G3TDT7 H26Q Neutral 83 Neutral 1.388 Decrease Stability -1.75
LRRIQ4 G3TDT7 Y416F Neutral 83 Neutral -1.225 Decrease Stability -0.46
LVRN G3SPR9 R276G Neutral 83 Neutral 1.177 Decrease Stability -2.37
LY86 G3SLV3 L134V Deleterious 55 Neutral -0.054 Decrease Stability -1.71

69




cene Uniprot b Amm? a.cid PredictSNP PROVEAN I-Mutant2.0
substitution Predicted Effect Accuracy % Predicted Effect Cutoff=-2.5 Predicted Effect AAG
LY9 G3TMS7 E125A Neutral 74 Neutral 2.444 Decrease Stability -0.57
MNDA G3SR44 D16V Neutral 83 Neutral 1.337 Decrease Stability -1.28
MNDA G3SR44 G78V Neutral 63 Neutral -1.390 Decrease Stability -0.65
MNDA G3SR44 V111L Neutral 74 Neutral -0.162 Decrease Stability -1.02
MNDA G3SR44 S179Y Deleterious 51 Deleterious -2.835 Decrease Stability -0.12
MNDA G3SR44 V204F Neutral 83 Neutral -2.231 Decrease Stability -1.77
MNDA G3SR44 E210V Neutral 75 Neutral 2.355 Increase Stability 0.73
MNDA G3SR44 T227K Deleterious 51 Neutral 1.047 Increase Stability 0.42
MNDA G3SR44 T228K Deleterious 87 Deleterious -4.626 Increase Stability 0.35
MRPS22 G3T525 Q62K Neutral 83 Neutral 0.563 Decrease Stability -0.59
MTUS1 G3T4C7 S372A Neutral 74 Neutral -0.750 Increase Stability 0.40
MTUS1 G3T4C7 H416N Neutral 75 Neutral 1.210 Decrease Stability -2.57
PMEL G3TDI1 E324V Neutral 83 Neutral 1.284 Increase Stability 1.12
SLC45A2 G3T169 G276A Neutral 83 Neutral -0.970 Decrease Stability -0.73
TAAR1 G3T2U3 T57S Neutral 63 Deleterious -3.166 Decrease Stability -0.69
TAAR3 G3U118 M176R Neutral 60 Deleterious -3.006 Decrease Stability -1.69
TLR10 G3TSHS8 H370Q Neutral 83 Neutral 1.184 Decrease Stability -0.27
TLR10 G3TSH8 Q383K Neutral 83 Neutral 0.942 Decrease Stability -0.33
TLR10 G3TSHS8 N617H Neutral 83 Neutral 3.308 Increase Stability 0.05
TLR10 G3TSH8 D800A Neutral 74 Neutral 0.266 Decrease Stability -0.98
TLR11 G3U832 N153K Neutral 83 Neutral -0.592 Decrease Stability -1.88
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cene Uniprot b Amm? a.cid PredictSNP PROVEAN I-Mutant2.0
substitution Predicted Effect Accuracy % Predicted Effect Cutoff=-2.5 Predicted Effect AAG
TLR11 G3U832 S208R Neutral 74 Neutral -0.310 Decrease Stability -0.70
TLR13 G3UEZ6 L412R Deleterious 61 Deleterious -3.961 Decrease Stability -1.21
TLR2 G3UL46 F236L Neutral 83 Neutral -1.452 Decrease Stability -1.87
TLR2 G3UL46 T407N Neutral 74 Neutral -1.622 Decrease Stability -0.58
TLR3 G3TJ47 E274Q Neutral 83 Neutral 0.266 Decrease Stability -0.06
TLR4 G3SYU3 Y330F Neutral 83 Neutral 0.286 Increase Stability 0.73
TLR6 G3ULC1 K482Q Neutral 83 Neutral 1.189 Decrease Stability -0.04
TLR8 G3T843 T30S Neutral 83 Neutral 0.388 Increase Stability 0.19
TRPA1 G3T518 R1031T Neutral 83 Neutral 0.522 Decrease Stability -1.64
TRPV1 G3TAW7 K325T Neutral 83 Neutral 1.585 Increase Stability 0.59
TRPV3 G3TAW1 N333K Neutral 83 Neutral 1.753 Decrease Stability -0.95
TYR G3TGJ7 R164T Neutral 83 Neutral 0.591 Decrease Stability -1.47
TYRP1 G3SPG1 S486A Neutral 83 Neutral 1.210 Increase Stability 0.58
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Supplementary Table 2.6. Samples.

This table contains detailed information on each mammoth sample, including geographic distribution, calibrated radiocarbon ages (14C date/(yBP)), and
mitochondrial haplotypes.

Mitochondrial

Taxon-MADC# Taxon Area Locality Lat. Long. 14cdate /(yBP) Haplotype Study
URL1 Mammuthus sp Ural mountains nd nd nd nd nd
URL2 Mammuthus sp Ural mountains nd nd nd 24430 Clade | (E3)
GDY1 Mammuthus sp Western Siberia Gydan peninsula nd nd 15160 Clade | (E18)

2000-173 M. primigenius Taimyr Peninsula Arilakh 73.75 102 11900 Clade | (E11)
2000-174 M. primigenius Taimyr Peninsula Arilakh 73.75 102 28210 Clade | (E9)
2002-473 M. primigenius Taimyr Peninsula Arilakh 73.75 102 46700 Clade | (D4)
Ber5 M. primigenius Eastern Siberia Berelekh 70.4 143.95 nd Clade | (D18)
Ber7 M. primigenius Eastern Siberia Berelekh 70.4 143.95 nd Clade | (D1)
Ber9 M. primigenius Eastern Siberia Berelekh 70.4 143.95 nd Clade | (D14)
Ber10 M. primigenius Eastern Siberia Berelekh 70.4 143.95 nd Clade | (D17)
Berll M. primigenius Eastern Siberia Berelekh 70.4 143.95 nd Clade | (E6)
Ber20 M. primigenius Eastern Siberia Berelekh 70.4 143.95 nd Clade | (E6)
SYU3 Mammuthus sp Eastern Siberia Sanga-Yuriakh 63.5 142.75 >47800 Clade | (E7)
WR2 M. primigenius Wrangel Island nd 71.24 -179.78 4420 Clade | (E5)
1K-99-70 Mammuthus sp Alaskan North Slope Upper Ikpikpuk River 69.37 -154.67 >51900 Clade | (C1)
1K-99-322 Mammuthus sp Alaskan North Slope Upper lkpikpuk River 69.37 -154.67 >52000 Clade | (C13)
1K-01-359 Mammuthus sp Alaskan North Slope Upper lkpikpuk River 69.37 -154.67 >54000 Clade | (C12)
T-02-110 Mammuthus sp Alaskan North Slope Upper Ikpikpuk River 69.37 -154.67 26410 Clade | (D19)
AK-323-V-I M. primigenius Alaskan North Slope Upper Ikpikpuk River 69.37 -154.67 31100 Clade | (C19)
8572 M. primigenius Alaska South East AK nd nd 18090 Clade | (E14)
6746 M. primigenius Alaska Tanana 61.858 -157.788 23150 Clade | (C4) (Debruyne et
AM1187 M. primigenius Alaska Inglutalik Cr 65 165 >41081 Clade | (C20)
AM1189 M. primigenius Alaska Inglutalik Cr 65 165 31360 Clade [ (C18) al., 2008)
AM1193 M. primigenius Alaska Inglutalik Cr 65 165 16319 Clade | (C6)
AM1208 M. primigenius Alaska Sullivan Creek 65.10 151 12677 Clade | (C7)
AM2446 M. primigenius Alaska Cripple Creek 64.60 148 26022 Clade | (C2)
11340 M. primigenius Alaska Cripple Hill 61.858 -157.788 37800 Clade | (C22)
AM523 M. primigenius Alaska Cleary Creek 64.83 -148 43239 Clade | (C28)
AM8052 M. primigenius Alaska Cleary Creek 64.83 -148 18379 Clade | (C1)
42135 M. primigenius Alaska Eldorado Cr nd nd 30000 Clade | (C8)
780001 M. primigenius Yukon Last Chance Creek nd nd >48800 Clade | (C1)
50069 M. primigenius Yukon Hunker Creek 63.82 -139.03 >47500 Clade | (C2)
290248 M. primigenius Yukon Hunker Creek 63.82 -139.03 43500 Clade | (C16)
46308 M. primigenius Yukon Hunker Creek 63.82 -139.03 35800 Clade | (C16)
20007 M. primigenius Yukon Hunker Creek 63.82 -139.03 27540 Clade | (C3)
1330021 Mammuthus sp Yukon Whitman Gulch 63.43 138.38 34180 Clade | (C23)
1360005 M. primigenius Yukon Sulphur Creek 63.44 138.50 nd Clade | (C5)
30019 M. primigenius Yukon Finning 63.50 138.15 44700 Clade | (C25)
30133 M. primigenius Yukon Finning 63.50 138.15 29030 Clade | (C21)
30134 M. primigenius Yukon Finning 63.50 138.15 nd Clade | (C18)
30136 M. primigenius Yukon Finning 63.50 138.15 29170 Clade | (C21)
30229 M. primigenius Yukon Finning 63.50 138.15 nd Clade | (C27)
2190003 M. primigenius Yukon Finning 63.30 137.15 31740 Clade | (C29)
43124 M. primigenius Yukon Dawson area 64.05 -139.42 36600 Clade | (C17)
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Mitochondrial

Taxon-MADC# Taxon Area Locality Lat. Long. 14cdate /(yBP) Haplotype Study
49927 M. primigenius Yukon Dawson area 64.05 -139.42 46600 Clade | (C10)
8139 M. primigenius British Columbia Dominion Cr 50.68 -120.34 39500 Clade | (C26)
11708 M. primigenius British Columbia Dominion Cr 50.68 -120.34 31600 Clade | (C23)
49562 M. primigenius NW Territories Parson’s Lake 69.00 133.30 >47200 Clade | (C2)

2005-915 M. primigenius Taimyr Peninsula Baikura-Turku 73,75 102 27740 Clade | (E1)
2002-472 M. primigenius Taimyr Peninsula Arilakh 74,42 107,75 >48800 Clade | (D6)
Ber28 M. primigenius Eastern Siberia Berelekh 70,4 143,95 12125 Clade | (E12)
2006-001 Mammuthus sp Yakutia Oymyakon 63,5 142,75 41300 Clade Il (A1)
1K-99-5001 Mammuthus sp Alaskan North Slope Upper lkpikpuk River 69,37 -154,67 33530 Clade | (E17)
AM104 M. primigenius Alaska Cleary Creek 65,17 -147,5 42764 Clade | (C28)
AM8744 M. primigenius Alaska Ester Creek 64,83 -148 16789 Clade | (D19)
173001 M. primigenius Yukon Ch'ijees’s Bluff 67,48 -139,92 >45400 Clade | (C2)
1300002 Mammuthus sp Yukon Hunker Creek 63,82 -139,03 36690 Clade | (D1)
42292 M. primigenius Yukon Dawson area 64,05 -139,42 37920 Clade 1l (B2)
49929 M. primigenius Yukon Dawson area 64,05 -139,42 38600 C1
CMNH40031 Mammuthus sp YU Old Crow 68,06 -139,78 nd nd
DMNS23 Mammuthus sp CO nd 39,07 -105,13 14661 nd
DMNS28b M. columbi NE La Sena 40,38 -100,23 18440 nd
DMNS47 M. columbi CO Dent 40,3 -104,8 10990 nd
DMNS49 M. columbi CO Dent 40,3 -104,8 10990 nd
ISM01 M. primigenius IL Near Pekin 40,52 -89,72 17510 nd
ISM04 M. primigenius 1L Gravel Pit near Clear 39,82 -89,53 20550 nd
ISM07 M. jeffersonii IL Wyanet 41,37 -89,65 15947 nd (Enk et al.,
ISM12 Mammuthus sp IL North LaSalle Country 41,55 -88,87 12495 nd 2016)
ISM15 . Sp (intermediate) SD Near Brookings 44,46 -96,88 12490 nd
UNSMO01 Mammuthus sp NE Red Willow Fauna 40,22 -100,37 17070 nd
UNSMO02 Mammuthus sp NE Red Willow Fauna 40,22 -100,37 12130 nd
UNSMO08 M. columbi NE Red Willow Fauna 40,22 -100,37 16160 nd
UNSMO09 Mammuthus sp NE Little Sand Pit 40,2 -100,5 11585 nd
UNSM14 Mammuthus sp NE Trento Reservoir 40,17 -101,07 33670 nd
UNSM15 M. columbi NE Richardson Co 40,12 -95,87 nd nd
UNSM16 . sp (intermediate) NE Crappie Hole 41,2 -101,75 23590 nd
UNSM21 M. columbi NE South Fork Big Nemah 40,07 -95,82 13850 nd
UNSM22 Mammuthus sp NE Palisade Sand Pit 40,35 -101,42 nd nd
UNSMO7 Mammuthus sp NE Red Willow Fauna 40,22 -100,37 nd nd
UNSM23 Mammuthus sp NE Palisade Sand Pit 40,35 -101,42 nd nd
UNSM24 Mammuthus sp NE Palisade Sand Pit 40,35 -101,42 nd nd
UNSM27 M. primigenius KY Big Bone Lick 38,88 -84,75 13985 nd
UNSM29 M. primigenius KY Big Bone Lick 38,88 -84,75 12930 nd
UNSM30 M. primigenius KY Big Bone Lick 38,88 -84,75 13215 nd
UNSM32 M. primigenius KY Big Bone Lick 38,88 -84,75 13860 nd
UNSM33 . sp (intermediate) NE Crappie Hole 41,2 -101,75 nd nd
UNSM34 M. columbi NE Crappie Hole 41,2 -101,75 23670 nd
WAST 01 Mammuthus sp WA Wenas Creek 46,7 -120,55 13398 nd
DMNS08 Mammuthus sp Cco Badger Creek 40,29 -106,45 nd nd
UCMPOQ9 Mammuthus sp WA Whidbey Island 48,12 -122,58 19200 nd
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Supplementary Table 2.7. Targets.

List of target genes analyzed in this study with corresponding proteins names and biological role.

Gene Protein Group
APOBEC1 Apolipoprotein B mRNA editing enzyme catalytic subunit 1 Antiviral
APOBEC2 Apolipoprotein B mRNA editing enzyme catalytic subunit 2 Antiviral
APOBEC3A-like DNA dC->dU-editing enzyme APOBEC-3G-like Antiviral
APOBEC3B DNA dC->dU-editing enzyme APOBEC-3G-like Antiviral
APOBEC3C DNA dC->dU-editing enzyme APOBEC-3G-like Antiviral
Apobec3G-Like CMP/dCMP-type deaminase domain-containing protein Antiviral
APOBEC4 Apolipoprotein B mRNA editing enzyme catalytic polypeptide like 4 Antiviral
BST2 Bone marrow stromal cell antigen 2 Antiviral
CYPa Peptidylprolyl Isomerase A Antiviral

SAM and HD domain containing deoxynucleoside triphosphate Antiviral

SAMHD1 triphosphohydrolase 1

Trim5 Tripartite motif-containing protein 5-like Antiviral

ACOX2 Acyl-CoA oxidase 2, branched chain Arctic Adaptation
ADGRG6 Adhesion G protein-coupled receptor G Arctic Adaptation
ASIP Agouti signaling protein Arctic Adaptation
BMAL1 Aryl hydrocarbon receptor nuclear translocator like Arctic Adaptation
CART1 ALX homeobox 1 Arctic Adaptation
Edn3 Endothelin 3 Arctic Adaptation
FGF5 Fibroblast growth factor 5 Arctic Adaptation
GHR Growth hormone receptor Arctic Adaptation
HMGA2 Histamine receptor H1 Arctic Adaptation
HOXA2 Homeobox A2 Arctic Adaptation
HR1 Histamine H1 receptor Arctic Adaptation
HRH3 Histamine H3 receptor-like Arctic Adaptation
IGF1 Insulin like growth factor 1 Arctic Adaptation
KIT KIT proto-oncogene receptor tyrosine kinase Arctic Adaptation
KRT23 Keratin 23 Arctic Adaptation
KRT24 Keratin 24 Arctic Adaptation
KRT3 Keratin 3 Arctic Adaptation
KRT35 Keratin 35 Arctic Adaptation
KRT4 Keratin 4 Arctic Adaptation
KRT40 Keratin 40 Arctic Adaptation
KRT71 Keratin 71 Arctic Adaptation
KRT73 Keratin 73 Arctic Adaptation
KRT76 Keratin 76 Arctic Adaptation
KRT78 Keratin 78 Arctic Adaptation
KRTAP17-1 Keratin-associated protein 17-1 Arctic Adaptation
KRTAPS8-1 Keratin associated protein 8-1 Arctic Adaptation
LEPR Leptin receptor Arctic Adaptation
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Gene Protein Group
LPAR6 Lysophosphatidic Acid Receptor Arctic Adaptation
LRBA LPS Responsive Beige-Like Anchor Protein Arctic Adaptation
LRPPRC Leucine Rich Pentatricopeptide Repeat Containing Arctic Adaptation
LRTOMT Leucine rich transmembrane and O-methyltransferase domain containing  |Arctic Adaptation
MCR1 Melanocortin-1 receptor gene Arctic Adaptation
MPRS22 Mitochondrial ribosomal protein S22 Arctic Adaptation
PER2 Period circadian regulator 2 Arctic Adaptation
PMEL17 Premelanosome protein Arctic Adaptation
SLC18A2 Solute carrier family 18 member A2 Arctic Adaptation
SLC36A1 Solute carrier family 36 member 1 Arctic Adaptation
SLC45A2 Solute carrier family 45 member 2 Arctic Adaptation
SMAD2 SMAD family member 2 Arctic Adaptation
STC2 Stanniocalcin 2 Arctic Adaptation
TRPA1 Transient receptor potential cation channel subfamily A member 1 Arctic Adaptation
TRPM4 Transient receptor potential cation channel subfamily M member 4 Arctic Adaptation
TRPM8 Transient receptor potential cation channel subfamily A member 8 Arctic Adaptation
TRPV1 Transient receptor potential cation channel subfamily V. member 1 Arctic Adaptation
TRPV3 Transient receptor potential cation channel subfamily V member 3 Arctic Adaptation
TRPV4 Transient receptor potential cation channel subfamily V member 4 Arctic Adaptation
TYR Tyrosinase Arctic Adaptation
TYRP1 Tyrosinase related protein 1 Arctic Adaptation
UCP1 Uncoupling protein 1 Arctic Adaptation
DLK1 Delta like non-canonical Notch ligand 1 Cellular Process
TP53 Tumor Protein P53 Cellular Process
TP53RTG1 Tumor Protein P53 retrogene 1 Cellular Process
TP53RTG2 Tumor Protein P53 retrogene 2 Cellular Process
TP53RTG3 Tumor Protein P53 retrogene 3 Cellular Process
TP53RTG4 Tumor Protein P53 retrogene 4 Cellular Process
TP53RTG5 Tumor Protein P53 retrogene 5 Cellular Process
TP53RTG6 Tumor Protein P53 retrogene 6 Cellular Process
TP53RTG16 Tumor Protein P53 retrogene 16 Cellular Process
TP53RTG17 Tumor Protein P53 retrogene 17 Cellular Process
TP53RTG18 Tumor Protein P53 retrogene 18 Cellular Process
TP53RTG19 Tumor Protein P53 retrogene 19 Cellular Process
FANCI Fanconi anemia complementation group | Cellular Process
FANCM Fanconi anemia complementation group M Cellular Process
IGF1R Insulin like growth factor 1 receptor Cellular Process
IGSF1 Immunoglobulin Superfamily Member 1 Cellular Process
IGSF10 Immunoglobulin Superfamily Member 10 Cellular Process
IGSF3 Immunoglobulin Superfamily Member 3 Cellular Process
ISM1 Isthmin 1 Cellular Process
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Gene

Protein

Group

KIF26A Kinesin family member 26A Cellular Process
KIF9 Kinesin family member 9 Cellular Process
LATS1 Large tumor suppressor kinase 1 Cellular Process
LGALS12 Galectin 12 Cellular Process
LRRC49 Leucine rich repeat containing 49 Cellular Process
LRRC66 Leucine rich repeat containing 66 Cellular Process
LRRC9 Leucine rich repeat containing 9 Cellular Process
LRRD1 Leucine rich repeats and death domain containing 1 Cellular Process
LRRIQ1 Leucine rich repeats and 1Q motif containing 1 Cellular Process
LRRIQ4 Leucine rich repeats and IQ motif containing 4 Cellular Process
LTK Leukocyte receptor tyrosine kinase Cellular Process
LVRN Laeverin Cellular Process
MAGEH1 MAGE family member H1 Cellular Process
MAGIX MAGI family member, X-linked Cellular Process
MKL1 Myocardin related transcription factor A Cellular Process
MLPH Melanophilin Cellular Process
MTUS1 Microtubule associated scaffold protein 1 Cellular Process
RB1 RB transcriptional corepressor 1 Cellular Process
TBX15 T-box transcription factor 15 Cellular Process
A2ML1 Alpha-2-Macroglobulin-Like 1 Immunity
AICDA Activation induced cytidine deaminase Immunity
BPI Bactericidal Permeability Increasing Protein Immunity
C1QL2 Complement C1q like 2 Immunity
C5 Complement C5 Immunity
C5AR1 Complement C5a receptor 1 Immunity
CCR5 C-C motif chemokine receptor 5 Immunity
CCRL1 Atypical chemokine receptor 4 Immunity
CCRL2 C-C motif chemokine receptor like 2 Immunity
CD109 CD109 molecule Immunity
CD163 CD163 molecule Immunity
CD19 CD19 molecule Immunity
CD1D CD1d molecule Immunity
CD302 CD302 molecule Immunity
CD38 CD38 molecule Immunity
CD55 CD55 molecule Immunity
CD9%4 Natural killer cells antigen CD94-like Immunity
CISH Cytokine inducible SH2 containing protein Immunity
CLEC4E C-type lectin domain family 4 member E Immunity
CLECA4G C-type lectin domain family 4 member G Immunity
COL13A1 Collagen type Xlll alpha 1 chain Immunity
COL17A1 Collagen type XVII alpha 1 chain Immunity
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Gene Protein Group
COL27A1 Collagen type XXVII alpha 1 chain Immunity
COL4A5 Collagen type IV alpha 5 chain Immunity
COL6A1 Collagen type VI alpha 1 chain Immunity
COL9A1 Collagen type 1X alpha 1 chain Immunity
CR2 Complement C3d receptor 2 Immunity
CRH Corticotropin releasing hormone Immunity
CRP C-reactive protein Immunity
CXCR4 C-X-C motif chemokine receptor 4 Immunity
DQA HLA class Il histocompatibility antigen DQA Immunity
DQOQB HLA class Il histocompatibility antigen, DQ beta 1 chain-like Immunity
DRA HLA class Il histocompatibility antigen, DR alpha chain-like Immunity
DRB HLA class II histocompatibility antigen, DQ beta 1 chain-like Immunity
EDAR Ectodysplasin A receptor Immunity
EVI2B Ecotropic viral integration site 2B Immunity
F12 Coagulation factor XlI Immunity
F5 Coagulation factor V Immunity
F8 Coagulation factor VIII Immunity
FAIM3 Fc fragment of IgM receptor Immunity
FCAMR Fc fragment of IgA and IgM receptor Immunity
FCGBP Fc fragment of 1gG binding protein Immunity
FGA Fibrinogen alpha chain Immunity
FRAT1 WNT signaling pathway regulator Immunity
GP2 Glycoprotein 2 Immunity
GP5 Glycoprotein V platelet Immunity
GPNMB Glycoprotein nmb Immunity
HBB/HBD Hemoglobin subunit beta/delta hybrid Immunity
HLAIA HLA class | histocompatibility antigen, A-11 alpha chain-like Immunity
HLAIB HLA class | histocompatibility antigen, A-11 alpha chain-like Immunity
ICA1 Islet cell autoantigen 1 Immunity
ICOS Inducible T cell costimulator Immunity
IFITM1-Like Interferon-induced transmembrane protein 1-like Immunity
IFITM3-Like Interferon-induced transmembrane protein 3-like Immunity
IFNG Interferon gamma Immunity
IGSF6 Immunoglobulin Superfamily Member 6 Immunity
IKBKAP Elongator complex protein 1 Immunity
IL10 Interleukin 10 Immunity
IL11 Interleukin 11 Immunity
IL12A Interleukin 12A Immunity
IL12B Interleukin 12B Immunity
1113 Interleukin 13 Immunity
IL15 Interleukin 15 Immunity
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Gene Protein Group
IL16 Interleukin 16 Immunity
IL17A Interleukin 17A Immunity
1117B Interleukin 17B Immunity
IL17C Interleukin 17C Immunity
IL17F Interleukin 17F Immunity
IL18 Interleukin 18 Immunity
IL19 Interleukin 19 Immunity
IL1B Interleukin 1 beta Immunity
IL2 Interleukin 2 Immunity
IL20 Interleukin 20 Immunity
1121 Interleukin 21 Immunity
IL22-like Interleukin 22-like Immunity
IL23A Interleukin 23 subunit alpha Immunity
IL24 Interleukin 24 Immunity
IL25 Interleukin 25 Immunity
IL26 Interleukin 26 Immunity
IL27 Interleukin 27 Immunity
IL31 Interleukin 31 Immunity
IL33 Interleukin 33 Immunity
IL34 Interleukin 34 Immunity
IL36A Interleukin 36 alpha Immunity
IL4 Interleukin 4 Immunity
IL5 Interleukin 5 Immunity
IL6 Interleukin 6 Immunity
IL7 Interleukin 7 Immunity
IL8 C-X-C motif chemokine ligand 8 Immunity
IL9 Interleukin 9 Immunity
IRAK2 Interleukin 1 receptor associated kinase 2 Immunity
IRF3 Interferon regulatory factor 3 Immunity
IRF7 Interferon regulatory factor 7 Immunity
IRF9 Interferon regulatory factor 9 Immunity
IRGM Immunity-related GTPase family M protein-like Immunity
KIR3DL2 Killer cell immunoglobulin-like receptor-like protein KIR3DX1 Immunity
KIR3DL3 Killer cell immunoglobulin-like receptor 3DS1 Immunity
KIR3DX1 Killer cell immunoglobulin-like receptor like protein KIR3DP1 Immunity
LGALS3 Galectin 3 Immunity
LGALSL Galectin Like Immunity
LIR4A Leukocyte immunoglobulin-like receptor subfamily A member 4 Immunity
LIRA3 Leukocyte immunoglobulin-like receptor subfamily A member 3 Immunity
LIRA6 Leukocyte immunoglobulin-like receptor subfamily A member 6 Immunity
LIRB2 Leukocyte immunoglobulin-like receptor subfamily B member 3 Immunity
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Gene Protein Group
LIRB3 Leukocyte immunoglobulin-like receptor? Immunity
LIRB4 Leukocyte immunoglobulin-like receptor subfamily B member 3 Immunity
LRRC33 Negative regulator of reactive oxygen species Immunity
LY86 Lymphocyte antigen 86 Immunity
LY9 Lymphocyte antigen 9 Immunity
LY96 Lymphocyte antigen 96 Immunity
MAGB6 MAGE Family Member B6 Immunity
MNDA Myeloid cell nuclear differentiation antigen Immunity
MPL MPL proto-oncogene, thrombopoietin receptor Immunity
NKG2A/B NKG2-A/NKG2-B type Il integral membrane protein-like Immunity
NKG2D NKG2D Natural killer cells antigen receptor Immunity
NKG2F NKG2-F type Il integral membrane protein-like Immunity
TAAR1 Trace amine associated receptor 1 Immunity
TAAR2 Trace amine associated receptor 2 Immunity
TAAR3 Trace amine associated receptor 3 Immunity
TAARA4-like Trace amine-associated receptor 4-like Immunity
TAAR5 Trace amine associated receptor 5 Immunity
TAARG-like Trace amine-associated receptor 6-like Immunity
TAARS8 Trace amine associated receptor 8 Immunity
TAAR9-like Trace amine-associated receptor 6-like Immunity
TLR1 Toll like receptor 1 Immunity
TLR10 Toll like receptor 10 Immunity
TLR11 Toll like receptor 11 Immunity
TLR12 Toll like receptor 12 Immunity
TLR13 Toll like receptor 13 Immunity
TLR2 Toll like receptor 2 Immunity
TLR3 Toll like receptor 3 Immunity
TLR4 Toll like receptor 4 Immunity
TLR5 Toll like receptor 5 Immunity
TLR6 Toll like receptor 6 Immunity
TLR7 Toll like receptor 7 Immunity
TLR8 Toll like receptor 8 Immunity
TLR9 Toll like receptor 9 Immunity
ACOX2-NM Acyl-CoA oxidase 2, branched chain Nuclear Marker
ACP4 Acid phosphatase 4 Nuclear Marker
CARHSP1 Calcium-regulated heat stable protein 1 Nuclear Marker
COPSA7A COP9 signalosome complex subunit 7a Nuclear Marker
DHRS3 Short-chain dehydrogenase/reductase 3 Nuclear Marker
JMJD5 Jumonji domain containing protein 5 Nuclear Marker
LANCL1 LanC-like protein 1 Nuclear Marker
ROGDI Rogdi atypical leucine zipper Nuclear Marker
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Gene

Protein

Group

SLC38A7 Solute carrier family 38 member 7 Nuclear Marker
SMYD4 SET and MYND domain-containing protein 4 Nuclear Marker
AmelX Amelogenin, X-linked Sexual marker
AMELY Amelogenin, Y-linked (ChrY) Sexual marker
BGN Biglycan (ChrX) Sexual marker
PHKA2 Phosphorylase kinase alpha subunit (ChrX) Sexual marker
PLP Proteolipid protein 1 (ChrX) Sexual marker
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Supplementary Table 2.8. Proboscidean genomes.

Genomes of extant and extinct proboscidean species and geographic origin for species included in this analysis. Sequencing raw data are available for

download at the European Nucleotide Archive (ENA).

Specimen ID

Name

Specie

Date, years ago

Geographic origin

ENA Accession

Study

L. africana_B Savanna elephant Loxodontha africana Modern Kenya ERX2312222 (Palkopoulou et al., 2015)
L. africana_C Savanna elephant Loxodontha africana Modern South Africa ERX2312223 (Palkopoulou et al., 2018)
L.cyclotis_A Forest elephant Loxodontha cyclotis Modern Central African Republic ERX2312221 (Palkopoulou et al., 2018)
L. cyclotis_F Forest elephant Loxodontha cyclotis Modern Sierra Leone ERX2312226 (Palkopoulou et al., 2018)
E. maximus_D Asian elephant Elephas maximus Modern Myanmar ERX2312224 (Palkopoulou et al., 2018)
E. maximus_E Asian elephant Elephas maximus Modern Malaysia (Borneo) ERX2312225 (Reddy et al., 2015)
E.maximus_Z Asian elephant
(Jayaprakash) Elephas maximus Modern Karnataka, India SRR2912975 (V. J. Lynch et al., 2015)
E. maximus_L (Parvarty) Asian elephant Elephas maximus Modern India SRX1015604 (V. J. Lynch et al., 2015)
E. maximus_M (Asha) Asian elephant Elephas maximus Modern India SRX1015603 (V. J. Lynch et al., 2015)
E maximus_Y Asian elephant Elephas maximus Modern Assam, India SRX1015606 (Dastjerdi et al., 2014)
E. maximus
(Emelia) Asian elephant Elephas maximus Modern Captivity ERX334764 (Dastjerdi et al., 2014)
E. maximus
(Raman) Asian elephant Elephas maximus Modern Captivity ERX334765 (Dastjerdi et al., 2014)
P. antiquus_N Straight-tusked elephant Elephas antiquus ~120,000 Germany ERX2312230 (Meyer et al., 2017)
P. antiquus_O (NEU2A) Straight-tusked elephant Elephas antiquus ~120,000 Germany ERR1753653 (Meyer et al., 2017)
M. primigenius_G Woolly mammoth Mammutus primiginius ~31,500 Taimyr Peninsula, Russia ERX2312227 (Palkopoulou et al., 2018)
M. primigenius_H Woolly mammoth Mammutus primiginius ~44,900 Alaska, USA ERX2312228 (Palkopoulou et al., 2018)
M. primigenius_S Woolly mammoth Mammutus primiginius ~45,300 Yamal Peninsula, Russia ERX2312231 (Palkopoulou et al., 2018)

81



Specimen ID

Name

Specie

Date, years ago

Geographic origin

ENA Accession

Study

(Palkopoulou et al., 2018)

M. primigenius_V Woolly mammoth Mammutus primiginius ~42,400 Wyoming, USA ERX2312233 (Palkopoulou et al,, 2018)
M. primigenius_Q Woolly mammoth Mammutus primiginius ~4,300 Wrangel Island, Russia ERX935618 (Palkopoulou et al., 2015)
M_primigenius_P Woolly mammoth Mammutus primiginius ~44,800 Oimyakon, Russia ERX931666 (Palkopoulou et al., 2015)
M prir(]::ﬁizi)us - Woolly mammoth Mammutus primiginius ~28,140 Siberia, Russia DRX053291 (Yamagata et al., 2019)
M. columbi_U Columbian mammoth Mammutus columbi ~13400 Wyoming, USA ERX2312232 (Palkopoulou et al., 2018)
M. americanum_X American mastodon Mammut americanum ~13400 Gulf of Maine, USA ERX2312234 (Palkopoulou et al., 2018)
M. americanum_| American mastodon Mammut americanum > 50000 Alaska, USA ERX2312229 (Palkopoulou et al., 2018)
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Supplementary Table 2.9. Summary statistics of missing data.

The cut-off threshold of hon-missing sites to implement the the MDS full panel and MDS subset are highlighted in color. The highlighted cells represents the

percentage estimated per sample that were included in each MDS analysis.

Total sites 11724048
Total targets length 8219510
Min % non-missing MDS full panel 0.01% = (.01% genome
Min_ % non-missing MDS subset 1% = 0.1% targets cov.

Sample Specie non-missing % non-missing Number of sites % Genome Avg. DoC In % target sites | Number of target
sites sites covered (21X) covered region covered covered sites covered
AM1208 M_primigenius 348 0.003 33901 0.001 1.033 0.032 2620
URL1 Mammuthus_sp 434 0.004 41459 0.001 1.089 0.041 3411
49562 M_primigenius 318 0.003 14365 0 1.03 0.062 5060
2005-915 M_primigenius 3258 0.028 263533 0.008 1.174 0.533 43830
2000-173 M_ primigenius 67 0.001 5185 0 1.006 0.015 1241
AM523 M_ primigenius 113 0.001 11147 0 1.054 0.005 390
2000-174 M_ primigenius 2066 0.018 170746 0.005 1.155 0.249 20496
DMNS23 Mammuthus_sp 589 0.005 47259 0.001 1.042 0.081 6634
AMB052 M_primigenius 5054 0.043 430167 0.013 1.183 0.626 51449
UNSM32 M_primigenius 1196 0.01 66647 0.002 1.304 0.285 23458
173001 M_ primigenius 4821 0.041 364539 0.011 1.594 0.828 68072
Ber28 M_primigenius 4054 0.035 325837 0.01 1.355 0.707 58090
UNSM30 M_primigenius 0 0 146 0 1 0.001 46
CMNH40031 Mammuthus_sp 74 0.001 6861 0 1.029 0.002 168
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Sample Specie non-missing % non-missing Number of sites % Genome Avg. DoC In % target sites | Number of target
sites sites covered (21X) covered region covered covered sites covered
URL2 Mammuthus_sp 320 0.003 19268 0.001 1.032 0.072 5894
49929 M_primigenius 6895 0.059 647426 0.02 1.25 0.797 65536
1300002 Mammuthus_sp 22722 0.194 2697118 0.082 1.022 0.541 44452
IK-99-5001 Mammuthus_sp 348297 2971 46565382 1.423 1.049 3.145 258508
42292 M_ primigenius 97018 0.828 11173374 0.342 1.233 1.973 162155
DMNS28b M_columbi 726 0.006 72929 0.002 1.06 0.062 5105
42135 M_primigenius 284 0.002 35169 0.001 4.866 0.005 415
UNSM33 Mammuthus_sp 8 0 275 0 1 0 0
DMNS47 M_columbi 782 0.007 51874 0.002 1.029 0.067 5539
UNSM3 M_columbi 44 0 2074 0 1.022 0.004 349
Ber5 M_primigenius 4765 0.041 583225 0.018 1.129 0.137 11281
AMB744 M_primigenius 86932 0.741 10574283 0.323 1.088 1.74 143012
Ber7 M_primigenius 321 0.003 34216 0.001 1.125 0.018 1488
780001 M_primigenius 491 0.004 54106 0.002 17.511 0.021 1757
DMNS49 M_columbi 56 0 5722 0 1.052 0.005 433
AM104 M_ primigenius 5374 0.046 438313 0.013 1.537 0.845 69479
ISMO1 M_primigenius 147 0.001 10240 0 1.125 0.028 2274
Ber9 M_ primigenius 2910 0.025 357387 0.011 1.11 0.122 10011
ISM04 M_ primigenius 9125 0.078 862694 0.026 1.078 0.511 41972
Berl0 M_ primigenius 4089 0.035 458036 0.014 1.146 0.197 16155
WAST-01 Mammuthus_sp 330 0.003 25197 0.001 1.086 0.035 2870
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Sample Specie non-missing % non-missing Number of sites % Genome Avg. DoC In % target sites | Number of target
sites sites covered (21X) covered region covered covered sites covered
GDY1 Mammuthus_sp 315 0.003 21813 0.001 1.013 0.038 3107
2002-472 M_primigenius 5343 0.046 402735 0.012 1.54 0.951 78128
UNSM24 Mammuthus_sp 281 0.002 30965 0.001 1.035 0.021 1685
11340 M_primigenius 1041 0.009 104875 0.003 1.086 0.038 3085
DMNSO08 Mammuthus_sp 42 0 1962 0 1 0.005 382
Berll M_primigenius 39501 0.337 4498475 0.137 1.19 1.387 113971
ISM07 M_jeffersonii 24 0 1203 0 1.001 0.003 286
ISM12 Mammuthus_sp 254 0.002 19671 0.001 1.02 0.03 2498
Ber20 M_primigenius 6823 0.058 816867 0.025 1.05 0.246 20233
ISM15 Mammuthus_sp 46 0 2300 0 1.001 0.009 778
SYU3 Mammuthus_sp 3412 0.029 390641 0.012 1.059 0.082 6760
WR2 M_primigenius 16200 0.138 2149645 0.066 1.828 0.361 29662
UNSMO1 Mammuthus_sp 1085 0.009 101284 0.003 1.024 0.068 5623
UCMP09 Mammuthus_sp 38 0 1760 0 1.001 0.009 734
UNSMO02 Mammuthus_sp 133 0.001 6842 0 1.031 0.021 1765
IK-99-70 Mammuthus_sp 5837 0.05 555147 0.017 1.15 0.64 52640
2006-001 Mammuthus_sp 4626 0.039 354910 0.011 1.643 0.84 69079
30133 M_primigenius 198 0.002 27518 0.001 1.039 0.01 857
IK-99-322 Mammuthus_sp 5 0 162 0 1 0.001 79
UNSMO08 M_columbi 4 0 496 0 1 0.001 50
IK-01-359 Mammuthus_sp 3784 0.032 433015 0.013 1.175 0.108 8887
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Sample Specie non-missing % non-missing Number of sites % Genome Avg. DoC In % target sites | Number of target
sites sites covered (21X) covered region covered covered sites covered
UNSMO09 Mammuthus_sp 116 0.001 9493 0 1.018 0.02 1603
30136 M_primigenius 482 0.004 53805 0.002 1.092 0.03 2491
T-02-110 Mammuthus_sp 742 0.006 96172 0.003 1.117 0.025 2037
UNSM14 Mammuthus_sp 21 0 994 0 1 0.003 268
UNSMO7 Mammuthus_sp 6 0 1295 0 1.007 0.006 509
UNSM15 M_columbi 0 0 190 0 1 0.001 75
AK-323-V-I| M_ primigenius 9 0 2903 0 1.06 0.018 1481
UNSM16 Mammuthus_sp 27 0 3415 0 1.03 0.004 310
8572 M_ primigenius 191 0.002 19535 0.001 1.041 0.015 1254
2190003 M_primigenius 13 0 5571 0 1.103 0.017 1359
UNSM23 Mammuthus_sp 1337 0.011 95330 0.003 1.074 0.221 18178
UNSM21 M_columbi 186 0.002 16971 0.001 1.022 0.055 4519
6746 M_primigenius 7468 0.064 769304 0.024 1.051 0.37 30390
AM1187 M_primigenius 20 0 1446 0 1 0.003 265
AM1189 M_ primigenius 6 0 786 0 1 0 0
8139 M_ primigenius 37 0 2165 0 1 0.008 668
UNSM27 M_primigenius 48 0 4329 0 1.027 0.005 426
AM1193 M_ primigenius 6 0 466 0 1 0.002 128
UNSM29 M_ primigenius 32 0 2162 0 1.033 0.009 721
11708 M_ primigenius 6027 0.051 653028 0.02 1.093 0.259 21282
E_maximus_Y E_maximus 11172035 95.292
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s | Speci non-missing % non-missing Number of sites % Genome Avg. DoC In % target sites | Number of target
ample ecie
P P sites sites covered (21X) covered region covered covered sites covered
E_maximus _M
E_maximus 11677732 99.605
(Asha)
E_maximus_D E_maximus 5193988 44.302
E_maximus_E E_maximus 7071203 60.314
E_maximus_Emelia E_maximus 11488108 97.988
E_maximus_2Z
E_maximus 11640409 99.287
(Jayaprakash)
E_maximus L )
E_maximus 11672444 99.56
(Parvarty)
E_maximus
E_maximus 10755665 91.74
(Raman)
L_africana_B L_africana 1471357 12.55
L_africana_C L_africana 2454624 20.937
L_africana_A L_africana 5585521 47.642
L_cyclotis_F L_cyclotis_F 2637087 22.493
M_americanum_| M_americanum 11025116 94.038
M_americanum_X M_americanum 6139442 52.366
M_columbi_U M_columbi 8992181 76.699
M_primigenius_G M_ primigenius 6676357 56.946
M_primigenius_H M_primigenius 5683630 48.478
M_primigenius_P o
M_primigenius 11710271 99.882

(Oimyakon)
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s | Speci non-missing % non-missing Number of sites % Genome Avg. DoC In % target sites | Number of target
ample ecie
P P sites sites covered (21X) covered region covered covered sites covered
M_primigenius_Q o
M_primigenius 11718248 99.951
(Wrangel Island)
M_primigenius_S M_primigenius 6821603 58.185
M_primigenius_V M_primigenius 11348006 96.793
M_primiginius_1 o
M_primigenius 11040170 94.167
(Yuka)
P_antiquus_N P_antiquus 11543784 98.462
P_antiquus_O )
P_antiquus 1950009 16.633
(NEU2A)
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3.1. ABSTRACT

Immunogenetic variability is associated with the ability of populations to resist
pathogens. Understanding the association is important to understanding the long-term
survival and adaptation of vulnerable species. Unlike neutral markers, immune genes
may retain high levels of polymorphism due to pathogen pressure. Elephants have
undergone a dramatic decline in genetic diversity due anthropogenic activities, which
may have genetic consequences for their immune gene diversity and the potential of
elephants to respond to infection. We utilized a novel multilocus genotyping method
coupled with the PacBio long read high throughput sequencing platform on toll-like
receptors (TLRs) representing innate immunity and the Major Histocompatibility
Complex (MHC) representing adaptive immunity from 263 samples of savanna
elephants (Loxodonta Africana), forest elephants (Loxodonta cyclotis), and Asian
elephants (Elephas maximus). Our analysis demonstrates high levels of inbreeding,
heterozygosity deficiency and low genetic diversity in the three elephant populations.
However, balancing selection appears to counteract the low levels of diversity in the

MHC genes, conserving trans-species polymorphisms over the long-term.
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3.2. INTRODUCTION

Genomic regions encoding for immune genes in vertebrates are among the most
rapidly evolving (Barreiro & Quintana-Murci, 2010; Flajnik & Kasahara, 2010; Litman
et al., 2005). The Major Histocompatibility Complex (MHC) is part of the adaptive
immune system with a key function in specific pathogen recognition. MHC-pathogen
interactions impose strong selective pressure on immune genes making these loci
extremely polymorphic compared to the rest of the genome (Horrocks et al., 2015;
Norman et al., 2017; The MHC sequencing consortium, 1999). Three mechanisms of
balancing selection have been proposed to maintain MHC polymorphism.
Heterozygote advantage (HA) (overdominance), negative frequency-dependent
selection (NFDS) (rare allele advantage), and fluctuating selection (FS)
(spatiotemporal selection) all maintain MHC polymorphism (reviewed in (Radwan et
al., 2020; Spurgin & Richardson, 2010)). The diversity of innate immunity has evolved
to defend organisms against pathogens (Buchmann, 2014; Messier-Solek et al., 2010).
Toll-like receptors (TLRsS) recognize a wide range of molecular patterns characteristic
of pathogens (Akira et al., 2006; Wang et al., 2016). Vertebrate lineage-specific
diversification of the TLRs has been associated with a co-evolutionary host-pathogen
arms race (Khan et al., 2019; G. Liu et al., 2020). However, some TLR variants may
result in susceptibility to infectious and inflammatory diseases (Netea et al., 2012;
Skevaki et al., 2015). Both the innate and adaptative immune genes are influenced by

the pathogens encountered by the host and by host demographic history and evolution.

The proboscideans were once among the most diverse and widespread megafaunal
distributed across Africa, Eurasia and the Americas. However, the late Quaternary
extinctions (3 Ma- 2.4 Ma) resulted in progressive megafaunal extinctions
(Cantalapiedra et al., 2021; Stuart, 2015) culminating in the Pleistocene-Holocene
transition (Elias & Schreve, 2013) when many of the world’s largest herbivores became
extinct (Ripple et al., 2015). Proboscideans were reduced to two genera with three

living species.

The African elephants (Loxodonta) are restricted to Africa and are represented by the

African savanna elephant, Loxodonta africana and the African forest elephant,
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Loxodonta cyclotis. In Asia the Asian elephant, Elephas maximus (Shoshani, 1998) is
the only other remaining post Pleistocene elephant lineage. Currently, the International
Union for Conservation of Nature (IUCN) Red List classifies elephants as endangered
or critically endangered. African savanna elephants have suffered a remarkable
decline as a result of poaching during the 20th century (Lee & Graham, 2006). Habitat
fragmentation has led to the loss of populations of forest (Maisels et al., 2013) and

Asian elephants (Goswami et al., 2014; Leimgruber et al., 2003).

The effects of this long and complex demographic history on the immunogenetics of
elephants is unclear. Previous research on MHC diversity in 30 African savanna and
three Asian elephants on the DQA locus, demonstrated moderate diversity with
balancing selection detected (Archie et al., 2010). Other than the DQA locus, MHC and
TLR evolution has not been characterized in elephants.

In this study we implemented a multilocus genotyping method to measure the
immunogenetic diversity of TLRs and MHC in populations of the three extant elephant
species comparing immunogenetic evolutionary patterns with those of neutrally
evolving markers. Our results suggest that although there is balancing selection,
particularly in the MHC of elephants, the general loss of heterozygosity in shrinking

elephant populations is leading to a general loss of elephant immune gene variability.

3.3. METH