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SUMMARY
Ancient genomes provide a tool to investigate the genetic basis of adaptations in extinct organisms.However,
the identification of species-specific fixed genetic variants requires the analysis of genomes from multiple
individuals. Moreover, the long-term scale of adaptive evolution coupled with the short-term nature of tradi-
tional time series data hasmade it difficult to assess when different adaptations evolved. Here, we analyze 23
woollymammothgenomes, includingoneof theoldest knownspecimensat 700,000yearsold, to identify fixed
derived non-synonymous mutations unique to the species and to obtain estimates of when these mutations
evolved. We find that at the time of its origin, the woolly mammoth had already acquired a broad spectrum of
positively selected genes, including ones associated with hair and skin development, fat storage and
metabolism, and immune system function. Our results also suggest that these phenotypes continued to
evolve during the last 700,000 years, but through positive selection on different sets of genes. Finally, we
also identify additional genes that underwent comparatively recent positive selection, including multiple
genes related toskeletalmorphologyandbody size, aswell asonegene thatmayhavecontributed to thesmall
ear size in Late Quaternary woolly mammoths.
INTRODUCTION

The evolution of mammoths (genusMammuthus) was character-

ized by a series of morphological transitions defined by

increasing specialization to life in cold high-latitude environ-

ments with open landscapes and grassy vegetation. This

process culminated with the evolution of the woolly mammoth

(Mammuthus primigenius), which originated in northeastern
Current Biology 33, 1753–1764,
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Siberia during the early stages of the Middle Pleistocene,

approximately 700 thousand years ago (kya), and had become

extinct by the onset of the Holocene (�12 kya) across the vast

majority of its range.1,2

The woolly mammoth had a Holarctic distribution and in-

habited terrestrial environments up to 80 degrees north, even

during full glacial conditions.2 Compared to both its extant

elephant relatives as well as earlier members of Mammuthus, it
May 8, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1753
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was uniquely adapted to life in the high Arctic. The exceptional

preservation of woolly mammoth remains recovered from

permafrost deposits has enabled scientists to identify a wide

range of morphological adaptations, such as thick woolly fur,

small ears, short tail, and considerable fat deposits.3 Moreover,

genetic analyses have hinted at previously unknown physiolog-

ical adaptations to the Arctic environment, including genes

related to thermal sensation and hemoglobin structure.4–6 How-

ever, recent work has indicated that only a small subset of these

adaptations was unique to the woolly mammoth compared to its

million-year-old ancestors.7 Moreover, the small number of

mammoth genomes sequenced to date has precluded confident

identification of derived mutations that were fixed in the woolly

mammoth lineage.

To address this, we here analyze a dataset comprising 22 Late

Quaternary (the period encompassing the Late Pleistocene and

Holocene) woolly mammoth genomes, an early Middle Pleisto-

cene (700 kya) genome from one of the earliest known woolly

mammoths,7 and 28 genomes from two extant elephant species.

We identify genetic variants that had become fixed in the woolly

mammoth lineage both prior to 700 kya, around the time that the

woolly mammoth originated, and up to the final stages of the last

glaciation (i.e., by 50 kya). Based on thewoollymammoth’s pres-

ence in the high Arctic for hundreds of thousands of years, we

hypothesize that a marked proportion of these fixed variants

are related to the unique morphology, fat storage and meta-

bolism, thermosensation, and circadian rhythm of the woolly

mammoth.

RESULTS

Genome sequencing and variant dataset
We generated 16 new woolly mammoth genomes from speci-

mens collected throughout Eurasia, all of which have been

radiocarbon-dated (Table S1). After filtering, these range from

2.3 to 28.63 (mean of 8.03) in genome coverage (Figure S1).

We also generated additional genomic data for an �700,000-

year-old woolly mammoth sample (Chukochya7), increasing

its coverage to 2.83. We then merged our genomes with a

panel of previously published proboscidean genomes. The final

dataset consists of 23 woolly mammoth genomes (22 Late

Quaternary and one Middle Pleistocene), with 13 at medium

coverage (2.3–4.13) and 10 at high coverage (10.4–28.63),

together with high-coverage genomes for seven Asian (Elephas

maximus) and 21 African savannah (Loxodonta africana)

elephants. Finally, we included the previously published

genome of an American mastodon (Mammut americanum) for

the phylogenetic analyses. Overall, our final dataset comprises

52 proboscidean genomes (Table S2). We excluded Chuko-

chya from the selection analyses involving variants fixed in

woolly mammoths due to its deep age compared to the Late

Quaternary woolly mammoth genomes. After variant calling

and filtering (STAR Methods), our dataset resulted in

58,913,457 high-quality variants segregating from the African

savannah elephant reference genome.

Elephantid phylogeny
To confirm that our woolly mammoth genomes form amonophy-

letic clade sister to Asian elephants to the exclusion of African
1754 Current Biology 33, 1753–1764, May 8, 2023
elephants, and that Chukochya is basal to all other woolly mam-

moths, we first constructed a genome-wide neighbor-joining

(NJ) phylogeny of all 52 proboscideans based on identical-by-

state (IBS) distances. The results from this analysis corroborate

the established elephantid phylogeny and confirm that woolly

mammoths, Asian elephants, and African savannah elephants

are all monophyletic clades, with 100% bootstrap support at

the relevant nodes (Figure 1A). Chukochya is placed as basal

to all other woolly mammoths, which is consistent with its age

and previous results based on a more limited genomic dataset.7

We note that the phylogenetic distribution of Late Quaternary

woolly mammoths appears to be independent of genome

coverage, geography, and age (see also Figure S1).We next esti-

mated the proportion of genomic windows for which the majority

of woolly mammoth alleles match the Asian elephant allelic state

to the exclusion of the African savannah elephant, using different

window sizes. We find that 98%of the woolly mammoth genome

most closely matches the Asian elephant for large window sizes

(>100 kb), whereas this percentage falls to 65.8% for single sites

(Figures 1B and 1C). This implies that woolly mammoths and Af-

rican savannah elephants share the ancestral allele at 34.2% of

the single sites, which likely originate from either de novo muta-

tions exclusive to the Asian elephant branch or incomplete line-

age sorting of ancestral polymorphisms. These results highlight

the importance of includingmultiple genomes from two outgroup

species to identify mutations unique to the woolly mammoth

branch.

GO enrichment
In order to test whether the complete list of genes with derived

mutations unique to the woolly mammoth (n = 3,097) is enriched

for some relevant functional categories, we performed gene

ontology (GO) term enrichment analyses using the software

GOrilla8 and a background set of all coding genes annotated in

the African savannah elephant genome. We found 26 GO terms

enriched with p % 0.0001, all with a fold enrichment higher than

1.29 (Figure 2; Table S3). These include expected GO categories

related to changes in hair and skin (e.g., cornification, keratiniza-

tion), fat metabolism (e.g., chylomicron remnant clearance,

plasma lipoprotein particle remodeling), DNA repair (e.g., dou-

ble-strand break repair via homologous recombination, recom-

binational repair), immune response (leukotriene transport), pro-

tein and sugar metabolism/function (e.g., glycosaminoglycan

metabolic process, protein activation cascade), and general

cell structure and function (e.g., multicellular organismal homeo-

stasis, cytoskeleton organization). To compare these results, we

performed the same analyses on the derived alleles unique to the

Asian elephant genomes. We find a different set of GO terms

enriched in the Asian elephant (n = 19, p % 0.0001, fold enrich-

ment > 1.31; Table S4), including categories related to eye func-

tion, intestinal function, DNA replication and cell division, cell

structure and functioning, and brain and nervous system

(Figure 2).

Genes highly evolved in the woolly mammoth
In order to investigate molecular adaptations in the woolly

mammoth, we annotated all variants segregating from the Afri-

can savannah elephant. We defined variants as unique in the

woolly mammoth if they are derived with respect to the
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Figure 1. Elephantid phylogeny and genomic window matching

(A) Whole-genome phylogenetic reconstruction of all the elephantid genomes in the dataset based on identical-by-state (IBS) distances. Bootstrap support

percentages for the relevant nodes (species defining and placement of Chukochya) are shown. For the woolly mammoths, blue dots represent medium-coverage

genomes (2.3–4.13), while green dots represent high-coverage genomes (>10.43) (see Tables S1 and S2).

(B) Proportion of genomic windows in which the majority of woolly mammoth alleles match the Asian elephant allele state, for different window sizes.

(C) Distribution of woolly mammoth genomic regions matching the Asian elephant (green) and African savannah elephant (black), for a window size of 10 kb. Gray

areas represent windows with less than 10 SNPs for which the African and Asian elephant genomes have different alleles. Each horizontal bar represents a

chromosome in the African savannah elephant reference genome.
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reference genome and where all African savannah and Asian

elephant genomes have only the ancestral allele. We only

included variants for which at least half of the woolly mammoth

genomes (n R 11) and half of the elephant genomes (n R 14)

have the site covered. After filtering, we retrieved 1,176,471

high-quality variants fixed for the derived allele and unique to

woolly mammoths and checked whether these variants are

located within genes. We found 3,097 genes containing fixed-

derived non-synonymous mutations (from here on referred to

as ‘‘FdNs’’ mutations) that are unique to the woolly mammoth

(Table S5). We used SIFT scores to determine the probability

of each non-synonymous mutation affecting protein function.

To obtain an estimate of the overall impact of all the FdNs

mutations in each gene, we summed the SIFT scores of all

mutations per gene into a global score called ‘‘aggregated

SIFT score’’ (STAR Methods). Finally, we ranked these genes

based on the count of non-synonymous mutations and discuss

genes with six or more FdNs variants, and an aggregated SIFT

score greater than three, in the woolly mammoth genome (Fig-

ure 3). Among the mammoth genes enriched for FdNs muta-

tions with predicted high impact on protein function, we found

several that are associated with phenotypes such as hair

growth, fat storage, lipid metabolism, immune response, mod-

ulation of thermal sensation, DNA repair, and reproduction, as

well as other metabolic pathways such as protein and sugar

function and synthesis (Table 1).
Main phenotypes
Hair and skin development

One of the most distinctive features of the woolly mammoth is its

thick fur. Our analyses revealed an enrichment of GO terms

associated with hair and skin development (Figure 2;

Table S3). In mammals, there are several dozens of genes asso-

ciated with hair and skin development,9–11 and a key question is

therefore which of these genes have been positively selected in

the mammoth lineage. In our dataset, the gene with the second-

highest number of FdNs mutations (n = 14) is AHNAK2 (Table 1),

a gene involved in calcium signaling that in humans has an

enhanced expression in skin and has been implicated in hair fol-

licle development.12 Additional genes with multiple FdNs muta-

tions that are highly evolved in mammoths and play a role in

hair/skin development include KRT8with nine FdNs mutations13

and FLG with seven FdNs mutations.14 We also note that woolly

mammoths have four FdNs mutations in the LYST gene

(Table S5), which has been implicated in the lack of pigmentation

in polar bears15 as well as beige/lighter coat color in mice and

cattle.16 Although speculative, we hypothesize that the inferred

amino acid changes in LYST may partly explain the variety of

colors observed in different types of woolly mammoth hairs,

ranging from colorless to reddish and brown.17

Interestingly, we also find that seven out of eight genes asso-

ciated with abnormal hair development in humans have FdNs

mutations in the woolly mammoth. This includes uncombable
Current Biology 33, 1753–1764, May 8, 2023 1755



Figure 2. Categories of GO terms significantly enriched in woolly mammoths and Asian elephants

GO term categories based on enrichment of all genes for which either the woolly mammoth (left) or the Asian elephant (right) genomes carry one or more FdNs

variants, using annotated African savannah elephant genes as a reference. All categories are based on GO terms enriched in each species with p% 0.0001. See

Tables S3 and S4 for the complete lists of GO terms and their classification by category.
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hair syndrome, a genetic disease that is associated with the

genes TCHH, PADI3, and TGM3,18,19 where we find that the first

two of these genes have FdNs mutations in the woolly

mammoth. Moreover, the main candidate gene for the human

genetic disorder called Carvajal syndrome (also known as

‘‘woolly hair syndrome’’) is the gene DSP,20 which has one

FdNs mutation in the woolly mammoth. Similarly, we find that

the woolly mammoth has FdNs mutations in genes TP63,

VPS13B, AFF4, and SPINK5. In humans, mutations in these

genes cause Rapp-Hodgkin syndrome (wiry, slow-growing,

and uncombable hair),21 Cohen syndrome (thick, bushy hair),22

CHOPS syndrome (coarse and curly hair),23 and Netherton syn-

drome (bamboo hair),24 respectively.

Fat storage and metabolism

The ability to efficiently metabolize and store lipids is of essential

importance for Arctic mammals due to the prolonged lack of

food availability during winter.25 We identified four GO terms

related to fat metabolism that are significantly enriched in the

woolly mammoth (Table S3). One of the highly evolved genes

in the woolly mammoth is ACADM, with six FdNs mutations (Fig-

ure 3; Table 1). This gene is important for breaking down me-

dium-chain fatty acids and amino acids and has been found to

be highly expressed in the liver in cattle.26 We also find that the

woolly mammoth variant of gene TET1 has five FdNs mutations.

Although TET1 has been implicated in a wide range of functions,

including demethylation and cancer resistance,27 a recent study

in mice has shown that TET1 is an important gene acting as a

suppressor of key thermogenic genes, such as the transcrip-

tional coactivator Ppargc1a and uncoupling gene UCP1 that is

expressed in beige adipocyte tissue.28 Beige adipocyte tissue

forms in response to cold exposure and results in the increased

production of body heat by thermogenesis of stored fat.

Reduced expression of TET1 leads to increased mitochondrial

respiration in beige adipocytes and thus improves cold toler-

ance. We also identified five FdNs mutations in the gene
1756 Current Biology 33, 1753–1764, May 8, 2023
ACAD10, which encodes for a protein that catalyzes the oxida-

tion of fatty acyl-CoA derivatives and has been implicated in dia-

betes in humans.29 It has also been shown that mice that are

deficient in ACAD10 have elevated insulin levels and abnormal

glucose tolerance, leading to increased weight gain due to

excess fat storage.30

Genes related to fat metabolism and storage have also been

identified in other Arctic mammals. For example, previous

studies have highlighted the gene APOB as under positive se-

lection in both reindeer (Rangifer tarandus) and polar bears

(Ursus maritimus), a gene important for lipoprotein trans-

port.15,31 Our results show that woolly mammoths had three

FdNs mutations in APOB, further strengthening the hypothesis

of this gene being under convergent evolution in Arctic mam-

mals. Moreover, woolly mammoths had one FdNs mutation

in COL5A3, which has also been highlighted as under positive

selection in polar bears.15 COL5A3 is a gene that encodes for

a glycoprotein that is essential for adipocyte development and

is highly expressed in fat tissues.32 Finally, woolly mammoths

also had three FdNs mutations in FASN, a gene that encodes

for an enzyme responsible for fatty acid synthesis.33 In earlier

studies, FASN has been identified as having unique mutations

in both reindeer and an Antarctic penguin (Pygoscelis

adeliae).31,34

Protein and sugar synthesis/function

In our functional enrichment analysis (Table S3), two significant

GO terms were associated with the synthesis and breakdown

of glycosaminoglycans, which are polysaccharide compounds

essential for the generation of various mammalian tissues

including bone, cartilage, and skin.35 In addition, we identified

a significant GO term related to protein activation cascades,

which is a set of reactions that lead to the generation of mature

proteins. VCAN has eight FdNs mutations (but a SIFT score of

0; Figure 3) and encodes for Versican, a sulfate proteoglycan

that is a part of the extracellular matrix in the brain and blood



Figure 3. Distribution of woolly mammoth

genes arranged by the number of fixed-

derived non-synonymous (FdNs) mutations

and aggregated SIFT score

Genes with six or more FdNs variants and aggre-

gated SIFT score > 3 are highlighted in red (Table 1).

Genes with six or more FdNs variants are labeled.

Genes denoted with an asterisk have no name in the

African savannah elephant genome annotation but

have a match with named genes in the human

genome (Table S5).
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vessels and plays a role in eye function.36,37 Related to sugar

metabolism we find the gene PDZD2, with six FdNs mutations.

Albeit not explicitly annotated in the elephant’s genome, this

gene has a 74.6% match in the human genome annotation. In

mice, PDZD2 is involved in the regulation of pancreatic b cell

function and insulin production, hence modulating the levels of

glucose in the blood.38 Interestingly, in humans, PDZD2 has

also been related to fat tissue and mitochondrial function,39,40

suggesting that mammoths might have evolved a complex

metabolic framework that involved interactions between nutri-

tion, fat storage, and heat production.

Immune response

We identified immune response through leukotriene transport

as a significant GO term in the enrichment analysis

(Table S3). Leukotrienes are part of the immune system medi-

ated through inflammatory reactions. In addition, we also iden-

tified several highly evolved genes in our dataset that are asso-

ciated with the immune system (Table 1). The gene PARP14

(seven FdNs mutations) promotes differentiation of T helper 2

cells, which are an essential part of the immune system,41 in

particular as a response against extracellular pathogens such

as parasitic worms. Our analysis also identified CD1D, with

six FdNs mutations, as highly evolved in the woolly mammoth.

CD1D encodes for a molecule that presents antigens to natural

killer T cells, which eliminate invasive microorganisms by

recognizing microbial lipid agents.42 We also note that one of

the genes with the highest number of FdNs mutations (n =

12) and the highest aggregated SIFT score in our dataset

(9.73) has an undetermined annotation but has a 50% match

to SIGLEC14 in the human genome (Table 1). Expression of SI-

GLEC14 promotes activation of the inflammasome, thus lead-

ing to activation of macrophages.43
Curren
DNA repair and transcription

Our analyses identified several GO terms

associated with DNA repair and transcrip-

tion (Table S3). The most evolved gene in

our entire dataset is BRCA2, which has

19 FdNs mutations (Table S5), although it

should be noted that its aggregated SIFT

score is zero, suggesting that these 19mu-

tations may all have small effects on pro-

tein function. BRCA1 is also highly evolved

in woolly mammoths, with six FdNs muta-

tions, and in contrast to BRCA2 has a

high aggregated SIFT score (4.47). In hu-

mans, BRCA1 and BRCA2 are well known
for their association with breast cancer and play a key role in

DNA repair and transcription, acting as tumor-suppression

genes.44 We note that Asian elephants also have a large number

of FdNs mutations for these genes (12 and four for BRCA2 and

BRCA1, respectively; Table S6), indicating that rapid evolution

of BRCA genes is common among elephantids, which would

be consistent with earlier work on cancer resistance in ele-

phants.45 In humans, tumor mutations in both BRCA genes

have been associated with the gene TP53, a well-known multi-

copy tumor suppressor gene in elephants.46 In addition to the

BRCA genes, we also identify that the gene ZNF292, which

has five FdNs mutations in woolly mammoths, encodes for a

growth hormone-dependent transcription factor and has been

classified as a tumor suppressor gene in humans.47

Thermosensation

Earlier work has highlighted the importance of thermosensation

genes for cold adaptation in the woolly mammoth.4 We here

identify a gene called SCN10Awith six FdNsmutations (Table 1),

which has not been identified in earlier studies of woolly mam-

moths. SCN10A encodes for a protein forming a Nav1.8

voltage-gated sodium channel that is important in pain sensa-

tion48 and essential for the perception of extreme cold as being

painful.49 In contrast to SCN10A, genes belonging to the TRP

channel gene family are activated and inactivated at different

temperatures50 and have previously been implicated in thermo-

sensation in the woolly mammoth.4 It is therefore tempting to

speculate that a combination of positive selection in both

SCN10A and the TRP channel gene family may have interacted

to provide woolly mammoths with a full repertoire of cold sensa-

tion adaptations. Lynch et al.4 identified five TRP genes in which

woolly mammoths had non-synonymous mutations. Based on

our larger dataset, we show that one of these, TRPV4, does
t Biology 33, 1753–1764, May 8, 2023 1757



Table 1. Highly evolved genes in the woolly mammoth

Gene name

Fixed derived

synonymous

Fixed derived

non-synonymous

Aggregated

SIFT score

Fixed derived

non-synonymous

and evolved <700 kya

Predicted phenotype

affected

AHNAK2 8 14 9.73 0 (12) hair and/or skin development

SIGLEC14a 6 12 8.98 0 (6) immune system

FSIP2a 4 12 6.26 0 (12) sperm development/function

KRT8 0 9 6.38 0 (9) hair and/or skin development

TEX15 4 8 5.53 0 (6) sperm development/function

ADGRV1 5 8 4.71 0 (7) hearing

CCNB3 1 7 5.91 0 (5) pregnancy and embryo development

PARP14 3 7 5.57 1 (7) immune system

CDK5RAP2a 0 7 5.56 0 (6) brain size

FLG 2 7 5.35 5 (5) ear size and hair and skin development

BRCA1 1 6 4.47 0 (4) DNA repair and tumor suppression

SCN10A 11 6 4.39 0 (6) thermosensation

RP1L1 1 6 4.32 0 (4) vision

ACADM 0 6 3.24 1 (3) fat storage and metabolism

CD1D 2 6 3.2 0 (6) immune system

PDZD2a 1 6 3.2 0 (5) sugar metabolism

CD4 1 5 3.85 4 (5) immune system

TSHZ3 3 5 3.75 2 (5) urinary tract and kidney development

ABCC11b 3 5 3.16 2 (5) ear wax and body odor

FIGNL1 0 4 1.96 4 (4) skeletal morphology and body size

PRSS8 5 3 4.29 3 (3) hair and/or skin development

TCHH 1 3 2.63 2 (3) hair and/or skin development

FAM214A 0 3 1.74 3 (3) skeletal morphology and body size

OLFR94a 0 3 1.33 3 (3) olfaction

TMC4 0 3 1.23 3 (3) salt taste sensitivity

PCLO 2 3 0.98 3 (3) skeletal morphology and body size

CD3E 1 2 1.77 2 (2) immune system

IGSF6 2 2 1.57 2 (2) immune system

PXMP4 0 2 1.47 2 (2) fat storage and metabolism

ADRB2 0 2 1.03 2 (2) fat storage and metabolism

NMI 0 2 0.67 2 (2) skeletal morphology and body size

ARHGAP21 1 2 0.57 2 (2) skeletal morphology and body size

The 32 genes listed are either those that have a predicted effect on a specific phenotype category, with at least six fixed-derived non-synonymous

mutations and an aggregated SIFT score >3 (n = 16), or genes with a specific predicted phenotype where at least two non-synonymous mutations

have evolved in the last 700 ka (n = 17). Note that the FLG gene falls into both categories. The number of sites covered in the 700,000-year-old Chu-

kochya genome is shown in parentheses. Genes with unknown, broad, or multiple effects on phenotype (n = 29) are not shown. A full list comprising all

genes in the dataset can be found in Tables S5, S6, and S7.
aGenes that are not part of the elephant annotation but have a match to genes in the human genome
bThis gene had a derived loss-of-function mutation fixed in all woolly mammoths
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not have any FdNs mutations in the woolly mammoth. Moreover,

our results show that only two of the four non-synonymous mu-

tations in TRPV3 identified by Lynch et al.4 were fixed in Late

Quaternary woolly mammoths. On the other hand, our analyses

also identified three additional TRP geneswith FdNsmutations in

the woolly mammoth associated with thermosensation (TRPV2,

TRPM5, and TRPM2, with one, one, and three FdNs mutations,

respectively) that are activated at temperatures above

15�C.51,52 Overall, we find that our woolly mammoths have

FdNs mutations in eight out of the ten TRPM, TRPV, and TRPA
1758 Current Biology 33, 1753–1764, May 8, 2023
genes identified, implying that woolly mammoths displayed

polygenic adaptive evolution to thermosensation.

Reproduction

Among our highly evolved genes in the woolly mammoth, three

are associated with reproductive processes (Table 1). One of

these, TEX15 (eight FdNs mutations), is associated with sper-

matogenesis in humans.53 Moreover, we identified a gene with

12 FdNs mutations that lacks functional annotation in the African

savannah elephant genome but is a 68.3% match to the FSIP2

gene in the human genome. In humans, FSIP2 is associated
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with repeated abnormalities in sperm flagella.54 We also find that

woolly mammoths had seven FdNs mutations in the gene

CCNB3, which has been associated with pregnancy loss in

mice.55 Similarly, we identified six FdNs mutations in ZP4 (SIFT

score of 2.57), an essential gene for embryo development in rab-

bits.56 Although it is difficult to ascertain the exact reproductive

function of these highly evolved genes in the woolly mammoth,

we hypothesize that some of these changes may have been

related to the transition from a temperate to an Arctic environ-

ment, which would entail adapting to a higher degree of season-

ality in terms of mating and parturition.

Other phenotypes

Four of the most highly evolved genes in the woolly mammoth

are associated with brain function, vision, and hearing (Table 1).

For example, gene expression analyses of FHDC1 in mice (six

FdNs mutations in the woolly mammoth) suggest that this gene

is involved in physiological processes such as tissue repair, syn-

apse formation, and synapse maintenance, and therefore might

be important for brain function.57 Also, we identified seven FdNs

mutations in a gene with unknown annotation in the woolly

mammoth, but that has a 75.9% match to the CDK5RAP2

gene in the human genome. CDK5RAP2 is a gene that has

been identified as controlling human brain size.58 In addition,

we observed six FdNs mutations in RP1L1, which is a gene

that is exclusively expressed in retinal photoreceptors and is

an important component of the photoreceptor cilium.59 Our re-

sults also show that the woolly mammoth had eight FdNs muta-

tions in ADGRV1. This gene has been associated with hearing

loss disorders in both humans and mice.60,61 Finally, although

not included in our top list of highly evolved genes, we note

that there are five FdNs mutations in the gene ABCC11

(Table S5). As shown in earlier studies,6 one of the mutations in

the woolly mammoth ABCC11 gene is a stop-gain (loss-of-func-

tion) mutation. In humans, the dry wax phenotype, which also is

associated with reduced body sweat odor, is caused by a muta-

tion that causes a misfolded protein.62 The loss-of-function

woolly mammoth mutation could thus have led to a similar

phenotype.

Adaptive evolution in the last 700 ka
Aprevious analysis of the 700,000-year-old Chukochya genome,

representing one of the earliest known woolly mammoths, indi-

cated that this individual had 88.7% of the protein-coding

changes found in Late Quarternary woolly mammoths.7 Based

on our analysis of additional genomic data from Chukochya

and FdNs mutations in a much larger panel of Late Quaternary

woolly mammoths, we here revise this estimate to 91.7%

(3,644 out of 3,972 sites). Conversely, this implies that 8.3% of

the non-synonymous mutations in Late Quaternary woolly mam-

moths became fixed in the last 700 thousand years (ka),

providing an opportunity to identify specific genes that under-

went adaptive changes after the origin of the woolly mammoth

as a species. We identified 30 genes with at least two FdNs mu-

tations in woolly mammoths that became fixed in the last 700 ka,

suggesting the presence of important adaptive change during

this period (Table 1). The gene that has accumulated the most

protein-coding changes in the last 700 ka was FLG (five FdNs

mutations), a gene that encodes for the protein filaggrin that

binds to keratin fibers in epithelial cells. Intriguingly, FLG-
deficient mice develop significantly smaller ears.63 We therefore

hypothesize that the mutations observed in the FLG gene during

the last 700 kamay have contributed to the distinct small ear size

in Late Quaternary woolly mammoths. This would also imply that

the earliest woolly mammoths and their ancestors had larger

ears than their Late Quaternary descendants.

We also identified several genes associated with hair growth

and structure that have undergone adaptive evolution during

the last 700 ka. For example, we identified three recently evolved

non-synonymous mutations in PRSS8, a gene that is important

for hair follicle development and where non-synonymous muta-

tions are responsible for themutant ‘‘frizzy’’ phenotype inmice.64

In addition, we find that two of the three FdNs mutations in

TCHH, one of the genes responsible for uncombable hair syn-

drome in humans, evolved in the last 700 ka. We also find

evidence for the recent evolution of one of the two FdNs muta-

tions in KRTAP4-1, which encodes for a protein that is essential

for the formation of a rigid and resistant hair shaft in mammals.65

Taken together, these findings suggest that the development of

the woolly mammoth’s distinctive pelage was a continuous

process during the Pleistocene.

Moreover, our analysis suggests that several genes related to

skeletal morphology and body size have been under positive se-

lection in the last 700 ka (Table 1), and we hypothesize that some

of these may be related to the observed decrease in mammoth

body size in the last million years.66 For example, the genes

FIGNL1 and NMI (from zero to four and two FdNs mutations in

the last 700 ka, respectively) are important for osteoblast differ-

entiation and bone density.67,68 We also find that the genes

PCLO and FAM214A have changed from the ancestral elephant

allele by gaining three FdNs mutations each in the last 700 ka.

Mutations in PCLO are associated with decreased body size in

mice,69 whereas expression levels in FAM214A affect the

waist-hip ratio in humans.70 Finally, we find that the gene ARH-

GAP21, which is associated with mandibular prognathism in

humans,71 has accumulated its only two FdNs mutations in the

last 700 ka.

We also identified two genes associated with fat storage and

metabolism that have undergone protein-coding changes in

the last 700 ka, from being identical to those in elephants to hav-

ing gained two FdNs mutations each (Table 1). One of these is

PXMP4, which in mice affects levels of fatty acid alkyl-diacylgly-

cerol lipids in the liver, and thus likely plays a role in lipid meta-

bolism.72 The second gene, ADRB2, is of key importance for

the regulation of fat metabolism in adipose tissues, where two

allele variants, ‘‘thrifty’’ and ‘‘energy expense,’’ have been linked

to obesity levels in humans.73

Finally, our analysis shows that several immunity-related

genes have evolved in the last 700 ka. The gene CD4, which

encodes for a T cell antigen that is an essential component in

cell-mediated immunity,74 has gained four of its five FdNs muta-

tions in the woolly mammoth during the last 700 ka. Among

humans and chimpanzees/bonobos, CD4 differs by 3–4 amino

acid changes and has been suggested to have been under

positive selection in primates, possibly in response to viral infec-

tions.75 Our results could thus imply that the four recently

evolved FdNs mutations in the woolly mammoth are the result

of rapid positive selection, possibly as a response to novel path-

ogens. Two additional immunity-related genes, IGSF6 and
Current Biology 33, 1753–1764, May 8, 2023 1759
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CD3E, have gained two FdNs mutations each in the last 700 ka.

IGSF6 is a member of the immunoglobulin superfamily that is

predicted to play a role in immune response.76 CD3E encodes

for a polypeptide that plays an essential role in T cell develop-

ment that, similarly to CD4, has been under positive selection

during primate evolution, with 1–2 amino acid differences be-

tween humans and chimpanzees/bonobos.77

DISCUSSION

Our study builds on an extensive number of modern elephant

and ancient mammoth genomes, including one from the early

Middle Pleistocene, and provides new insights into the genetic

basis for adaptive evolution in the woolly mammoth. The GO

analysis revealed an enrichment of genes associated with the

development of hair, skin, and fat metabolism in the woolly

mammoth, something that we did not observe in our corre-

sponding analysis of the Asian elephant genome. A recent study

based on detecting genomic deletions in four woolly mammoth

genomes identified private deletions in genes enriched for phe-

notypes such as fat distribution and hair growth and shape,78

strengthening the evidence that these are molecular phenotypes

unique to mammoths. In addition, our comprehensive dataset of

woolly mammoth genomes allowed us to identify genes with

multiple fixed-derived non-synonymous mutations and a pre-

dicted high impact on protein function. We find that many of

these genes are associated with possible adaptations to a cold

environment, such as changes to hair pelage, fat metabolism,

and thermosensation, as well as several other physiological phe-

notypes including immune system function, reproduction, and

DNA repair mechanisms.

Furthermore, the inclusion of the genome from one of the

earliest known woolly mammoths enabled us to discriminate

between mutations that arose in earlier forms of Mammuthus

and those that evolved during the last 700 ka. This analysis of-

fers a tantalizing glimpse of specific genes that in other mam-

mals have been associated with changes in ear size, pelage,

skin, body size, fat storage, and metabolism, as well as immu-

nity, which in the woolly mammoth underwent adaptive evolu-

tion from the onset of the Middle Pleistocene and thereafter.

Interestingly, we note that for several phenotypic traits associ-

ated with genes that have experienced adaptive changes since

the origin of the Mammuthus lineage, different sets of genes

appear to have been under positive selection before and after

700 kya. For example, both AHNAK2 and KRT8 are associated

with hair and skin development and gained 14 and nine FdNs

mutations prior to 700 kya, but none after this date. Instead,

we find a signature of positive selection in two other genes

associated with hair and skin development after 700 kya,

PRSS8 and TCHH, which gained three and two FdNs muta-

tions, respectively. Similar patterns are observed in genes

related to immune system function, as well as fat storage and

metabolism (Table 1). This suggests that evolutionary changes

involved in characteristic woolly mammoth adaptations were

not governed by single mutations in individual genes, but rather

by multiple mutations in several different interrelated genes or

combinations of genes. However, instead of changing in con-

cert, it appears that the genes involved in the same phenotype

evolved in a temporally stepwise manner.
1760 Current Biology 33, 1753–1764, May 8, 2023
This study also highlights the advantage of including multiple

genomes from the same species when identifying genes that

have been subject to adaptive evolution. Positive selection on

de novomutations is expected to lead to comparatively rapid fix-

ation of derived alleles,79 implying that we would expect most

adaptive variants that have evolved since mammoths shared

an ancestor with elephants to be fixed across all Late Pleisto-

cene woolly mammoths. To identify genes that have evolved

through such positive selection, it is therefore important to

include a sufficiently large number of genomes to distinguish be-

tween polymorphic and fixed variants. In our 22 Late Quaternary

woolly mammoth genomes, we identified a total of 21,249,732

sites with derived mutations, but only 1,176,471 (i.e., 5.5%) of

these were fixed among all individuals.

Our findings open up several interesting questions that could

be addressed in future studies. For example, we hypothesize

that the observed non-synonymous mutations could lead to

reduced expression in FLG, causing small ear size. Similarly,

we hypothesize that the genetic changes observed in TET1

may have improved mammoth tolerance to cold temperatures.

Also, finding a significant change in the function of ABCC11

could imply that mammoths had dry ear wax and reduced

body odor. These hypotheses could be tested by expression

and functional characterization of the mammoth variant of these

genes in cell lines or transgenic mice. It would also be interesting

to conduct in vitro experiments to assess whether the observed

mutations in ADRB2 led to a higher rate of fat metabolism or a

higher rate of fat storage (i.e., whether the observed mammoth

variant was more similar to the ‘‘thrifty’’ or ‘‘energy-expense’’ al-

leles found in humans). Finally, we note that additional woolly

mammoth genomes from different stages of the Middle Pleisto-

cene would enable testing of whether the observed adaptive

changes in the last 700 ka happened gradually or in amore punc-

tuated manner, for example in response to the repeated climatic

shifts that took place during that period, i.e. across multiple

glacial cycles.80

Limitations of study
We acknowledge that the highly evolved genes with known func-

tional roles identified here provide a conservative and non-

exhaustive catalog of the genomic underpinnings of the woolly

mammoth phenotype. In our analyses, using the number of

FdNs and aggregated SIFT score per gene, we make the

assumption that themore evolved the gene, the greater the likeli-

hood of a phenotypic impact. However, as a consequence of our

strict criteria, other candidate genes that may have been impor-

tant for the woolly mammoth phenotype but had fewer FdNs

mutations or a lower aggregated SIFT score were not specifically

discussed. A list of all genes with at least one FdNs in Late

Quaternary woolly mammoths is provided in Table S5. A second

limitation in our analyses is that we only identify fixed derived

sites in genic regions and therefore do not account for potentially

important genomic changes such as in gene copy-number

variation, transcription regulation, methylation, or alternative

splicing sites.81 Finally, we identified nine highly evolved genes

in the woolly mammoth for which a functional role is either

unknown or unclear (Table S5). This includes one unknown

gene, three tentatively assigned genes based on their match to

the human genome (CSF2RB, CRYBG2, and CENPU), and five
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known genes associated with broad or multiple functions

(C1orf167, CEP290, NCKAP5, NPAT, and PLXNB1). For

example, NCKAP5 is one of the most highly evolved genes in

our dataset, with eight FdNs mutations, of which three are pre-

dicted to be high impact (aggregated SIFT score = 7.02). Howev-

er, the possible phenotypic role ofNCKAP5 in woolly mammoths

is unclear, as this gene has been associated with multiple func-

tions including bipolar disorder, hypersomnia, height, and body

mass index in humans,82 as well as flight behavior in cattle.83

Our catalog of genes with unknown or unclear functions, there-

fore, provides prime genomic targets for future studies aimed

at disentangling the woolly mammoth phenotype.
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Izquierdo-Rico, M.J., González-Brusi, L., Lorenzo, P.L., Garcı́a-

Rebollar, P., Avil�es, M., and Bermejo-Álvarez, P. (2019). ZP4 confers
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Woolly mammoth Palkopoulou et al.84 Wra4.3Ka

Woolly mammoth This study NSI12.2K

Woolly mammoth This study NSI12.8K

Woolly mammoth This study Wra13.9K

Woolly mammoth This study NSI14.3K

Woolly mammoth This study NSI16.0K

Woolly mammoth This study Chu17.0K

Woolly mammoth This study Chu17.6K

Woolly mammoth This study Chu20.0K

Woolly mammoth This study Chu21.3K

Woolly mammoth This study Chu22.0K

Woolly mammoth van der Valk et al.7 Kanchalan

Woolly mammoth van der Valk et al.78 Wra24.0K

Woolly mammoth This study Chu27.8K

Woolly mammoth This study YaK28.1K

Woolly mammoth This study Chu29.1K

Woolly mammoth This study Chu30.4K

Woolly mammoth van der Valk et al.78 Chu31.9K

Woolly mammoth This study Chu33.7K

Woolly mammoth Yamagata et al.85 YaK39.1K

Woolly mammoth Palkopoulou et al.84 Oim44.2K

Woolly mammoth This study YaKinf

Woolly mammoth This study, van der Valk et al.7 Chukochya

Mastodon Palkopoulou et al.86 I

African savannah elephant Campbell-Staton et al.87 0045B

African savannah elephant Campbell-Staton et al.87 2981B

African savannah elephant Campbell-Staton et al.87 2982B

African savannah elephant Campbell-Staton et al.87 2983B

African savannah elephant Campbell-Staton et al.87 2984B

African savannah elephant Campbell-Staton et al.87 2985B

African savannah elephant Palkopoulou et al.86 B

African savannah elephant Palkopoulou et al.86 C

African savannah elephant Palkopoulou et al.88 Christie

African savannah elephant Campbell-Staton et al.87 G13

African savannah elephant Campbell-Staton et al.87 G14

African savannah elephant Campbell-Staton et al.87 G15

African savannah elephant Campbell-Staton et al.87 G16

African savannah elephant Campbell-Staton et al.87 G17A

African savannah elephant Campbell-Staton et al.87 G18A

African savannah elephant Campbell-Staton et al.87 G19A

African savannah elephant Campbell-Staton et al.87 G20A

African savannah elephant Campbell-Staton et al.87 G21A

African savannah elephant Campbell-Staton et al.87 G22A

African savannah elephant Tollis et al.88 Hi-Dari

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

African savannah elephant Campbell-Staton et al.87 T2B

Asian elephant Palkopoulou et al.86 D

Asian elephant Palkopoulou et al.86 E

Asian elephant Tollis et al.88 Icky

Asian elephant Lynch et al.4 L

Asian elephant Lynch et al.4 M

Asian elephant Lynch et al.4 Y

Asian elephant Reddy et al.89 Z

Chemicals, peptides, and recombinant proteins

USER enzyme New England Biolabs NEB #M5508

AccuPrime reaction mix Life Technologies Cat #12344040

AccuPrime Pfx DNA polymerase Life Technologies Cat #12344024

Agencourt AMPure XP beads Beckman Coulter Cat #10136224

Critical commercial assays

MinElute purification columns QIAGEN Cat #28115

Deposited data

Raw sequencing data This study PRJEB59491

Software and algorithms

bcl2Fastq v1.8.3 Illumina90 https://emea.support.illumina.com/sequencing/

sequencing_software/bcl2fastq-conversion-

software.html

GenErode Kutschera et al.91 https://github.com/NBISweden/GenErode

Seqprep v1.2 St. John et al.92 https://github.com/jstjohn/SeqPrep

BWA v0.7.17 Li and Durbin93 https://bio-bwa.sourceforge.net/

SAMtools v1.8 Li et al.94 http://www.htslib.org/

Trimmomatic v0.39 Bolger et al.95 https://github.com/usadellab/Trimmomatic

bcftools v1.8 Danecek et al.96 http://www.htslib.org/

RepeatModeler v2.0.1 Smit and Hubley97 https://www.repeatmasker.org/RepeatModeler/

RepeatMasker v4.0.9 Smit et al.98 https://www.repeatmasker.org/RepeatMasker/

Pairwise Sequential Markovian Coalescent (PSMC) Li and Durbin99 https://github.com/lh3/psmc

ANGSD v0.939 Korneliussen et al.100 https://github.com/ANGSD/angsd

MEGA11 Tamura et al.101 https://www.megasoftware.net/

SIFT Ng and Henikoff102 https://sift.bii.a-star.edu.sg/

GOrilla Eden et al.8 http://cbl-gorilla.cs.technion.ac.il/

Mouse Genome Informatics database Blake et al.103 https://www.informatics.jax.org/

ll
OPEN ACCESS Article
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact: Love Dal�en (love.dalen@

zoologi.su.se).

Materials availability
This study did not generate new reagents.

Data and code availability
Raw sequencing data of the newly generated mammoth genomes can be found on the European Nucleotide Archive (ENA:

PRJEB59491). Sample specific accession numbers are provided in Table S1. This paper also analyzes existing, publicly available

data. The accession numbers for these data are listed in Table S2. This paper does not report original code. Any additional informa-

tion required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Newly sequenced mammoths
We generated whole genome sequencing data for 16 new woolly mammoth samples (Table S1). These samples were opportunisti-

cally collected during various expeditions in Siberia over the past 25 years. We also generated additional sequencing data for a pre-

viously published woolly mammoth, Chukochya, dating to �700 kya.7 We generated radiocarbon dates for three woolly mammoth

samples. Dating was done at either the Oxford Radiocarbon Accelerator Unit (ORAU) (14C lab identification: OxA), or NEISRI FEB

RAS, Magadan (14C lab identification: MAG). All radiocarbon dates were calibrated using Oxcal 4.4104 and the IntCal20 Northern

Hemisphere radiocarbon age calibration curve.105

Dataset
We additionally downloaded the raw sequencing data from previously published elephantid genomes, including six woolly mam-

moths, seven Asian elephants, 21 African savannah elephants, and one American mastodon,4,7,78,84,86–89,106 resulting in a final data-

set of 52 elephantid genomes (Table S2).

METHOD DETAILS

Laboratory methods
For the 16 newwoollymammoth samples, DNA extractions, and library preparations were performed following standard ancient DNA

practices in either the dedicated ancient DNA lab facilities at the Swedish Museum of Natural History or the Centre for Palaeoge-

netics, both located in Stockholm, Sweden. Briefly, we first collected 50-200 mg of bone or tooth powder using a Dremel drill.

For all but two samples, we then carried out DNA extractions using the final silica column protocol presented in Dehasque

et al.107 For sample Chu20.0K, which was part of a protocol development study,107 we performed an additional predigestion treat-

ment to improve sequencing efficiency (Table S1). For sample YaKinf, a skin sample, we used a digestion buffer suited for keratin-rich

tissue.108 After overnight digestion, the extraction protocol was continued from day two as described in Dehasque et al.107 We then

prepared double-stranded sequencing libraries following the protocol by Meyer and Kircher,109 including treatment with either 3 or

6 mL of USER (New England Biolabs) as described in Dehasque et al.107 The USER enzyme, a mixture of uracil–DNA–glycosylase

(UDG) and endonuclease VIII (endoVIII), excises uracil bases incorporated as a consequence of post-mortem damage, except at

CpG sites.110 Clean-up steps were performed using MinElute purification columns (QIAGEN). We amplified and double-indexed

with unique barcodes the sequencing libraries in a PCR reaction volume of 25 mL containing 1X AccuPrime reaction mix (Life Tech-

nologies), 0.3 mM of the forward indexing primer, 0.3 mM of the reverse indexing primer, 1.25 U AccuPrime Pfx DNA polymerase (Life

Technologies), and 3 mL of DNA library. PCR reaction conditions were the same as described in Pe�cnerová et al.111 The number of

PCR cycles varied from 6 to 16, depending on DNA quantity as indicated by the Ct values of a qPCR. We generated between 3 to 32

independent amplified libraries for each sample to minimize sequence clonality during sequencing. We removed both too-short

(bead-to-mix ratio 1.8) and too-long fragments (bead-to-mix ratio 0.5) from the amplified libraries using magnetic Agencourt AMPure

XP beads (Beckman Coulter). Additionally, we further sequenced a previously-published earlyMiddle Pleistocenemammoth sample,

Chukochya, in order to increase its genomic coverage. We used an existing DNA extract from van der Valk et al.7 to prepare 13 new

independent amplified genomic libraries following the same laboratory protocols as described above. The final amplified libraries

were sent to the National Genomics Infrastructure (NGI Stockholm) for sequencing using the Illumina NovaSeq platform (S4,

2x100 or 2x150).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data processing steps, statistical methods, software used, as well as randomization and/or strategies to assess significance are

described in detail below.We did not use anymethodswhere it was necessary to determine whether the datamet the assumptions of

the statistical approach.

Data processing
For the newly sequenced samples, bcl2Fastq v1.8.390 was used to demultiplex raw sequencing reads and convert them from Bcl to

Fastq (CASAVA software suite). For all ancient samples, wemapped the Fastq reads of each library and processed subsequent BAM

files using the "historical track" of an in-development version of the GenErode pipeline91 with minor modifications. The raw

sequencing data from the previously published ancient genomes in the dataset was downloaded and processed using the same

pipeline. Briefly, SeqPrep v1.292 was used to merge paired-end reads and trim adapter sequences, with a small modification to

the source code to keep bases with the highest quality score in overlapping regions. Only fragments with a minimum length of

30 bp were kept for all samples except for Chuckochya, where only sequencing fragmentsR35 bp were retained.7 We then mapped

the reads against a concatenated reference genome that included the African savannah elephant (LoxAfr4) and human (hg19) nuclear

genomes, and the woolly mammoth mitogenome (Krause mammoth, DQ188829), in order to exclude possible contamination.112

Mapping was done using BWA aln v0.7.1793 with ancient DNA-specific settings as in Palkopoulou et al.84 Next, we merged and

sorted BAM files per sample using SAMtools v1.894 and removed duplicate sequences using a script that marks duplicates based
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on both the start and end position of a fragment.84 Finally, we extracted only the sequences mapping to the African savannah

elephant and woolly mammoth mitogenome using SAMtools. For the previously published sample "Kanchalan",7 which was treated

with Afu uracil-DNA glycosylase leaving post-mortem DNA damage at the ends of the molecules, 2 bp were trimmed from both ends

of the molecules before mapping. For the modern samples, all previously published, we downloaded the raw reads and processed

the data using the "modern track" of theGenErode pipeline. Briefly, adapter trimmingwas donewith trimmomatic95 also keeping only

fragments at least 30 bp in length. We then mapped the sequences to the same concatenated reference genome as above and

merged and sorted BAM files, and removed possible duplicates using SAMtools.

Variant calling
We used bcftools v1.896 to call genotypes for all samples individually, only keeping sites with a mapping quality R30 and a base

quality R30. To avoid erroneous variants due to mismapping around indels, we discarded all indel sites and those within five

base pairs. We also excluded CpG sites, since these can be protected from the USER enzyme and therefore enriched for errors

caused by post-mortem damage,110 and repetitive regions which we identified using RepeatModeler v2.0.197 and RepeatMasker

v4.0.9.98 In order to avoid bias toward reference alleles in sites with low coverage, the resulting BCF files were scanned for genotype

consistency based on each site’s depth of coverage (the number of reads covering a specific site). Genotypes of sites covered by less

than four reads and with the presence of both reference and alternative alleles, which are prone to reference bias, were corrected

based on the number of high-quality alleles present for each allele.

Population genomic analyses
As a genome quality check and to ensure that themammoth genomes do not contain unexpected diversity as a result of mismapping

and contamination (i.e. Rogers and Slatkin113) we ran Pairwise Sequential Markovian Coalescent (PSMC)99 analyses on all mammoth

genomes above 103 coverage. We first filtered out all CpG sites as well as genomic regions below or above three times the average

genomewide coverage.We used the standard parameters -N25 -t15 -r5 -p "4 + 25*2 + 4+6". The PSMCoutput was rescaled to years

using a generation time of 25 years and amutation rate of 2.53 10�8 per site per generation as in Palkopoulou et al.84We additionally

checked genome-wide autosomal heterozygosity for all individuals with average genome coverage >103 using realSFS as imple-

mented in ANGSD. We considered only uniquely mapping reads (-uniqueOnly 1) and bases with quality score >19 (-minQ

20).100,114 ANGSD uses genotype-likelihoods allowing for the incorporation of statistical uncertainty in low-coverage data and shows

high accuracy in estimating heterozygosity for genomes at different coverages.115 Overall, these analyses provided results (see

Figures S1 and S2) that are consistent with previous work on woolly mammoth genomics.84

Phylogenetic inferences
We reconstructed phylogenetic trees on the basis of pairwise genetic distances between all individuals. First, we randomly sampled

an allele at each site for each genome using ANGSD.100We then calculated genome-wide pairwise differences for all samples, aswell

as 100 resampling replicates based on 100,000 sites each. A Neighbor Joining (NJ) tree based on the pairwise differences was then

obtained using MEGA11.101 In addition, we used variable window sizes across the genome (1 kb, 10 kb, 50 kb, 100 kb and 1 Mb) to

identify regions of the mammoth genome that are closer to the African savannah elephant than to the Asian elephant by randomly

sampling a single allele from each sample group (woolly mammoths, Asian elephants, and African savannah elephants) and

estimating the sequence divergence between these groups for each window.

Derived variants and effect-prediction
We identified sites where all Late Quaternary woolly mammoth genomes (n = 22) are homozygous for the alternative allele with

respect to the African savannah elephant reference genome, and all African savannah and Asian elephant genomes are homozygous

for the reference allele. We included only sites for which at least half of the Late Quaternary woolly mammoth genomes (nR 11) and

half of the elephant genomes (nR 14) had a genotype call (after filtering). For comparison, we also identified sites for which all Asian

elephant genomes have a fixed homozygous alternative genotype, and all the other species’ genomes are fixed for the reference

allele. Next, we used SIFT102 to annotate all identified variants and obtained SIFT scores for each of the protein-coding changing

mutations. SIFT scores range between 0 and 1 with lower scores indicating a higher likelihood of having an impact on the protein-

function. However, to aid interpretation, we calculated an aggregated SIFT score for each gene as the sum of (1 - SIFT) for each pro-

tein-coding variant in that gene so that the higher the aggregated SIFT score the more likely it is that the protein function is altered.

Finally, for all woolly mammoth-specific variants, we assessed the presence of the ancestral or derived allele in the 700 ka Chukochya

genome.

GO term enrichment and phenotype consequences
We conducted a gene ontology (GO) enrichment using GOrilla8 on all genes for which the woolly mammoth genomes carried one or

more FdNs variants. We used all annotated African savannah elephant genes as a background set and their respective GO terms

where obtained using the human database. Additionally, we obtained phenotypic data of mouse knockouts for all genes with woolly

mammoth variants using the Mouse Genome Informatics database.103
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