
Article

Ancient host-associated microbes obtained from
mammoth remains

Graphical abstract

Highlights

• Analysis of microbial DNA in 483 mammoths, dated from >1

million years ago to near-extinction

• Six microbial clades persisted across diverse regions and

extended time periods

• Partial Erysipelothrix genome recovered from a 1.1-million-

year-old steppe mammoth

Authors

Benjamin Guinet, Nikolay Oskolkov,

Kelsey Moreland, ..., Pavel Nikolskiy,

Love Dalén, Tom van der Valk

Correspondence

benjamin.guinet95@gmail.com

In brief

A study of 483 mammoth remains

spanning over a million years reveals

ancient host-associated microbes

preserved in bones and teeth, offering

new insights into the long-term evolution

of Pleistocene microbiomes and their

association with megafaunal hosts.

Guinet et al., 2025, Cell 188, 1–14

November 13, 2025 © 2025 Published by Elsevier Inc.

https://doi.org/10.1016/j.cell.2025.08.003 ll

mailto:benjamin.guinet95@gmail.com
https://doi.org/10.1016/j.cell.2025.08.003


Article

Ancient host-associated microbes
obtained from mammoth remains

Benjamin Guinet,1,2,26,* Nikolay Oskolkov,3 Kelsey Moreland,1 Marianne Dehasque,1,2,4 J. Camilo Chacón-Duque,1,4,5

Anders Angerbjörn,4 Juan Luis Arsuaga,20,21 Gleb Danilov,12 Foteini Kanellidou,1,4 Andrew C. Kitchener,23,24
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SUMMARY

Ancient genomic studies have extensively explored human-microbial interactions, yet research on non-

human animals remains limited. In this study, we analyzed ancient microbial DNA from 483 mammoth re-

mains spanning over 1 million years, including 440 newly sequenced and unpublished samples from a

1.1-million-year-old steppe mammoth. Using metagenomic screening, contaminant filtering, damage

pattern analysis, and phylogenetic inference, we identified 310 microbes associated with different

mammoth tissues. While most microbes were environmental or post-mortem colonizers, we recovered

genomic evidence of six host-associated microbial clades spanning Actinobacillus, Pasteurella, Strepto-

coccus, and Erysipelothrix. Some of these clades contained putative virulence factors, including a

Pasteurella-related bacterium that had previously been linked to the deaths of African elephants. Notably,

we reconstructed partial genomes of Erysipelothrix from the oldest mammoth sample, representing the

oldest authenticated host-associated microbial DNA to date. This work demonstrates the potential of

obtaining ancient animal microbiomes, which can inform further paleoecological and evolutionary

research.
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INTRODUCTION

The sequencing of mammoth (Mammuthus) DNA has enabled

comprehensive studies on mammoth evolution, biogeography,

and ecology.1–5 However, past interactions between microbes

and extinct megafauna remain largely unexplored. Investigating

these relationships could provide insights into the role of microbes

in adaptation to extreme environments, the impact of population

size fluctuations on the microbiome during glacial and interglacial

periods, dietary shifts over time, and the potential role of microbes

in megafaunal extinction. For example, Asian elephants, Elephas

maximus, the closest living relatives to mammoths, suffer from

pathogens including a virus with high mortality in calves (endothe-

liotropic herpesvirus) and a bacterium causing anthrax disease

(Bacillus anthracis),6–9 prompting consideration of whether similar

microbes were affecting their extinct mammoth cousins. Ancient

remains such as teeth and bones can preserve not only the host’s

DNA, but also the DNA of microbes that co-occurred at the individ-

ual’s time of death.10 These data have now emerged as a valuable

resource for understanding pandemics, lifestyle patterns, and

population dynamics.11–13 Here, we aimed to explore past interac-

tion between mammoths and co-occurring microbes along a time-

span from over 1 million years ago until the extinction of mam-

moths on Wrangel Island 4,000 years ago. We analyzed a total of

483 genomic datasets generated from various tissues including

teeth, molars, skulls, and skin tissue of mammoths, of which 440

are newly sequenced and unpublished samples, including new

sequence data obtained from a 1.1-million-year-old steppe

mammoth (Mammuthus trogontherii) sample (Figure S1; Table S1).

RESULTS

Microbial screening of mammoth sequence data

To screen the mammoth samples for the presence of microbial

ancient DNA (aDNA), we first built a Kraken2 microbial data-

base, containing complete genomes for over 500,000 genomes

(see the method explanation in the STAR Methods and the full

pipeline abstract in Figure S2). We used the genome taxonomy

database (GTDB) as it is more comprehensive than the pre-built

Kraken2 microbial RefSeq database, resulting in a higher num-

ber of classified reads (see detail in Data S1, section A). Next,

we collected all published genome data for mammoths, as well

as in-house mammoth sequence data that has been generated

over the past decade. We removed from each of the mammoth

samples the putative mammoth sequences as well as contam-

inant human reads that might have been introduced during

sample processing by aligning all the data to a concatenated

reference containing the Asian elephant, human, and mammoth

mitogenome assemblies.14 Subsequently, all reads that did not

align were classified against the microbial database using a

k-mer approach (see STAR Methods, metagenomic screening

for more details; Table S2). Across all samples, between

0.25% and 68.5% of the reads could be classified against

this database (mean = 31.1%) (Table S2). To filter for bacterial

contamination that may have been introduced during laboratory

sample processing, as well as for non-host-associated mi-

crobes that colonized the mammoth tissues post-mortem, we

analyzed 43 laboratory blanks collected in the laboratory at

the same time as the mammoth samples, as well as

22 previously sequenced samples from different ancient Arctic

sediments.16,17 Using a k-mer based genetic distance

approach,15 we find that most mammoth samples exhibited

similar read compositions, with only a small subset of samples

also sharing high genetic similarities to the sediment samples

(see detail in Data S1, section B). All laboratory blanks dis-

played a distinctly different read composition, suggesting little

laboratory contamination (Data S1, section B). Between 1.8%

and 72.3% of the microbial species identified among mam-

moths were also classified in at least one laboratory blank or

Arctic sediment sample and thus excluded from downstream

analysis. Next, to align the remaining unmapped candidate mi-

crobial reads, we built a bowtie2 index, comprising all microbial

species with at least 200 reads classified in the Kraken2 anal-

ysis (n = 87,958), taking one representative species for each

genus in cases multiple species within a genus were detected.

Using bowtie2, we then competitively mapped the reads

against the genomes of all previously classified microbial spe-

cies. Among all the reference microbial genomes in the align-

ments, 28.9% exhibited an evenness of coverage over 90%

(uniformness with which aligned reads are distributed across

the entire reference genome) with an average coverage of

0.82X (one-tailed std = 3.83X) (Figure 1B), and these were tar-

geted for further investigation.

Description and authentication of ancient microbes

Most of the mammoth samples in this study were subjected to

enzymatic uracil-DNA glycosylase (UDG) treatment, a process

that eliminates typical patterns of ancient DNA damage, except

at methylated sites in vertebrates.19 In vertebrates DNA methyl-

ation occurs at the 5′-position of cytosine residues of CpG di-

nucleotides in somatic tissues. This methylation inhibits the ef-

fect of the UDG treatment at these positions, preserving the

C-to-T damage pattern at CpG sites.19 However, the mecha-

nisms of cytosine methylation in prokaryotes remain poorly un-

derstood, and it is unclear whether these mechanisms are

consistent across all bacterial clades.20 As a result, this enzy-

matic UDG treatment limited our ability to detect typical ancient

DNA damage patterns (Figure 1E). Therefore, we considered

deamination at CpG sites in cases where bacteria exhibited

an ancient DNA damage pattern at these sites, but we predom-

inantly relied on the observation that UDG treatment does not

always completely remove C-to-T damage, leaving residual

C-to-T damage at the first three bases of the reads, both in

the mammoth and in the microbial reads (Figures 2A and 2C;

Table S3).

To further authenticate the candidate ancient microbes, we

constructed a quality control scoring pipeline that relied on

several strict filters, including deamination patterns at remaining

C-to-T damage sites, evenness of coverage, and average read

lengths, which are expected to be short due to post-mortem

DNA fragmentation (see STAR Methods, authentication of

ancient DNA for score metric details). Of the microbes identified

in the laboratory blanks, only 0.04% got the highest score of five

(Figure 1F), whereas 31.82% of the ancient sequence data from

Arctic sediments and 0.51% of the microbes identified in the

mammoth samples were scored as ancient. We then visually
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inspected the DNA damage plots of all 2,740 microbial candi-

dates with a score of at least four, an evenness of coverage

above 50%, and increasing C-to-T and/or CpG-to-TpG damage

at read ends. This resulted in a final set of 310 microbial candi-

dates showing consistent DNA damage patterns (out of the total

number of 87,958 microbial candidates classified at the start),

distributed across 105 different mammoth samples. Out of 310

microbial species, 140 were derived from mammoth samples

with reads showing slight residual C-to-T damage despite

UDG treatment, while the remaining sample did not exhibit this

residual damage (Table S3). Among these 310 ancient microbial

candidates, the average evenness of coverage across the

genome was 85% and the mean depth of coverage 0.78X

(Figure 3A). None of these microbes presented a sequence iden-

tity to the phylogenetically closest available reference genome

over 98.8% (mean = 95.60%, SD = 2.74%) (Figure 3B), suggest-

ing that these microbes do not represent previously sequenced

species. However, the overall low coverage and short read

length (mean, 59 bp; SD, 26 bp) could also partially account for

the low sequence identity observed (Figure 3C). The majority of

the ancient microbes were identified from molar (n = 164) and

tusk samples (n = 79) (Figure 3E). Most of these ancient microbes

come from genera that have previously been isolated from envi-

ronmental samples, including Gelidibacter, Nitrobacter, and Sul-

furicella.22–24 This suggests that the majority of the microbes are

environmental species that colonized the mammoth remains

post-mortem (Figures 3F and 3G; Table S4). We also detected

the presence of Clostridium and Acinetobacter genera in our

samples, typical post-mortem bacteria involved in the decompo-

sition process.25,26

A B C D

E F

Figure 1. General plots about read characteristics and microbial classification

In all sections, the colors yellow, green, and brown stand for sedimentary, laboratory blanks, and mammoth reads, respectively.

(A) Illustrates the microbial taxonomy abundance of Kraken2 classified reads among all mammoth samples compared with the same taxa in the laboratory blanks.

Each circle represents one microbe species classified from GTDB. Both axes represent the log10 values of the ratio of minimizers to total sequenced reads in the

sample.

(B) Illustrates the evenness of coverage across contamination samples, including blanks in comparison to mammoth samples, with darker regions indicating

higher density of data points.

(C and D) Represent boxplots showing the distribution of average nucleotide identity (ANI) and mean lengths of reads mapped to reference assemblies,

respectively.

(E) Corresponds to the distribution of Pmax values from the Pydamage16 analysis as a function of post-mortem damage (PMD) scores computed with PMDtools18

for each candidate with a given score of 5.

(F) Corresponds to a bar plot distribution of the percentage of microbes classified according to a scoring system from 1 to 5, where 5 represents the highest score

for ancient DNA damage authentification. All associated results can be found within Table S2.
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Host-associated bacteria

Using the microbe atlas project database27 and literature

research, we identified six microbial genera in our filtered data

that are known to closely interact with animals (Figure 3F;

Table S4). To obtain insights into the evolutionary relationships

of these genera to their modern relatives, we systematically in-

ferred genetic phylogenies using all available modern microbial

reference genomes from each of these bacterial genera and

included all mammoth samples for which these microbes had

at least 50% evenness of coverage. While most bacterial candi-

dates contained a high number of sites suitable for phylogenetic

analysis, a few, such as Streptococcus mutans M25 and Basfia

strains M40 and M13, had fewer than 10,000 informative sites

(Table S11). Given the potential impact of limited coverage

on phylogenetic reconstructions, we assessed whether this

affected our phylogenetic conclusions by conducting multiple in-

dependent phylogeny tests, including building the trees with one

mammoth microbe sample at a time, the application of stringent

filters on the covered sites, and the use of different phylogenetic

placement algorithms (see details in STAR Methods, Data S2;

Tables S5 and S6). This allowed us to identify distinct microbial

species belonging to the genera Actinobacillus/Basfia, Erysipe-

lothrix, Odoribacter, Pasteurella, and Streptococcus that are

commonly associated with animals. All of them, except Odori-

bacter, provided clear phylogenetic evidence of an animal mi-

crobial origin, with mammoth bacteria forming monophyletic

clades (Figure 4). In the case of Odoribacter, we could not rule

out post-mortem contamination, as the Arctic sediment reads

and other sedimentary bacteria branched within the clade

formed by 15 woolly and steppe mammoth Odoribacter se-

quences (Data S3). Furthermore, no clear structure could be

found among the mammoth sequences, both in terms of ex-

pected relationships among mammoth species or geological

age, which means these sequences probably did not interact

with mammoths but rather occupied an ecological niche in the

sediment. For each of the other host-associated bacteria

genera, we observed their occurrence within mammoth samples

across a wide time range and different geographic regions, sug-

gestive of a long-term evolutionary host-association. The micro-

bial genome (Erysipelothrix) was isolated from the 1.1-million-

year-old steppe mammoth data, representing, to our knowledge,

the oldest host-associated microbial genome recovered to date.

Two distinct clades of Pasteurella were recovered in 11 woolly

mammoths from different geographic locations (Wrangel, Yu-

kon, Ayon Island, Muus-Khaya, and the Taimyr Peninsula), span-

ning from the Late Pleistocene to 4,607 years ago (Figure 4A).

One of the clades is phylogenetically close to an Actinobacillus

bacterium previously isolated from pig (Sus domesticus) feces,

which is also related to the bacterium Basfia succiniproducens

isolated from domestic cattle (Bos taurus) and known to play a

function in the production of succinic acid. Succinic acid plays

a crucial role in anaerobic fermentation, which is particularly rele-

vant for herbivorous mammals like mammoths that relied on mi-

crobial fermentation to break down plant material in their diges-

tive systems.31 However, as the mammoth clade is genetically

distant from that of Basfia succiniproducens, the exact biological

function of this bacterium in mammoths may have been different.

Since this bacterial group is found within the oral cavity of their

hosts,32 and given that we detected them exclusively within

mammoth molar samples (and none in the other 280 tissues

from non-molar origin), these bacteria were likely oral commen-

sals that co-existed with woolly mammoths in the Holocene and

at least during the Late Pleistocene (Figure 4A). Notably, the

most basal Actinobacillus-like strain found in mammoths also

corresponds to the oldest mammoth specimen of this clade

(FK012), dated to the Late Pleistocene. Furthermore, all ancient

bacteria in this clade showed a higher sequence similarity to a

modern outgroup bacterium (Basfia succiniciproducens) than

the modern genomes did (Figure 6B), aligning with the expecta-

tion that ancient bacteria have accumulated fewer derived muta-

tions to an outgroup than their modern counterparts as less

evolutionary time has passed in ancient samples (Figure 6A).

A B C D

Figure 2. Damage plot distribution of P033 Adycha reads mapped to the Asian elephant and the Erysipelothrix tonsillarum assembly

The left side of the figure shows the damage plot from the Adycha mammoth host reads that have been mapped against the Asian elephant genome from (A) UDG-

treated library and (B) non-UDG-treated DNA library. The right side of the figure shows the damage plot from Adycha reads that have been mapped against the

Erysipelothrix tonsillarum assembly (RefSeq: GCF_000373785.1) from (C) UDG-treated library and (D) non-UDG-treated DNA library. Both sequencing types were

done on the same mammoth sample (P033) but were processed independently. For the phylogenetic tree inferences, P033 E. tonsillarum from non-UDG-treated

reads, the reads were trimmed at 10 bp of the edges (BamUtil trimBam v1.0.15 -L 10 -R 10—clip21).

See also Figure S4.
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The youngest mammoth sample (M40, 4,607 years old) also ex-

hibited the least dissimilarity to the outgroup, further supporting

the ancient authenticity of this microbe, although this could also

be attributed to the stochastic result due to the low coverage in

the alignments that include only 3,045 sites.

The second Pasteurella clade, which we identified in two Late

Pleistocene mammoth samples, was inferred as evolutionarily

closest to the Bisgaard taxon 45 (which is closely related to Pas-

teurella multocida) (Figure 4A). Bisgaard taxon 45 has previously

been isolated from African elephants (Loxodonta africana) and

was recently identified as the cause of death of six African ele-

phants in Zimbabwe due to septicemia.33 The mammoth-related

Bisgaard taxon 45 branches closely with the P. multocida clade

but displayed distinct SNPs, suggestive of significant divergence

since their common ancestor (Figure 5; Data S2, section A).

However, we did not observe a difference in genetic dissimilarity

between the modern Bisgaard taxon 45 and the two ancient

mammoth Pasteurella (Figure 6B) compared with an outgroup

(Pasteurella multocida), possibly due to a slow evolutionary

rate in this species and the limited time for differences to become

apparent.

We also identified two distinct clades of Streptococcus in six

woolly mammoth teeth (Figure 4B), with one of the strains

distantly related to Streptococcus mutans, an oral bacterium

responsible for dental caries in humans.34 The two S. mutans-

related bacteria were genetically distinct from the human

S. mutans genome (percent identity 94.1% and 95.85%), sug-

gesting a different species. To confirm this, we examined the

gene content of S. mutans using a blastn approach against

the NR database composed of 1,861 genes annotated in the

A B C D E

F

G

H

Figure 3. Read characteristics and microbial classification of ancient DNA microbe candidates

(A) Shows the depth of coverage as a function of the evenness of coverage across all identified ancient microbe candidates.

(B–D) Depict the distribution of the percentage identity of the reads mapped to the reference genomes, the average read length of these reads, and their average

mapping quality respectively.

(E) Shows the distribution of the tissues from which the microbe ancient candidates were identified, with a different color for each tissue.

(F and G) Show the known ecological niches of the candidate bacteria and archaea respectively. Bars colored in green, red, and yellow respectively represent

microbial genera known to be found in the environment, animals, or both. Genus names colored in green or blue were detected in reads from Arctic sediment or

laboratory blanks respectively and are putative contaminants. The y axis corresponds to the number of detected microbes.

(H) Shows the geographical distribution of the mammoth samples analyzed in this study. The size of the circles depicts the total number of ancient microbial

species found in this area, while the color in the pie chart shows the age estimate range of the mammoth samples.
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S. mutans strain (RefSeq: GCF_006739205.1), looking for genes

with no match to any other Streptococcus genome. This way, we

identified 16 genes that are unique to the human S. mutans spe-

cies (see Table S7), and none of these 16 genes were detected in

the mammoth data. The probability of not sequencing any of

these 16 core genes by chance was calculated to be below

0.0188 (see STAR Methods and Table S8 for more details),

thus providing further support that the Streptococcus isolated

from mammoth represents a unique species distinct from hu-

man-associated S. mutans. However, due to low coverage, the

bootstrap support for the phylogenetic placement of these two

Streptococcus mammoth strains remains low, and the various

tests we conducted to determine their exact phylogenetic place-

ment were inconclusive (see STAR Methods and Data S2, sec-

tion B). These sequences might have been related to

S. dentiloxodontae, which is a Streptococcus isolated from ele-

phants and might be closely related to the S. mutans/S. troglody-

tae.35 However, we conducted a blastn against the gyrB gene in

S. dentiloxodontae and found a highest identify to the S. mutans

strain (E-value = 5e− 94, percent identity = 94.67%), while the

S. dentiloxodontae sequence was more distant (E-value =

3e− 32, percent identity = 75.11%). Therefore, while we can

confirm that the reads do not belong to S. mutans or S dentilox-

odontae, we cannot rule out contamination from other unknown

human sources. This is suggested by the placement of the

mammoth clade between human and chimpanzee Strepto-

coccus, as well as by the hair tissue origin of M25, which is un-

likely to preserve bacterial remains.

A B

C

Figure 4. Phylogenetic inference of the four mammoth-associated bacterial genera

Maximum likelihood phylogenetic trees, including Pasteurella (A), Streptococcus (B), and Erysipelothrix (C), were inferred with IQ-TREE28 from a nucleotide

genome alignment performed with PanACoTA v.1.4.1.29 Confidence scores (aLRT%/ultra-bootstrap support%) are shown at each node. A branch-length scale is

displayed at the bottom of each phylogeny. The trees were rooted using species of a related outgroup genus. Icons next to each node refer to the host species

from which the assembly was isolated (when known). The colors in the mammoth icons refer to the regions where the samples were found, and the exact lo-

calizations can be found in the circular map in the center (green: Yukon-Canada, blue: Wrangel Island-Russia; purple: Chukochya-Russia, pink: Ayon Island-

Russia, cyan: Muus-Kahya-Russia, red: Adycha-Russia, and orange: Taimyr Peninsula-Russia). The mammoth tip labels show the following sample informa-

tion (identification name | tissue source | estimated age of the sample [ancient authentication score where black means no damage observed, orange means

putative damage and green means confident C-to-T damage observed]). For each modern bacterium, the assembly GenBank ID is shown between brackets in

the tip label name. Each illustration adjacent to the phylogenies depicts a documented interaction effect of a bacterium from the same genus in other animal hosts.

Next to each mammoth clade the DNA molecule illustrates the number of virulent gene matches with the virulence factor database, and between brackets the

number of confirmed virulent genes using VirulentPred v.2.0.30 All reads mapped to reference genome information including damage, read length, percentage

identity, genome coverage can be found within Data S4. All reads’ average nucleotide identity (ANI) and read percentage identity of the reads selected to build the

phylogenies can be found in Data S4. The damage pattern plot without UDG treatment of the Erysipelothrix sequenced from the M. trogontherii can be found in

Figure 2. All newick tree files and number of sites covered for each mammoth species can be found in Table S5A. The pairwise ANI between the mammoth ancient

strain and their closest sequences within the phylogenies can be found within Table S10. The total number of sites shared by mammoth bacteria within the

alignments can be found within Table S11.

See also Figures S5 and S6.
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In addition, four other Streptococcus-like sequences isolated

from Wrangel Island woolly mammoth teeth formed a monophy-

letic clade and robust to all our phylogenetic tests (see STAR

Methods and Data S2, section C). These sequences are related

to Streptococcus devriesei, a microbe causing dental caries

in horses.36 All of these Streptococcus devriesei-like se-

quences exhibited less dissimilarity to an outgroup bacterium

(Streptococcus ratti) compared with the modern S. devriesei

genomes further supporting their ancient origin (Figure 6B).

These four mammoth-derived bacterial species did not show

a close relationship to a Streptococcus species previously

found in African elephants (S. saliviloxodontae) (Figure 4B).

Additionally, 16S sequences available for three other Strepto-

coccus species found in African elephants, (S. oriloxodontae,

S. loxodontisalivarius, and S. dentiloxodontae)35,37,38 did not

show a close relationship to S. devriesei based on 16S rRNA

phylogenetic analysis. This indicates that these newly discov-

ered mammoth-associated Streptococcus species are not

closely related to those found in modern elephants.

Finally, we identified a clade of Erysipelothrix isolated from four

woolly mammoth bones and a molar of a steppe mammoth (Ady-

cha) (Figure 4C). Among these, four strains were found to be

related to the Erysipelothrix tonsillarum previously isolated from

pig tonsil and dogs (Canis familiaris).39,40 The most deeply diver-

gent E. tonsillarum-related lineage was found in the∼1.1-million-

year-old steppe mammoth (Figure 4C). The Erysipelothrix found

within the steppe mammoth was branching as an outgroup

compared with the other woolly mammoth Erysipelothrix-like

bacteria related to E. tonsillarum, suggesting that two distinct

bacteria were present between the two mammoth species.

Furthermore, the woolly mammoth bacterium exhibited an

average nucleotide identity of 99.2% with E. tonsillarum, while

the 1.1-million-year-old Erysipelothrix was more distantly related

(average nucleotide identity = 98.8%) (Table S10). The substan-

tial divergence of over 1 million years between the Erysipelothrix

tonsillarum genome obtained from the Adycha sample and the

genomes of E. tonsillarum from other mammoth samples sug-

gests considerable evolutionary change has occurred between

these strains. To confirm that the 1.1-million-year-old genome

is indeed a distinct species, we assessed the sequence diver-

gence by comparing the gene alignments between the different

E. tonsillarum genomes. On average, 1.24% of the sites differ

Figure 5. pathPhynder phylogenetic placement of selected candidates for each ancient mammoth bacterium

Phylogenetic trees were inferred using gene alignment output from PanACoTA and reads were mapped using bowtie2 (–very sensitive, -q30). The clade number

listed next to each bacterial genus corresponds to its phylogenetic clade number shown in Figure 4. The red and green circles correspond to the number of

markers that do not support and do support the assignment to the branch, respectively. The yellow circle corresponds to the optimal assignment path for each

sample. All the individual mammoth microbial pathPhynder phylogenetic placement analysis can be found within Data S2.
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between the 1.1-million-year-old genome and the genomes from

the other mammoth samples (Figure S3). To further contextualize

this divergence, we measured the sequence identity for 25 core

genes across a large phylogeny based on 10,575 different micro-

bial species.41 Despite variability in the rate of evolution across

different genes, we found that a 1.24% sequence divergence be-

tween the 1.1-million-year-old genome and the Late Pleistocene

genomes falls within the typical range observed for divergences

between different microbial species (Figure S3B). This high

divergence to the modern reference also supports the ancient

origin of the 1.1-million-year-old E. tonsillarum genome. In addi-

tion to this analysis and the high damage pattern observed in the

steppe mammoth Erysipelothrix bacteria (Figure 2D), we also

find that the Erysipelothrix-like bacteria found in the mammoths

within clade 6 accumulated fewer derived mutations compared

with the modern E. tonsillarum strains when compared to the

same outgroup (E. piscisicarius) (Figures 6A and 6B). In partic-

ular, the 1.1-million-year-old genome contained much fewer

derived alleles, further supporting the ancient origin of this bac-

terium (Figure 6B).

Virulence gene content

To investigate the pathogenic potential of the candidate host-

associated ancient microbial clades, we pooled all reads within

each clade and reconstructed consensus genomes using a

reference-based approach (see STAR Methods, virulent gene

identification for more details). Specifically, all merged reads

were mapped to the closest modern reference genome identified

based on the phylogeny in Figure 4. This method inherently relies

on the presence of homologous genes in modern reference ge-

nomes, meaning that truly unique genetic elements of the

ancient strain may not be fully represented. We recovered sub-

stantial portions of the genomes for E. tonsillarum clade 5

(88%), Bisgaard taxon 45 clade 2 (50%), S. devrieseii clade 4

(28.5%), Actinobacillus clade 1 (11.5%), E. tonsillarum clade 6

(9%), and S. mutans clade 3 (1.8%).

Screening these bacterial assemblies identified 81 putative

virulence genes, 15 of which were at high confidence due to

having near-complete recovered target protein sequences

(Table S9; Figure S4). The Pasteurella strain clade 2 presented

the most virulent genes detected with 21 virulence gene matches,

among which seven present a coverage over 90%. Among them

we found a lipopolysaccharide heptosyltransferase II (96.5%

coverage and 2.089e− 80 E-value) (Table S9), which is known

as a critical virulence determinant in Pasteurella multocida and

a major antigen responsible for host protective immunity,42 as

well as a gene involved in lipopolysaccharide inner-core biosyn-

thesis (HldE, coverage = 99.7% and 4.8e− 17 E-value) (Table S9),

which is an important factor involved in the pathogenesis and

virulence for many bacteria including Actinobacillus pleuropneu-

moniae.43,44 In Streptococcus devriesei clade 4, we found 13

A B

Figure 6. Comparative analysis of sequence dissimilarity between ancient microbial sequences and modern bacteria relative to their closest

outgroups

(A and B) Schematic illustrating the hypothesis: putative ancient microbial sequences are expected to show lower dissimilarity to the closest outgroup compared

with modern bacterial sequences, due to shorter evolutionary divergence. Green bars along the branches illustrate mutations.

(B) Results showing the percentage of identity between ancient and modern microbial sequences compared with modern outgroups across the clades shown in

Figure 4. A color is assigned to each different outgroup species where circles and triangles represent ancient and modern microbial species respectively. The

estimated age of each mammoth sample is indicated in brackets.
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putative virulence genes. Among them, six presented a coverage

over 90%. One of these is a dTDP-4-dehydrorhamnose reduc-

tases (coverage = 92.5%, 7.758e− 107 E-value) (Table S9), which

is known to be implicated into the viability or virulence of bacteria

including Streptococcus.45 Another, rhamnose-glucose poly-

saccharide assembly protein RgpF (coverage = 100%,

1.146e− 186 E-value) (Table S9), has been identified as critical

in the maintenance of overall stress tolerance and virulence traits

in Streptococcus mutans.45,46 In E. tonsillarum clade 5, we found

nine matches with virulent genes. Among them, one presented a

coverage over 90% with strong homology (coverage = 0.99%,

E-value = 0) to the RspB protein (Table S9). This protein has

been previously identified in E. rhusiopathiae and is involved in

biofilm initiation by binding to both abiotic and biotic surfaces.

Biofilm formation enhances bacterial colonization and reduces

antibiotic effectiveness and host defenses, making it a crucial

virulence factor in many bacteria.47 Although we identified genes

commonly associated with infectivity, caution is needed as the

mere presence of virulence factors does not necessarily confirm

the pathogenicity of the microbes as some genes can also be

found in commensal or opportunistic environmental strains.48,49

Moreover, some bacteria that carry genes associated with

increased pathogenicity may still behave as commensals within

the host species and do not always cause disease. For instance,

Streptococcus mutans and Erysipelothrix tonsillarum are typi-

cally found as commensal bacteria in humans and dogs, respec-

tively, but can occasionally exhibit pathogenic effects under

certain conditions in the same or other hosts39,50

DISCUSSION

We obtained microbial genomic data from mammoth remains

spanning a broad geographical range and a temporal scale

from the Holocene (∼4,000 years ago) to the Early Pleistocene,

over a million years ago. Most of the bacteria identified in this

study were also found in ancient Arctic sediment samples, sug-

gesting that post-mortem colonization of the mammoth tissues

was the main source of the detected species. However, through

extensive bioinformatic filtering, we identified several instances

of host-associated ancient bacteria, which were primarily ob-

tained from mammoth teeth.

The most common host-associated clade we detected was

related to Actinobacillus/Basfia species previously isolated

from pig fecal samples. Since related bacteria are commonly

found in the oral cavities of their hosts,32 and all Actinobacillus/

Basfia data in our study were obtained from mammoth teeth,

we propose that these microbes were part of the mammoth

oral microbiome, likely existing as commensals. This can be

further explained by the observation that teeth, as part of the

skeleton, are often colonized by microbes due to their high

vascularization and porous structure.51 In future studies, target-

ing dental calculus directly from mammoths’ teeth, when pre-

sent, could yield higher amounts of ancient microbial sequences,

as dental calculus is known to be a rich source of ancient micro-

bial DNA.52 The phylogenetic analysis revealed a well-supported

monophyletic clade of the bacteria isolated from Wrangel Island

mammoths with ages ranging from 4,607 to 8,763 years ago and

a distinct, divergent clade in woolly mammoths from the Late and

Middle Pleistocene. This clustering pattern, in which older strains

form basal branches within the clade, along with their high ge-

netic divergence from contemporary strains (95.16% identity,

SD = 0.44), suggests that these bacterial lineages co-existed

with mammoths throughout their evolutionary history.

We also identified ancient bacteria closely related to Erysipelo-

thrix tonsillarum, previously isolated from the tonsils of pigs and

dogs, where it has been implicated in endocarditis, a condition

that typically arises when bacteria enter the bloodstream and

colonize internal tissues.39 Notably, despite the majority of our

mammoth dataset originating from teeth, all woolly mammoth Er-

ysipelothrix-like candidates within clade 5 were exclusively found

in bone-tissue samples (tibia, scapula, and femur). This suggests

that E. tonsillarum may occasionally reach bone tissue through

the bloodstream, either as part of a systemic infection or as a

commensal microbe that translocates to deeper tissues, poten-

tially leading to osteoarticular infections as observed in

E. rhusiopathiae.53 Alternatively, it may have been a skin-associ-

ated bacterium that infiltrated the skeletal remains post-mortem.

Additionally, we identified a bacterium related to E. tonsillarum

clade 6 from a 1.1-million-year-old steppe mammoth, represent-

ing the oldest zoonotic bacterium sequenced to date. However,

all the mammoth Erysipelothrix bacteria did not form a supported

single monophyletic clade, making it difficult to confirm the bac-

terium’s persistence across speciation in woolly mammoths and

the steppe mammoths. Interestingly, the post-mortem C-to-T

damage profile of this 1.1-million-year-old strain closely mirrored

that of the steppe mammoth genome, indicating similar patterns

of DNA degradation and suggesting that these bacteria were

indeed contemporaneous with their host. While some Erysipelo-

thrix species such as E. rhusiopathiae can persist in soil, they

require a vertebrate host to complete their life cycle.39,54,55 The

presence of Erysipelothrix within a clade encompassing mam-

moths from various geological periods and locations therefore

suggests a long-term association with mammoths or a shared

habitat through time.

Bisgaard taxon 45 was recently identified as the cause of mul-

tiple African elephant deaths in Zimbabwe.33 In our results, we

identified a bacterium strain related to this Bisgaard taxon 45

in two woolly mammoth samples, excavated in Russia and

dating back to the Late Pleistocene period. Bisgaard 45 typically

resides in the respiratory tracts and oral cavities of various ani-

mals, including domestic species.33,56 It can either exist harm-

lessly as a commensal or, conversely, become a dangerous

pathogen causing severe conditions like septicemia.57 While

Bisgaard taxon 45 is currently the only elephant strain for which

a genome is available, hemorrhagic septicemia has also been re-

ported in Asian elephants (Elephas maximus) across Sri Lanka,

India, and Thailand.57–59 Given the potential impact of Bisgaard

taxon 45 on elephants, which can cause septicemia and damage

to multiple organs, including the lungs, liver, and stomach,33,60

and the relative high number of reads detected in the two

mammoth samples, one might hypothesize that these mammoth

individuals may have experienced a septicemic stage. However,

similar to most other Pasteurella bacteria, Bisgaard taxon 45 is

likely an opportunistic pathogen that persists as a commensal

in its hosts.61 Therefore, its exact role in mammoth health will

require further validation.
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The detection of host-associated bacteria in mammoths dem-

onstrates that these ancient samples can provide insights into

the microbial communities that co-existed together with their

host. Such results have previously also been obtained for ancient

horse, chicken, or rodent samples, for example.62–65 However,

several factors constrain our ability to draw detailed conclusions

about bacterial prevalence in ancient mammoth populations.

These include the inherently low DNA quantities obtained for

most of the microbes, post-mortem colonization of the samples

by environmental bacteria requiring conservative filtering

methods, likely also removing true signals, and the limited avail-

ability of appropriate reference genomes in existing microbial da-

tabases. Despite these challenges, our findings form a basis for

further research toward a deeper understanding of the microbiome

and their impact on health and diseases in Pleistocene megafauna.

Limitations of the study

A limitation of this study was the nature of the mammoth

sequencing data, which was originally obtained for studying

the host genome and therefore the majority of samples were

treated with UDG. While UDG treatment enhances sequence

reliability, it also removes post-mortem damage patterns that

aid in the characterization of ancient microbial DNA. As a result,

our ability to confirm the ancient origin of most bacterial candi-

dates remained restricted, and most lineages were excluded

for further analysis in this study. A more effective approach

would involve half-UDG treatment, which removes most molec-

ular damage, while preserving C-to-T transitions at the read

termini. This retained damage could then be selectively removed

bioinformatically, allowing for precise characterization of the

host genome while maintaining ancient DNA damage patterns

for the validation of ancient microbes.66 Another limitation of

our study was the use of proxy samples from nearby ancient

sediments for post-mortem contaminant filtering rather than

having sediments from the immediate environment surrounding

the same mammoth remains. To enhance future sampling strate-

gies, where possible, collecting not only the primary sample but

also contextual environmental samples, such as soil from the

excavation site, could serve as a more informative proxy for as-

sessing bacterial contamination. Finally, for the majority of mi-

crobial genomes in this study only part of the genome was recov-

ered. Since most of these represent newly sequenced species, it

remains unclear what the exact role of these was in relation to

their mammoth host. In future work, additional sequence data

could be obtained by designing capture baits for each of the

identified species, which could further improve phylogenomic

resolution, as well as the detection of functional genes including

those important for virulence of the species, thus allowing for a

broader characterization of the microbiome function profile.

This would also make it possible to detect gene-selection signals

allowing for studies on microbe-host co-evolution through time.
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Mammuthus primigenius This study MD116

Mammuthus primigenius This study MD117

(Continued on next page)

ll
OPEN ACCESS

Cell 188, 1–14.e1–e18, November 13, 2025 e7

Please cite this article in press as: Guinet et al., Ancient host-associated microbes obtained from mammoth remains, Cell (2025), https://doi.

org/10.1016/j.cell.2025.08.003

Article



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mammuthus primigenius This study MD118
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Mammuthus primigenius This study MD132

Mammuthus primigenius This study MD133

Mammuthus primigenius This study MD134

Mammuthus primigenius This study MD135

Mammuthus primigenius This study MD136

Mammuthus primigenius This study MD137

Mammuthus primigenius This study MD138

Mammuthus primigenius This study MD139

Mammuthus primigenius This study MD140

Mammuthus primigenius This study MD141

Mammuthus primigenius This study MD142

Mammuthus primigenius This study MD143

Mammuthus primigenius This study MD144

Mammuthus primigenius This study MD145

Mammuthus primigenius This study MD146

Mammuthus primigenius This study MD147

Mammuthus primigenius This study MD148

Mammuthus primigenius This study MD149

Mammuthus primigenius This study MD150

Mammuthus primigenius This study MD151

Mammuthus primigenius This study MD152

Mammuthus primigenius This study MD153

Mammuthus primigenius This study MD155

Mammuthus primigenius This study MD156

Mammuthus primigenius This study MD157

Mammuthus primigenius This study MD158

Mammuthus primigenius This study MD159

Mammuthus primigenius This study MD160

Mammuthus primigenius This study MD161

Mammuthus primigenius This study MD162

Mammuthus primigenius This study MD163

Mammuthus primigenius This study MD164

Mammuthus primigenius This study MD165
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Mammuthus trogontherii This study MD231
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Mammuthus trogontherii This study MD238

Mammuthus trogontherii This study MD239

Mammuthus trogontherii This study MD240

Mammuthus trogontherii This study MD241

Mammuthus trogontherii This study MD242

Mammuthus trogontherii This study MD243

Mammuthus trogontherii This study MD244

Mammuthus trogontherii This study MD245

Mammuthus trogontherii This study MD246

Mammuthus sp. This study MD247

Mammuthus primigenius This study MH322

Mammuthus primigenius This study P001

Mammuthus primigenius This study P002

Mammuthus primigenius This study P003

Mammuthus primigenius This study P008

Mammuthus primigenius This study P009

Mammuthus primigenius This study P011

Mammuthus primigenius This study P012

Mammuthus primigenius This study P013

Mammuthus primigenius This study P016

Mammuthus primigenius This study P017

Mammuthus primigenius This study P020
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Mammuthus primigenius This study P026

Mammuthus primigenius This study P027
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Mammuthus primigenius This study P030

Mammuthus sp. This study P031

Mammuthus sp. This study P032

Mammuthus sp. This study P034

Mammuthus trogontherii This study P035

Mammuthus sp. This study P036
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Mammuthus primigenius This study P045

Mammuthus sp. This study P046

Mammuthus sp. This study P048

Mammuthus sp. This study P049

Mammuthus primigenius This study P052

Loxodonta africana This study P073

Loxodonta africana This study P074

Loxodonta africana This study P075

Mammuthus sp. This study Mammuthus-Yuka

Mammuthus sp. Van der Valk et al.67 L082

Mammuthus sp. Van der Valk et al.67 L286

Mammuthus trogontherii Van der Valk et al.67 P033

Mammuthus trogontherii Van der Valk et al.67 P037

Mammuthus primigenius Van der Valk et al.67 P043

Mammuthus primigenius Van der Valk et al.68 L163

Mammuthus primigenius Van der Valk et al.68 M6

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

EDTA ThermoFisher Scientific Cat #15575020

UREA VWR Cat #443874G

Proteinase K VWR Cat #1.24568.0100

Tango Buffer (10X) ThermoFisher Scientific Cat #BY5

ATP (100mM) ThermoFisher Scientific Cat #R0441

T4 Polynucleotide Kinase (10U/ul) ThermoFisher Scientific Cat #EK0032

T4 DNA Polymerase (5U/ul) ThermoFisher Scientific Cat #EP0062

T4 DNA Ligase (5U/ul) ThermoFisher Scientific Cat #EL0011

Bst Polymerase, LF (8U/ul) New England Biolabs Cat #M0275S

Maxima SYBR Green/ROX qPCR Master Mix (2X) ThermoFisher Scientific Cat #11873913

Agencourt AMPure XP beads Beckman Coulter Cat #10136224

Critical commercial assays

MinElute PCR purification kit QIAGEN Cat #28115

QiaQuick PCR purification kit QIAGEN Cat #28106

Agilent High Sensitivity kit Agilent Cat #5067-4626

Deposited data

Raw sequencing data This study ENA Project Number PRJEB78615

Bioinformatic codes This study https://github.com/BenjaminGuinet/Mammuth_

Metagenomics

Software and algorithms

Amber v1 Dolenz et al.25 https://github.com/tvandervalk/AMBER

ANGSD v.0.940 Durvasula et al.26 https://github.com/ANGSD/angsd

BamUtil trimBam v1.0.15 Jun et al.40 https://github.com/statgen/bamUtil

Bowtie v.2.5.1 Langmead and Salzberg44 http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml

BWA aln v.0.7.8 Li and Durbin46 http://bio-bwa.sourceforge.net

Fastp v.0.20.0 Chen et al.13 https://github.com/OpenGene/fastp

GTDB Database v.17/08/2023 Parks et al.61 https://gtdb.ecogenomic.org/
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METHOD DETAILS

Sample collection and processing

A total of 483 mammoth samples, of which 43 were previously published2–5,70,73,74 and 440 newly sequenced and unpublished sam-

ples from six Proboscidea species (M. trogontherii, M. primigenius, M. imperator, M. columbi, P. antiquus, M. americanum) were

screened for the presence of ancient microbial DNA (see Figure S2 for full pipeline abstract details). For the unpublished woolly

mammoth samples DNA extractions and library preparations were performed according to standard ancient DNA practices at the

dedicated ancient DNA lab facilities of either the Swedish Museum of Natural History or the Centre for Palaeogenetics, both located

in Stockholm, Sweden. Briefly, 50-200 mg of bone or tooth powder was collected using a Dremel drill. DNA extractions were carried

out using the silica column protocol as described in Dehasque et al.75 After overnight digestion, the extraction protocol continued

from day two as specified in Dehasque et al. Double-stranded sequencing libraries (except for one of the Adycha (sample P033) ex-

tractions made from single-stranded libraries) were then prepared following the protocol by Meyer and Kircher76, including treatment

with either 3 or 6 μL of USER (New England Biolabs), as described in Dehasque et al. The USER enzyme, a mixture of uracil–DNA–

glycosylase (UDG) and endonuclease VIII (endoVIII), exercises uracil bases incorporated due to post mortem damage, except at CpG

sites. The majority of the species analyzed were M. primigenius (n=414) and M. trogontherii (n=34). Additionally, we included one

sample from a M. imperator (n=1), as well as published Proboscidea sequence data from M. columbi (n=1), Mammut americanum

(n=2), Palaeoloxodon antiquus (n=3) and historical African elephant samples (Loxodonta africana) (n=3), but for none of these species

we identified authenticated ancient microbes and were thus not included further in this study. The remaining samples (n=36) are not

assigned to a specific species taxonomy but all of them represented Mammuthus species (see Table S1 for all metadata). The sam-

ples were collected from various locations ranging from North America and Britain to Siberia (Figure S1). The ages of the samples

varied, with recent (4000-10,000 years ago) M. primigenius specimens from Wrangel Island, and M. trogontherii samples dating

back to >1 million years ago from Eastern Siberia (Figure S1). The majority of samples came from mammoth tusks and molars,

with some samples obtained from various bones (Table S1) and one skin sample.

Metagenomic screening

In this study we aimed to describe ancient microbiota present in mammoth samples. We specifically categorized microbes as

organisms belonging to the prokaryotic domains of Bacteria and Archaea. As a first step we aimed to remove all sequence

reads that are from either the mammoth genome or human contamination. To do so, sequence adapters were removed, and

paired-end reads were merged and deduplicated using fastp v.0.20.067 so that long reads that are more likely to correspond

to modern contaminant DNA are excluded. Additionally, reads below 30bp were removed from the dataset with fastp as these

often lead to spurious mappings. The merged reads with a minimum length of 30bp were then mapped to a concatenated refer-

ence of the human (hg19) and Asian elephant reference (RefSeq: GCF_024166365.1) and mammoth mitogenome (GenBank:

NC_007596.2), using BWA-aln v.0.7.8 with deactivated seeding (-l 16,500), allowing for more substitutions (-n 0.01) and up

to two gaps (-o 2).72 Then, only unmapped reads were further analyzed in the next steps. As a first classification step, we clas-

sified the unmapped reads using Kraken2 (v2.1.2) (default parameters)77 against an inhouse build GTDB database (built 17/08/

2023),68 consisting of contigs of isolate genomes, metagenome-assembled genomes (MAGs), and single-amplified genomes,

comprising 394,932 bacterial and 7,777 archaeal genomes organized into 80,789 bacterial and 4,416 archaeal species clusters.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Iqtree v.2.3.5 Nguyen et al.55 http://www.iqtree.org/

Kraken2 v.2.1.2 Wood et al.69 https://github.com/DerrickWood/kraken2

Mmseqs2 v15-6f452 Steinegger et al.70 https://github.com/soedinglab/MMseqs2

ModelFinder v1 Kalyaanamoorthy et al.41 http://www.iqtree.org/ModelFinder/

NCBI datasets v17.1.0 O’Leary et al.56 https://github.com/ncbi/datasets

PanACoTA v. 1.4.2-dev1 Perrin et al.62 https://github.com/gem-pasteur/PanACoTA

PathPhynder v1 Maertiniano et al.50 https://github.com/SayakaMiura/PathFinder

PMDTools v0.6 Skoglund et al.71 https://github.com/pontussk/PMDtools

PySam PySam Developers https://github.com/pysam-developers/pysam

R v4.4.1-cpeGNU-23.12 R Core Team https://www.R-project.org

RAxML EPA-ng v0.3.8 Barbera et al.2 https://github.com/pierrebarbera/epa-ng

VFDB v.08/02/2024 Chen et al.12 https://www.mgc.ac.cn/VFs/

VirulentPred v.2.0 Sharma et al.72 https://bioinfo.icgeb.res.in/virulent/index.html
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We chose the GTDB database (created on 17/08/2023) because we found it to be more comprehensive than the traditional

NCBI RefSeq database (created on 30/05/2024) (see Data S1 – Section A for more details).

Microbial candidate species, containing over 1,000 distinct k-mers (specific to that particular species) and having over 200 clas-

sified reads, were selected for further analysis. Kraken2 read classification is prone to a high false positive error rate due to misaligned

reads, where reads from a species not present in the database are incorrectly assigned to the conserved sequence regions of another

related species in the database. In such cases it is common that only a fraction of the database reference genome has assigned

reads. We implemented quality-control filters to minimize false-positive species identifications by competitively mapping the unclas-

sified reads against all the genomes of the Kraken2 detected microbial species using bowtie2 v2.5.1 with the –very-sensitive setting.

To evaluate whether this method effectively maps reads to distantly related reference genomes, we tested the bowtie2 parameters

used in this study for their ability to align such reads. This is particularly relevant because most candidate microbes in our dataset are

expected to be distantly related bacteria, due to both the incompleteness of current bacterial databases and the absence of any

described bacterial species from mammoths. We therefore downloaded various Yersinia genomes, split them into 50bp reads,

and mapped these reads against the Yersinia pestis genome. The results indicated that when the reference genome is closely related

(>98% similarity), we could still map over 90% of the reads with our parameters (see Data S1 – Section B for details). However, when

the reference genome is more distant (<96% similarity), only a small proportion of the reads could be mapped, likely corresponding to

conserved regions between the two species. These results suggest that our approach can recover some of the reads but may not

capture all of them.

To keep the bowtie2 indexing within computational limits one reference microbial genome per genus was used, which was

selected based on the most abundant Kraken2 classified species within each genus. Although this method can alleviate computa-

tional requirements it may introduce biases where multiple species from the same genus are present in a sample. In such cases, a

multimodal distribution of the percentage identity of the reads mapped against the given reference genome is observed. Therefore, in

subsequent steps, particularly in phylogenetic inferences for the animal-associated bacteria, we ensured to include only species

where the reads showed a unimodal read percentage identity distribution (Data S4).

Next, we used the Python package Pysam (https://github.com/pysam-developers/pysam) to assess whether the coverage of the

reads mapped to each reference genome was uniformly distributed (evenness of coverage). We generated 100 windows per refer-

ence microbial genome and computed the proportion of windows with a mean depth of at least 0.01X the same threshold, as pre-

viously used in other ancient metagenomic pipeline.78 Only reference genomes with at least 90% of windows above this threshold

were considered to be evenly covered. We also calculated evenness of coverage with more stringent values using thresholds of 0.05

and 0.1 (Table S12) however, this approach was only suitable for high-coverage bacterial genomes.

Contaminating assessment

Ancient microbial samples typically contain a mixture of DNA derived from microbes present both before and after the host organ-

ism’s death. This DNA may originate from several sources, including the host’s endogenous microbiota, pathogens potentially

responsible for disease (e.g., Yersinia pestis in tooth pulp), and environmental microorganisms such as soil bacteria involved in

decomposition. Additionally, modern contamination can be introduced through sample handling (e.g., human skin-associated mi-

crobes), storage conditions, and laboratory procedures (e.g., reagents contaminated with vector-derived DNA).79 To identify and re-

move putative modern contaminants, we applied a two-step read classification approach to 43 independent laboratory blanks pro-

cessed in the same facility where most of our samples were handled. To account for potential sediment-derived contamination, we

also analyzed a large metagenomic dataset (771 million reads) from Middle and Late Pleistocene sediments collected from the Ba-

tagay megaslump in East Siberia (SRA project PRJEB43506, downloaded on 2023-12-09).16 This region and time period are relevant,

as several of our mammoth samples originate from the same context. To better understand the differences between the sediment

samples and the mammoth samples, we computed a distance dendrogram using MASH v2.3.15 This dendrogram provides insights

into the compositional relationships between the various read sources. Overall, most mammoth samples exhibited similar read com-

positions among themselves, and a subset of these samples also shared similarities with the sediment samples. However, the lab-

oratory blanks displayed a distinctly different composition (Data S1 – Section C). This sediment dataset was used to identify environ-

mental microbes likely to have colonized mammoth remains post mortem and therefore not directly associated with the host.

Candidate taxa were flagged as potential contaminants if reads assigned to them were evenly distributed across reference genomes

defined as coverage over 90% across 100 bp windows. Such candidates were subjected to further phylogenetic analysis to confirm

their origin. In the laboratory blanks, we consistently detected high abundances of bacterial genera such as Burkholderia, Novosphin-

gobium, Bradyrhizobium, Flavobacterium, and Curvibacter (Figure 1A). Given their frequent occurrence, targeted depletion of these

taxa prior to sequencing may be a cost-effective strategy to reduce the number of non-informative reads.

Authentication of ancient DNA

The authenticity of candidate ancient microbial reads was assessed using a custom scoring system designed to evaluate the genomic

distribution of reads and post mortem DNA damage. The scoring system was based on five criteria, grouped into two categories:

Presence/Absence Evaluation:

• (+1) Evenness of coverage: >90% of 100 bp windows are covered by mapped reads, indicating a broad distribution rather than

mapping to conserved or repetitive regions only.
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• (+1) Short read lengths: Mean read length <70 bp, consistent with high DNA fragmentation.

• (+1) Damage signal: ≥8% of reads with a post mortem damage (PMD) score >1.5 at CpG sites.

DNA Damage Evaluation:

• (+1) Terminal damage: ≥5% C-to-T substitutions at the first position of reads (CpG or non-CpG sites).

• (+1) Damage gradient: Higher average damage in the first five bases than in the next 25 bases, with fewer than 10 positions

where the DNA damage is >200% the read average (due to stochasticity).

We deliberately excluded sequence genetic similarity to known genomes from the scoring criteria, as many of the microbes recov-

ered from our samples are expected to only be distantly related to the reference sequences in GTDB (see Figure 1C). After scoring, we

retained only those taxa with a minimum score of 4, an evenness of coverage >50%, and those showing evidence of DNA damage

based on at least one of the two damage criteria. To validate this scoring system, we used Yersinia pestis, the causative agent of

plague and previously identified in an ancient human sample (Gökhem2 (EMBL-EBI: SAMEA2482233) from Northern Europe80 as

a positive control. Our pipeline resulted in an authenticity score of 5/5 for this sample.

Considerations of UDG treatment and residual damage

Most mammoth samples in this study underwent partial or full uracil-DNA glycosylase (UDG) treatment, which reduces typical aDNA

damage signatures (see Figure 1E). However, in 53 samples, UDG treatment was partial or incomplete, allowing residual C-to-T sub-

stitutions to persist at the terminal ends of reads (Table S3). For example, in a 1.1-million-year-old steppe mammoth sample

(Figure 2), both UDG-treated and untreated libraries showed differential damage profiles, with UDG-treated reads exhibiting damage

restricted to only the first few bases. Similarly, in Y. pestis control experiments (Figure S5), this pattern was reproduced, confirming

the scoring system’s sensitivity to authentic damage signals.

Final selection of ancient microbial candidates

From all taxonomically assigned microbial candidates in mammoth samples, 2,740 met the initial authenticity thresholds. We then

visually inspected damage profiles for each, categorizing them into three groups based on the strength and clarity of their damage

signals (see Figure S6):

• ‘‘Signal’’: Clear C-to-T or CpG-to-TpG damage at read termini, minimal mid-read damage, and low stochasticity (Figure S6A).

• ‘‘Intermediate’’: Damage profiles consistent with aDNA, but with some variability in damage gradient or stochasticity

(Figure S6B).

• ‘‘No Signal’’: Lack of consistent terminal damage patterns, with high stochasticity across read length (Figure S6C).

Ultimately, 310 microbial species exhibited either intermediate or clear damage signatures. These were detected across 105

mammoth samples. The majority of candidates (n=2,430) were classified as ‘‘no signal,’’ while 221 were ‘‘intermediate’’ and 89

showed clear aDNA damage. The relatively small proportion of taxa with authentic aDNA signals is likely due to the evolutionary

divergence between the recovered reads and available reference genomes (Figure S5). We observed that as the genetic distance

to the reference increased, characteristic damage patterns became increasingly stochastic and less pronounced. For instance, map-

ping ancient Y. pestis reads to more distantly related references resulted in reduced and more erratic damage profiles (Figure S5). We

also found that sequencing depth positively correlated with the clarity of damage profiles, with deeper sequencing yielding smoother

and more reliable damage signals (Pearson’s r = 0.66, p < 0.0001, Figure S5). All mapping statistics and damage metrics are pro-

vided in Table S2.

Ecological niche analysis of microbes

To identify the putative ecological niche of the organism (e.g., environmental or animal), we relied on the Microbe Atlas project

(MAP).27 Using this database for each reference microbial species, we searched at the lowest level of taxonomy available (species,

genus or family) and examined the fraction of specimens from the same taxonomic rank in MAP associated with ’animal’, ’aquatic’,

’soil’, or ’plant’. If the proportion of related specimens associated with animals exceeded 90%, we classified that microbial genus

and the detected ancient microbes as being of likely animal associated. If more than 50% but less than 90% of the samples

were assigned to "animal", we classified the microbe as "animal/environmental". Otherwise, we classified it as "environmental"

(see Table S4). If the reference microbial species or genus was not present in the MAP database, we relied on the described isolation

sources in the literature.

Visualization and plot analysis

For all of the microbial candidates remaining after the above filtering, we build a PDF plot consisting of six subgraphs, illustrating DNA

damage patterns (mismatch plot, PMDscore distribution), read characteristics (read-length distribution, identity score), and even-

ness coverage distribution over the reference genome. Furthermore, a table was generated containing various information, such

as the tissue type, sequencing location, age of the sample, number of other mammoth samples containing the same microbial spe-

cies, and additional relevant data. The script was made using python along with multiple python libraries and is available on GitHub

(https://github.com/BenjaminGuinet/DamagePlots_from_BAM). Each microbe plot was then visually inspected to ensure it was a

reliable ancient candidate.
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Phylogenetic inference

To investigate the phylogenetic relationships between ancient and modern microbial strains, we inferred phylogenetic trees using

multiple independent methods (see Figure S2 for full abstract details). The process started by aligning reference genomes from mod-

ern bacteria in the same genus as the detected ancient microbes in order to capture the maximum species diversity within the clade

(assemblies were downloaded along with their genome metadata using NCBI datasets v17.1.081 and a custom script (https://github.

com/BenjaminGuinet/Extract_NCBI_assembly_metadata)) Only reads with a mapping quality of 30 or higher were used to minimize

the inclusion of spuriously mapped reads (see the nucleotide identify distribution and edit distance distribution of these reads in Data

S4). We then used PanACoTA v1.4.129 to identify single-copy orthologous genes across the different species and strains (annotate:

default; pangenome: -i 0.7, cluster mode 1; corepers: -t 0.3). Next, using PanACoTA, we performed de novo alignment for each gene

family/orthologous gene separately (align: default) and then concatenated these alignments to create a final alignment consisting

solely of core/persistent microbial genes within the genus. To incorporate the ancient microbial genomes, we called consensus se-

quences using ANGSD v0.94071 (-doFasta 2 -doCounts 1 -minMapQ 30 -setMinDepth 2) after mapping the reads with bowtie2

v2.5.282 (–very-sensitive, retaining only reads with an edit distance < 3). Mapping was systematically done using as the reference

the aligned parts of the modern bacteria genome that had the most classified unique k-mers in the Kraken2 analysis. We included

all mammoth ancient candidates where the mapped reads along the reference microbe genome showed at least 50% evenness

of coverage (uniformness with which sequenced reads are distributed across the reference genome as described in78). All gene align-

ments were then merged using a custom script (https://github.com/BenjaminGuinet/Mammuth_Metagenomics/blob/main/4-

Phylogenetic_analysis/Merge_genes_to_MSA.py) to keep partition structure information. Phylogenetic trees on this final alignment

were then inferred using a Maximum-likelihood framework (ML) and ModelFinder69 was used to identify models for each ORF parti-

tion (-MFP option), both implemented in IQ-TREE v2.2.2.6.83 The edge-linked partitioned model (-spp option), which allows each

gene to have its own evolutionary rate, was chosen for tree reconstructions. Ultra-fast bootstrap84 and SH-aLRT (options -bb

1000 and -alrt 1000) were computed to examine node supports for focal relationships using the ML method. Additionally, to reduce

the risk of overestimating branch supports due to model violations, we used the command "–bnni’’.

Phylogenetic robustness analysis

The six newly identified mammoth associated clades in this study have an average genome coverage of 0.78X, with many of the sam-

ples having less than 20% genomic breadth coverage, making accurate phylogenetic placements challenging. Therefore, the mono-

phyletic clustering of mammoth bacteria could be an artifact of shared missing data rather than a robust signal calculated on the

aligned data. To test the robustness of the phylogenetic placement with low coverage data, we performed multiple phylogenetic

evaluations.

Testing with phylogenetic placement algorithms

We evaluated the phylogenetic placement of mammoth bacterial sequences using the Evolutionary Placement Algorithm EPA-ng,

which is integrated into RAxML EPA-ng v0.3.8.85 This algorithm determines the optimal insertion position (termed placement) for

each mammoth bacteria query sequence individually and independently on a fixed reference tree which is composed of the full mod-

ern genomes previously aligned with PanACoTA. The "optimal" position is identified by the likelihood score of the reference tree after

adding one query sequence. The reference tree remains static, meaning each query is inserted into the same reference tree. Thus,

rather than iteratively expanding the tree with each query sequence, the queries are mapped one-by-one to the best-scoring

branches (insertion positions) in the reference tree. The same alignments as those in the main Figure 4 were used, but removing

the mammoth sequences from them prior to building the reference trees. Only reads with mapping quality >=30 and min depth 2

were kept. We used Gappa v0.8.586 (specifically the gappa examine assign function) to summarize placement results and calculate

the likelihood weight ratio (LWR) for each query’s placements. The LWR quantifies the relative likelihood of a given placement

compared to alternatives, with values close to 1 indicating high confidence at that node. Summing LWRs at various taxonomic levels

(e.g., species, clade, family), allowed us to assess the most probable phylogenetic affiliation of each query sequence. For example, if

placements were consistent within a clade but ambiguous at the species level, the LWR reflected this uncertainty. Table S6 summa-

rizes these LWRs across taxonomic levels.

For the genus Erysipelothrix, taxonomic placement was consistent across all mammoth samples, with LWR supporting its assign-

ment within the Erysipelotrichaceae family confidently placed close to Erysipelothrix tonsillarum. The lowest support for E. tonsillarum

assignment was observed in Mammuthus-MD024 (LWR = 0.9783), while the highest was recorded in Mammuthus-FK001 and other

specimens (LWR = 0.9998). The placements were in agreement with the main phylogeny (Figure 2).

In the case of Streptococcus, the results were also concordant with the main phylogenetic result in Figure 2. Mammuthus-MD228

showed strong assignment to Streptococcus mutans (LWR = 0.8214–0.8253), while Mammuthus-L426, Mammuthus-L423, Mammu-

thus-L422, and Mammuthus-L414 were confidently placed within Streptococcus devriesei (LWR = 0.8694). Mammuthus-M25 pre-

sented a low confidence toward a placement close to Streptococcus mutans.

For the Actinobacillus genus, all analyzed mammoth samples exhibited strong support for taxonomic placement close to Actino-

bacillus sp. GY-402. The lowest support was observed in Mammuthus-MD228 (LWR = 0.9028), whereas other mammoth such as

Mammuthus-M40, Mammuthus-L389, and Mammuthus-FK012 had maximal assignment scores (LWR = 0.9998). These placements

were fully consistent with the main phylogenetic results (Figure 2).
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For the Pasteurella genus, all analyzed mammoth sample reads exhibited strong support for taxonomic placement close to Bis-

gaard Taxon 45 that was isolated from an African elephant. The lowest support was observed in Mammuthus-MD204 (LWR =

0.9702), whereas Mammuthus-FK003, had the highest maximal assignment score (LWR = 0.9795). These placements were fully

consistent with the main phylogenetic results (Figure 2).

Overall, the taxonomic assignments obtained through EPA-ng and Gappa v0.9.02 demonstrated robust placement of all microbial

sequences (except for the Mammoth M25) within established bacterial lineages, supporting their phylogenetic validity in the context

of ancient mammoth microbiomes.

To further examine the SNPs differences between modern and ancient mammoth bacteria, we also employed an additional place-

ment algorithm, pathPhynder V187 which assigns SNPs to tree branches and determines the optimal path for each sample within the

tree using the same reads as those that were used for the EPA-ng analysis. Overall, the best placements identified by both path-

Phynder and EPA-ng gave similar results, aligning with the main phylogeny shown in Figure 4 (Table S6).

One mammoth bacterium at a time with stringent filters

After confirming the placement of the mammoth sequences within the phylogenies including all modern species available for a given

genus using the three independent methods (EPA-ng, pathPhynder and the maximum likelihoods in IQ-TREE), we aimed to build phy-

logenies using the maximize the number of sites covered by mammoth reads. To achieve this, we refined our phylogenetic analysis by

selecting a subset of each phylogeny. This subset included only the closest assigned modern bacterial species for each genus, along

with a few outgroup species within the same genus. This approach was designed to assign more gene families in the final sequence

alignment constructed with PanACoTA. By doing so, we increased our chances of including additional mammoth-associated bac-

terial sites in the analysis. This allowed us to test more stringent parameters, such as site depth coverage or the number of sites

shared between mammoth sequences.

To build the following phylogenies, the same methods using PanACoTA were used to align the sequences and IQ-TREE to

infer the phylogenies. We then tested for the placement of each mammoth bacteria independently from each other with

more stringent parameters. Indeed, since most microbial candidates exhibited very low breadth of coverage, there was a

concern that ancient microbial lineages might cluster together within the phylogenetic tree due to artificial attraction. To address

this, we systematically re-ran the phylogenetic analysis by introducing one mammoth-derived bacterial sequence at a time.

Each alignment consisted of modern bacteria along with one mammoth sequence. We retained only the positions covered

by the mammoth sequence, discarding all mammoth N positions. The same phylogenies were built across two different

conditions:

1. Mapping quality (MAPQ) ≥ 30 and edit distance < 3 (Table S5C)

2. Mapping quality (MAPQ) ≥ 30, mean depth coverage > 1 and edit distance < 3 (Table S5D)

Overall, one exception was observed:

• The S. mutans MD228 sequence shifted to an outgroup position between the S. mutans and S. troglodytae clades, whereas it

was previously nested closer to the S. mutans clade.

Although these exceptions altered the closest microbial species identified, the changes were minor, with the new placements still

being phylogenetically proximal to the original species. These shifts suggest that additional mammoth sequences might either help

refine the phylogenetic resolution or introduce biases. Addressing this uncertainty will require deeper sequencing of these three spe-

cific samples. Until then, the placement of both M25 and MD228 in the primary phylogeny (Figure 2) should be interpreted cautiously,

particularly concerning their positions relative to other mammoth sequences.

Only selecting shared sites between mammoths

To reliably assign species from ancient genomic datasets, especially for newly identified species linked to mammoth remains,

high-coverage datasets are crucial. However, the six newly identified clades in this study are based on low-quality genomic

data, with an average genome coverage of 0.78X and most samples having less than 20% genomic breadth coverage, making

accurate species assignment difficult. To ensure that the phylogenetic placement of candidate ancient mammoth bacterial se-

quences relative to modern bacteria is not biased by incomplete genome coverage or other factors, it is important to consider

that the clustering of mammoth bacteria could be an artifact due to shared missing data or very short, shared regions rather

than a robust signal from the aligned data. Only in the case of ancient strains related to Bisgaard Taxon45 and Streptococcus dev-

riesei do the mammoth strains have sufficiently covered sites to exclude clustering artifacts due to shared missing data

(Table S12). When running the phylogeny with the same settings using only shared sites between mammoths in these two cases,

a monophyletic clade among mammoth bacteria is maintained, although the bootstrap supports for Pasteurella-like mammoth

bacteria are not statistically robust (Table S5B).

Divergence analysis of ancient microbial sequences

In several cases, we did not observe the expected branch shortening for the ancient microbial sequences recovered from the

mammoth samples (Figure 4). Such shortening is typically anticipated in ancient DNA due to fewer mutations having accumulated

over time relative to modern microbial lineages. However, accurately estimating branch length in our dataset is challenging for several
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reasons. First, the low coverage of the ancient sequences, despite applying a depth threshold of DP ≥ 2, means that sequencing or

PCR errors introduced during library preparation may be misinterpreted as genuine variants. Additionally, the lack of observable

shortening could also stem from comparing evolutionarily distant species, where deep divergence times may mask the relative dif-

ference in mutation accumulation between ancient and modern samples. To find further support for the identification of the ancient

microbial sequences, we hypothesized that sequences from putative ancient microbes within a clade exhibit lower dissimilarity to the

closest outgroup of the clade compared to modern bacteria (Figure 6A). This expectation is based on the assumption that less evolu-

tionary time (compared to an outgroup) has elapsed for ancient microbial candidates, resulting in fewer derived mutations than mod-

ern representatives of the same clade. To compute dissimilarities between sequences, pairwise sequence distances were calculated

from the gene alignments that were made using PanACoTA with a custom Python script (https://github.com/BenjaminGuinet/

Mammuth_Metagenomics/blob/main/4-Phylogenetic_analysis/Calculate_MSA_percID.py). The method computes pairwise identity

for each pair of sequences by comparing aligned positions, excluding gaps (-), ambiguous characters (N, X) and sites not covered by

mammoth bacterial sequences.

Virulent gene identification

To investigate the pathogenic potential of the detected ancient bacteria we analyzed all the reads that mapped across the mammoth

samples corresponding to the same clade in the phylogenetic tree together. We first mapped the reads using bowtie2 (v2.5.2 –very-

sensitive)82 and a consensus fasta sequence was then made using ANGSD, selecting the majority base at each site with aligned

reads (v0.940 -doFasta 2 -doCounts 2).71 For each of these consensus assemblies we then screened for the presence of putative

virulence genes by blasting the assemblies against the bacteria Virulence Factor DataBase (VFDB)88 using Mmseqs2 search (v15-

6f452) with min bitscore=50.89 In total, we obtained 136 virulent gene hits. We then translated all the ancient putative virulent

gene sequences into amino acids and ran a machine learning program (VirulentPred v2.030). VirulentPred v2.0 was trained on

data from 32 different genera of pathogenic bacteria. It uses this training to identify patterns and features in protein sequences

that are associated with virulence, which is the ability of bacteria to cause disease. By applying VirulentPred v2.0 to our translated

protein sequences, we aimed to predict whether these ancient genes are likely to encode virulence factors. Conservatively, we then

selected only the ancient microbial virulence proteins that covered at least 90% of the corresponding protein in the database. In total,

15 of these proteins were considered as reliable hits (see Table S9).

Microbial species divergence analysis of Erysipelothrix

An ancient microbe closely related to Erysipelothrix tonsillarum was identified in both Late Pleistocene woolly mammoths and

the ∼1.1-million-year-old Steppe mammoth (sample P033). To assess the authenticity of this microbe’s ancient origin, we

calculated the genetic divergence measured as mutations per base pair between the 1.1-million-year-old genome and those

from the Late Pleistocene using the PanACoTA core-gene alignment (Figure S3A). All Late Pleistocene E. tonsillarum genomes

exhibited high divergence from the ancient genome (0.012–0.014 mutations per base pair), whereas divergence among the Late

Pleistocene genomes themselves was nearly half as high (0.006–0.0095). This supports the interpretation that the 1.1-million-

year-old genome is genuinely ancient and highly divergent. To further contextualize this divergence, we used a phylogenomic

alignment of 10,575 microbial species from Zhu et al. (2019)41 and calculated pairwise divergence values across 25 core genes

(Figure S3B). Each of these core genes displayed a distinct evolutionary rate with the observed divergence between the ancient

E. tonsillarum genome and the Late Pleistocene genomes falling within the range of divergence typically seen across different

microbial species. This further supports the authenticity and substantial divergence of the 1.1-million-year-old E. tonsillarum

microbial genome.

S.mutans gene content characterization

To further test the potential human origin of the two mammoth Streptococcus found close to the S. mutans clade, we examined the

gene content of S. mutans by blasting against the NR database the 1861 genes annotated in the S. mutans strain

(GCF_006739205.1), and identifying genes with no hits in any other Streptococcus genome (that could therefore be seen as

S. mutans core genes). We therefore identified 16 genes unique to the human S. mutans (see Table S7 and Table S8) and none of

these 16 genes was identified in the two Streptococcus-like mammoth sequences. Since 21.9% (404/1845) of the other genes

were covered (>=20% of the gene covered) by mammoth reads, the probability of not sequencing any of the 16 core genes by chance

is approximately 0.0188, thus suggesting that the mammoth Streptococcus represent a unique species distinct from the human-

derived S. mutans.

To calculate the probability that the mammoth Streptococcus indeed does not contain any of the 16 S. mutans core genes, given

that we sampled 1086 genes out of 1845 and found zero of the core genes, we used the concept of the hypergeometric distribution.

Hypergeometric Distribution

The hypergeometric distribution describes the probability of k successes (core genes in this case) in n draws from a population of size

N containing exactly K successes.

In our scenario:

• N=1845N = 1845N=1845 (total number of S. mutans genes)
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• K=16K = 16K=16 (number of S. mutans core genes)

• n=404n = 404n=404 (number of genes sampled drawn with a cov >=20%)

• k=0k = 0k=0 (number of S. mutans core genes sampled)

The probability mass function of the hypergeometric distribution is

P(X = k) =

(
K

k

)(
N − K

n − k

)

(
N

n

)
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Supplemental figures

Figure S1. Distribution of mammoth samples worldwide, related to STAR Methods

The map illustrates the locations of mammoth samples used in this study, and the size of the corresponding pie charts represents the number of samples found in

each area. Each pie chart displays color proportions representing the estimated age of the samples.
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Figure S2. Bioinformatic pipeline scheme, related to STAR Methods

This figure outlines the bioinformatics workflow used to detect and analyze ancient microbial DNA from mammoth samples. The process starts with the extraction

of all FASTQ sequences that did not align with BWA-aln v.0.7.8 (-l 16500 -n 0.01 -o 2)72 to either the Asian elephant, human genome, or woolly mammoth mi-

togenome. These unmapped reads are then classified using Kraken2 v.2.1.277 against the GTDB database and further analyzed by competitive mapping against

the top classified species for each genus (as identified by Kraken2). The pipeline includes steps to filter out contaminants, assess coverages, and evaluate the

ancient nature of the reads by evaluating damage patterns using Amber v.1,90 read lengths, and calculating PMD scores using PMDtools v.0.6.18 Simultaneously,

reads from ancient sediments as well as laboratory blank reads are mapped to the same microbial references to identify putative environmental contaminants. In

the next step, only known zoonotic microbes were selected for further analysis. Sequence alignment was then performed with PanACoTA v.1.4.129 by first

aligning modern microbial gene assemblies from a given genus. Candidate ancient reads from either contamination or mammoth sources were then mapped

back to the genetically closest microbial assembly in the alignment. Phylogenetic inferences were then performed using IQ-TREE v.2.3.528 and phylogenetic

placements using RAxML EPA-ng v.0.3.885 and pathPhynder v.1.87 Finally, classification of putative virulence genes was performed by first mapping all reads

from a monophyletic clade in the phylogeny representing a unique species and then recovering the putative ancient mosaic genome with ANGSD v.0.940.71 The

resulting fasta file was then aligned against the virulence factor database (VFDB)88 using Mmseqs search v.15-6f452.89 The aligned sequences were translated to

amino acids and used as input to a VirulentPred v.2.030 to detect patterns of virulent proteins.
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Figure S3. Sequence divergence among microbial genomes, related to STAR Methods and Figure 4

(A) Sequence divergence between Erysipelothrix tonsillarum genomes from mammoth samples. Divergence is based on the alignments of conserved core genes,

with pairwise differences calculated by dividing the number of differing sites by the total number of sites covered by both samples. The 1.1-million-year-old

sample (P033) exhibits significantly greater divergence from the Late Pleistocene samples than the divergence observed between the Late Pleistocene samples

themselves.

(B) Sequence divergence for 25 core genes across a phylogeny of 10,575 microbial species, highlighting pairwise differences. The divergence of the 1.1-million-

year-old sample (P033) to the other Late Pleistocene samples is shown in red. Each plot represents a single gene, and although the genes evolve at different rates,

P033’s divergence falls within the typical range observed for microbial species.
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Figure S4. Scatter plot comparison of covered versus total size (in base pairs) of virulent genes, related to STAR Methods and Figure 4

Each point represents a gene, with colors and shapes indicating the reference name to which the reads have been mapped. Gray points denote genes with

coverage below the coverage percentage of the reference assembly (coverage clade 1 = 11.5%, clade 2 = 50%, clade 3 = 1.8%, clade 4 = 28.5%, clade 5 = 9%

and clade 6 = 88%). The dashed red line represents a perfect match where c candidate gene is totally covered, serving as a reference for alignment consistency.
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Figure S5. Damage plot distribution of Y. pestis reads mapped to different Yersinia reference genomes, related to STAR Methods and

Figure 2

The left side of the figure shows the Yersinia phylogenetic cladogram adapted from Tan et al.91 and the colored taxa correspond to genomes to which Gok2

Y. pestis reads were mapped. Non-UDG-treated reads are shown on the left, and the UDG-treated reads are on the right. On the right, two images are shown for

each species. The left image corresponds to the identity distribution of the mapped reads, and the right image depicts the mismatch frequency along the read

sequences, where high mismatch frequency is expected at the beginning of the molecule, while less is expected in the middle part.
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Figure S6. Damage plot classifications, related to STAR Methods

All microbes in these graphs were classified with a score ≥ 4 in our detection pipeline. We proceeded by manually examining and sorting the DNA damage

patterns of these candidates into three distinct groups. First (A), those exhibiting a conspicuous CpG > TpG (or C > T for non-UDG-treated samples) trend,

characterized by damage levels at the beginning of the sequence and minimal damage in the middle sections, alongside consistent patterns across all read

lengths. Second (B), samples displayed damage plots featuring discrepancies in CpG > TpG and/or C > T sites, with damage decreasing from the ends toward the

center of the mapped reads, albeit with some stochasticity. Last (C), cases where the damage plots displayed excessive stochasticity with no discernible pattern

of decreasing damage.
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