Genome Shows no Recent Inbreeding in Near-Extinction
Woolly Rhinoceros Sample Found in Ancient Wolf’s Stomach
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Abstract

Using temporarily spaced high-coverage ancient genomes, we can assess population decline prior to extinction. However, find-
ing suitable ancient remains for recovering this type of data is challenging. Here, we sequenced a high-coverage genome from
muscle tissue of a 14,400-year-old woolly rhinoceros (Coelodonta antiquitatis)—a cold-adapted herbivore that went extinct
~14,000-years ago—found inside a permafrost-preserved wolf's stomach. We compared genome-wide diversity, inbreeding,
genetic load, and population size changes in this sample with two other Late Pleistocene Siberian woolly rhinoceros. We found
no evidence of population size decline, nor any genomic erosion, shortly prior to the species’ demise. Given the few long
homozygous segments, typically indicative of recent inbreeding, we infer a stable population size only a few centuries before
extinction. Thus, the woolly rhinoceros’ extinction likely happened rapidly, during the Bglling—Allergd interstadial. This study

demonstrates the ability to recover high-quality DNA from unlikely sources to elucidate species’ extinction dynamics.
Key words: woolly rhinoceros, extinction, ancient DNA, genomic erosion.

Significance

The woolly rhinoceros went extinct around 14,000 years ago, but little is known about their population decline prior to extinc-
tion. We generated a high-coverage genome from one of the last known woolly rhinoceros remains, which was recovered
from the stomach contents of a mummified wolf puppy found in the permafrost in Siberia. Combined with two other Late
Pleistocene woolly rhinoceros genomes, our results suggest that the population size was stable and there is no genomic sig-
nature of recent, rapid population decline close to the species extinction, in contrast to other extinct species and currently en-
dangered species undergoing population decline. Given the scarcity of animal remains close to their extinction times and other
key evolutionary events, this study provides a new avenue to obtain high-quality genomic information from unlikely sources.
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Introduction

In the current biodiversity crisis driven by anthropogenic cli-
mate change, it becomes increasingly important to under-
stand the underlying drivers of population declines and
the propensity of species to go extinct. Prior to extinction,
species generally display a reduction in both population
size and geographic range, leaving them more vulnerable
to stochastic environmental, demographic, and/or genetic
events (Melbourne and Hastings 2008). The main concern
at the genetic level is that small populations are more vulner-
able to genetic drift and increased inbreeding (Frankham
2005). These factors can lead to the loss of genomic diversity
and the increase of both homozygous segments and genetic
load—referred to as genomic erosion (Bertorelle et al.
2022), which increases the chances of further population
decline due to reduced fitness (Charlesworth and
Charlesworth  1999). With temporally spaced genomic
data, it is possible to track changes in those genomic para-
meters and gain insight into species population history, es-
pecially during decline toward extinction (Diez-del-Molino
et al. 2018; von Seth et al. 2021; Jensen and Leigh 2022).
The mode of such decline depends on life history traits,
demographic dynamics, and the magnitude of stochastic
events (Purvis et al. 2000). While some species show a stea-
dy decline in population size and persist at low levels for a
long time (Dussex et al. 2021, Morin et al. 2027,
Petnerova et al. 2024), others seem to decline rapidly
(Zhou et al. 2013; Robinson et al. 2019; van der Valk et al.
2019). It is important to connect the species’ evolutionary
history and rate of decline to inform the genomic conse-
guences of decline on a population or species.

To generate temporal genomic datasets, it is essential to
recover high-quality DNA from ancient organisms.
Although it has become easier to recover ancient genomic
data (Palkopoulou et al. 2015; Bruniche-Olsen et al. 2018;
Lord et al. 2020; Sharko et al. 2021), DNA recovered from
these samples is generally of low quality and quantity—a
consequence of post-mortem DNA damage and contamin-
ation from environmental sources. This has hindered the re-
trieval of high-coverage (>10x depth of coverage)
genomes from ancient samples, which are essential to ana-
lyze genome erosion, since it is necessary to accurately infer
genotypes to assess genomic variation at the individual le-
vel (Gunther and Nettelblad 2019; Kutschera et al. 2022).
However, recent studies have published high-coverage
genomes from a range of Late Pleistocene samples, pre-
dominantly, but not limited to, permafrost-preserved
megafauna (Barnett et al. 2020; Lord et al. 2020; Wang
et al. 2022; Dehasque et al. 2024; Petnerova et al. 2024).

One iconic megafauna species is the woolly rhinoceros
(Coelodonta antiquitatis), a cold-adapted herbivore wide-
spread across northern Eurasia until its extinction
~14,000 years ago (ka) (Stuart and Lister 2012). Its range

contracted gradually toward the east from ~35 ka, likely
due to unfavorable environmental conditions in western
Europe (Allen et al. 2010; Stuart and Lister 2012). The
woolly rhinoceros persisted in northeastern Siberia and dis-
played complex shifts in its range in response to environ-
mental changes until it disappeared from the fossil
record. Additionally, previous paleogenomic analyses of
the woolly rhinoceros did not find any indication of recent
inbreeding in individuals dated to 18.4 ka (Lord et al. 2020)
and 48.5 ka (Liu et al. 2021). Thus, it was concluded that
the woolly rhinoceros decline toward extinction occurred
rapidly sometime after 18.4 ka, likely associated with the
climatic conditions of the Bglling—Allerad interstadial
(14.7 to 12.8 ka). However, no whole genome data to
date has been recovered from woolly rhinoceros closer to
their extinction.

While Late Pleistocene remains of woolly rhinoceros are
numerous, very few remains exist from around the esti-
mated time of extinction. However, the mummified re-
mains of a juvenile wolf (Canis lupus) were found in the
Tumat region of northeastern Siberia (Kandyba et al.
2015; Bergstrom et al. 2022), and upon dissection a piece
of intact mummified tissue was discovered in its stomach
(Fig. ST). After DNA extraction and sequencing, the tissue
was revealed to be from a woolly rhinoceros and was radio-
carbon dated to 14.4 ka, making it one of the youngest
known woolly rhinoceros remains (here on referred to as
Tumat_14k). Lord et al. (2020) recovered a full mitogen-
ome from the sample, indicating its potential for future
whole-genome studies. Here, we obtained a high-coverage
genome from this tissue sample, offering an unprecedent-
ed opportunity to investigate the extinction process of the
woolly rhinoceros. We not only demonstrate the feasibility
of recovering high-coverage genomes from low-quality
samples but also the usefulness of individual genomes to
gain insights into the evolutionary history of an extinct
species.

Materials and Methods

Sample Information

The mummified tissue (Tumat_14k) was found in the stom-
ach of a preserved wolf puppy recovered from the perma-
frost in Tumat, a locality of Yakutia in northeastern
Siberia, Russia (Kandyba et al. 2015; Bergstrom et al.
2022). Both the mummified tissue and the wolf puppy
have been radiocarbon dated to 14.4 ka (Lord et al.
2020; Bergstrom et al. 2022) (calibrated using the
IntCal20 calibration curve (Reimer et al. 2020) in OxCal
v.4.4 (Ramsey and Lee 2013)).

In addition, we computationally reanalyzed two previ-
ously published high-coverage woolly rhinoceros genomes
Pinevyeem_18k (Lab ID: NDO35; ENA: SAMEA6246871)
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(Lord et al. 2020) and Rakvachan_49k (Lab ID: ND036; NCBI
SRA: SAMN17167289) (Liu et al. 2021). Raw data for
NDO36 were retrieved from NCBI GenBank using SRA tool-
kit v3.0.3 (http:/www-ncbi-nim-nih-gov.ezp.sub.su.se/
books/NBK158900/) with the prefetch function. These
samples are from North Chukotka, Russia (Fig. 1). The sam-
ples had previously been radiocarbon dated and calibrated
using IntCal13 (Lord et al. 2020), but we recalibrated the
C14 dates using IntCal20 (Reimer et al. 2020) calibration
curve in OxCal v.4.4 (Ramsey and Lee 2013). The calibrated
median, including 95% Cl, was used (Table S2).

Sample Processing of Tumat 14k

Before processing the tissue for DNA extraction, it was
around 4cmx 3 cm (Fig. S1). First, a fragment was cut
from one corner (Extract B), as was done for the original
DNA extract (Extract A) sequenced by Lord et al. (2020).
However, Extract B yielded low levels of DNA compared
to Extract A (see next section). For this reason, the tissue
was divided in half to expose the interior, and 20 small
pieces of similar size and weighing ~15 mg were cut (for
DNA Extracts C-V).

DNA Extraction and Genomic Libraries Preparation

We extracted DNA from the 21 tissue fragments described
above following Dabney et al. (2013). Since the first DNA
extract (Extract B; Table S1) yielded low endogenous DNA
and complexity levels, for the remaining 20 extracts, we op-
timized the protocol for tissue samples, using the digestion
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Fig. 1. Sample locations in northeast Siberia.

buffer and incubation times described in Gilbert et al.
(2007). Double-stranded lllumina libraries were prepared
following Meyer and Kircher (2010) as modified by
Dehasque et al. (2022), using Min-Elute spin columns
(Qiagen) for the clean-up steps and reaction volumes
halved. We performed USER treatment where uracils
caused by cytosine deamination are removed to account
for post-mortem DNA damage (Briggs et al. 2010). From
these stock libraries, double-indexed libraries were pre-
pared prior to sequencing. For Extract B, we indexed 6 li-
braries, with 14 polymerase chain reaction (PCR) cycles
during indexing. Given that the results yielded a low com-
plexity, for the remaining 20 extracts, we determined the
optimal number of PCR cycles needed to amplify each li-
brary during the indexing step without generating an ex-
cess of PCR duplicates with the Cq values obtained from
a quantitative PCR (gPCR) (Meyer et al. 2008).

A visual inspection of each indexed library for the 20 ex-
tracts (Extracts C-V), run on a 1% electrophoresis gel, re-
vealed similar band strength, so the libraries were pooled
together, assuming an equimolar concentration.
Purification and size selection of the DNA pool were done
using magnetic Agencourt AMPure XP beads (Beckman
Coulter). For the removal of by-products from the PCR
step, such as primer dimers, we added a 1.8x
beads-to-pool ratio, placed it on a magnetic rack, and dis-
carded the supernatant. This step was repeated twice to en-
sure thorough removal. To remove long fragments, likely to
be contaminating DNA, we used a 0.5x beads-to-pool ratio
and retained only the supernatant.

Sequencing
Quantification and Sequencing

The concentration of the cleaned pool was assessed using a
high-sensitivity chip on the Bioanalyzer 2100 (Agilent) and
then sent for an initial sequencing, aiming for 1.9 billion
reads on one lane of lllumina NovaSeq sequencing platform
(paired-end, 2x 150 bp) at the National Genomics
Infrastructure (NGI), Stockholm. This first round of sequen-
cing was used to assess the extracts’ DNA quality and en-
dogenous DNA content.

Based on the results from sequencing round one, we se-
lected ten extracts (Text S1) and prepared them for the se-
cond round of sequencing following the same laboratory
methods described above, with a few modifications. We first
generated an additional library from the extracts to increase
DNA complexity, resulting in two libraries per extract. Next,
we generated 9 to 10 PCR amplifications for each library,
completely exhausting their contents and visually inspected
the concentration with gel electrophoresis. This resulted in
190 amplified and indexed libraries, which were subsequent-
ly pooled together in library pools of 90 to 100 pl. Short and
long fragments were cleaned from each pool twice and, after
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assessing their concentration, were all pooled together based
on the number of reads desired from each extraction (Text
S1). Based on the data from the first sequencing round, the
average DNA fragment size of aligned sequences was below
100 bp, and for this reason, the final pool was sent for se-
quencing on a full S4 flow cell of lllumina NovaSeq sequen-
cing platform with a paired-end 2 x 100 bp sequencing
strategy at NGlI, Stockholm.

Data Processing
Alignment of Sequencing Data

Raw sequencing data for Tumat_14k, Pineyveem_18k, and
Rakvachan_49k were aligned and processed following the
GenErode pipeline (Kutschera et al. 2022) written in
Snakemake version 7.20.0. GenErode is designed for esti-
mating and comparing patterns of genomic erosion be-
tween samples from separate time periods. We followed
it as designed for ancient/historical data.

In short, raw FASTQ sequencing files were adapter
and quality trimmed using fastp v0.11.0 (Chen et al.
2018) by simultaneously merging overlapped paired-
end reads, trimming adapters, and bases with a quality
score < 15. Only merged reads>30bp were retained
to reduce misalignments (van der Valk et al. 2021)
and aligned to the reference genome assembly of the
Sumatran rhinoceros (Dicerorhinus sumatrensis; GenBank:
GCA_014189135.1), the woolly rhinoceros’ closest extant
relative (Liu et al. 2021) using BWA v0.7.17 (Li and
Durbin 2009) and processed using SAMtools v1.9 (Li et al.
2009). BWA (aln option) was used for alignment with re-
commended ancient DNA parameters (-I 16500 -n 0.01
-0 2) (Palkopoulou et al. 2015). Duplicates were then re-
moved from sorted BAM files using SAMtools and a custom
Python script (Kutschera et al. 2022), by using both read
start and end alignment coordinates. BAM files were then
merged per sample (per extract in the case of Tumat_14k)
and realigned around indels using GATK IndelRealigner
v3.7 (McKenna et al. 2010).

The following data processing and further downstream
analyses were performed outside GenErode but following
the methods described there (except for the demographic
reconstruction analysis, which is not part of GenErode).
After checking for nonendogenous contamination per ex-
tract in Tumat_14k, extract U was removed due to high le-
vels of wolf DNA (Text S2). Unaligned reads and reads with
alignment quality <30 were filtered out for all three samples
using SAMtools view (-F 4 -g 30). To reduce error in down-
stream analyses due to possible duplicates across indexing
PCRs, we performed another round of duplicate removal
for all three samples. The coverage for all samples was esti-
mated using SAMtools depth with repeat regions in the ref-
erence genome masked. Samples Pineyveem_18k and
Rakvachan_49k were subsampled down to a coverage of

10.1x to match Tumat_14k, prior to downstream analyses,
to avoid any coverage-related biases in downstream ana-
lyses with SAMtools view function -s. To further assess po-
tential contamination, a metagenomic screening was
performed on the three samples (Texts S2 and S3).

Downstream Analyses
Variant Calling

Variant calling and filtering steps were performed per sample
using BCFtools v1.9 (Danecek et al. 2021) and BEDtools
v2.29.2 (Quinlan and Hall 2010). In short, variants were called
for all three samples independently using BCFtools mpileup
and call commands, filtering out reads with alignment and
base quality <30 as well as implementing the option -B to re-
duce false single-nucleotide polymorphism (SNPs) caused by
misalignment. The resulting per-sample variant call format
(VCF) files were then sorted prior to further filtering steps.
CpG sites and repetitive regions were identified in the refer-
ence genome following GenErode (Kutschera et al. 2022).
These sites were subsequently removed from the VCFs using
BEDtools intersect, as methylation on CpG sites often elude
USER treatment (Briggs et al. 2010) and the short length of an-
cient DNA reads make alignments to repetitive regions difficult
(Treangen and Salzberg 2012). Indels (insertions and deletions)
and SNPs within 5 bp of an indel were removed using BCFtools
filter command, as well as sites with genotype quality <30. We
also filtered out sites with depth lower than 1/3x and higher
than 10x the estimated average coverage, as sites with a
coverage too high or too low can create false heterozygous
sites. Heterozygous sites with less than 20% or more than
80% of reads supporting a given allele were excluded using
BCFtools view with the function -e. Finally, scaffolds corre-
sponding to the X chromosome (ScOM7eS_1319;
HRSCAF=1962 and ScOM7eS_931;HRSCAF=1475) and the
mitogenome (ScOM7eS_584;HRSCAF=1017, ScOM7eS_70;
HRSCAF=235, ScOM7eS_938;HRSCAF=1483) were removed
with BEDtools intersect.

All downstream analyses were performed in two data-
sets, one containing transversions only, which is presented
throughout the main text, and the other containing all var-
iants, which is described in the supplementary material
(Text S4). Transitions were removed to account for cytosine
deamination since Rakvachan_49k was not USER-treated.

Demographic Reconstruction and Population Structure

We estimated past changes in effective population size (N)
for samples Tumat_14k and Pineyveem_18k using the pair-
wise sequentially Markovian coalescent model (PSMC)
v.0.6.5 (Li and Durbin 2011), on a per-sample basis. We
performed bootstrapping by splitting the chromosome se-
guences into shorter segments and ran PSMC with the
same parameters 99 times and sampling with replacement.
The results were plotted in R v.4.2.3 (R Core Team 2021)
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with the package Hmisc (Harrel 2025). The time was scaled
for each sample by calculating d = 2u*AT using the rate of
substitutions (u) as 2.34 x 107® substitutions/site/gener-
ation (Mays et al. 2018) and T as the age of the sample in
generations, calculated using a generation time of 12 years
(Roth et al. 2013) based on estimations for the Sumatran
rhinoceros. For the transversion-only dataset, we used a
rate of 0.78 x 1078 substitutions/site/generation. To exam-
ine population structure, we performed principal compo-
nents analysis with PLINK (v1.90b7.4) (Purcell et al. 2007).
We first converted the merged VCF to plink format and
then ran the —pca option.

Heterozygosity

Genome-wide heterozygosity was estimated directly from
each individual VCF file using BCFtools (-stats option), as
the fraction of heterozygous sites compared the total num-
ber of sites. Additionally, for the dataset containing all var-
iants, we applied a maximum likelihood approach (mIRho
v2.9 (Haubold et al. 2010)) to estimate the population mu-
tation rate 6 as an approximation to heterozygosity under
the infinite sites model.

Inbreeding

The individual inbreeding coefficient (Fron) was estimated as
the proportion of the autosomal genome contained within
ROH segments of different lengths (>0.1 Mb (megabases),
>0.5 Mb, >1 Mb, and >2 Mb). The different length thresh-
olds were used to differentiate recent inbreeding from back-
ground relatedness due to the samples’ population histories,
since ROHs tend to become shorter with time due to recom-
bination (Curik et al. 2014). We identified ROHs using the
sliding-window approach of plink v1.90b6.12 (Purcell et al.
2007). Individual VCF files were merged and both nonbiallelic
sites and sites not present in all samples were filtered out with
BCFtools. We used the same parameters described by Lord
et al. (2020): The sliding window was set to contain 100
SNPs (—homozyg-window-snp 100) and defined as homozy-
gous if there were not more than 5 heterozygous sites
(=homozyg-window-het ~ 5) or 15 missing sites
(=homozyg-window-missing 15) per window. Furthermore,
we identified a SNP as part of a homozygous segment if a
minimum of 5% of windows containing it were defined as
homozygous (—homozyg-window-threshold 0.05). A homo-
zygous segment had to cover a minimum of 100 kb (kilo-
bases) (—homozyg-kb 100) to be defined as ROH,
containing with no more than 750 heterozygous sites
(—=homozyg-het 750) and at least 25 SNPs (—homozyg-snp
25). We tested for differences in the average size of ROHs
among the samples for four different size thresholds >0.1
Mb, >0.5 Mb, >1 Mb, and >2 Mb (Text S4).

To replicate the results, we also estimated ROH using
BCFtools/ROH (Narasimhan et al. 2016) with default

parameters, using genotype calls (-G30) and setting allele
frequencies as unknown (—AF-dflt 0.4).

Genetic Load

Variants were characterized into different impact classes
using SnpEff v4.3 (Cingolani et al. 2012), based on a cus-
tom annotation for the Sumatran Rhinoceros from Lord
et al. (2020). Variants were defined as high impact (frame-
shift or loss of function mutations that highly disrupt pro-
tein  function), moderate impact (nonsynonymous
mutations that may disrupt protein function), or low impact
(synonymous mutations that are unlikely to disrupt protein
function), according to SnpEff. Using SnpSift, the following
fields were extracted: CHROM, POS, REF, ALT, GEN [*].GT,
ANN [*].IMPACT, and ANN[*].EFFECT from the annotated
VCF. Genetic load for each impact class was calculated
as: (count of derived alleles of class x, counting homozy-
gous variants as two)/(count of total derived alleles, count-
ing homozygous alleles as two) (Table S6).

Derived Variants

To determine whether the nonsynonymous derived alleles
identified in Lord et al. (2020) were also present in the add-
itional two woolly rhinoceros genomes, we used a custom
Python script to determine the alleles in the BCFs (with and
without transitions) at the derived positions previously iden-
tified (Table S3).

Results

Generating a High-Coverage Woolly Rhinoceros
Genome from the Stomach Content of an Ancient Wolf

Lord et al. (2020) estimated the endogenous DNA content
of Tumat_14k as ~10% based on a single extract. We ini-
tially generated an additional DNA extract for which we in-
tended to obtain deep sequencing data, but both
endogenous DNA content (ie the percentage of sequenced
reads mapped to the target reference genome) and DNA
complexity (ie the amount of unique DNA molecules in a se-
quenced genomic library) were low (Extract B, Table S1). To
increase the probability of recovering further extracts with
good endogenous DNA content and to maximize the com-
plexity, we generated 20 additional extracts from different
fragments of the tissue sample. We shotgun sequenced an
average of 88 million reads per extract (range: 55 to 150
million) and mapped all sequencing data to the Sumatran
rhinoceros (Dicerorhinus sumatrensis) reference genome
(Lord et al. 2020), the woolly rhinoceros’ closest extant rela-
tive, with a divergence time of ~9.3 million years (Orlando
etal. 2003; Liu et al. 2021). Endogenous DNA content and
complexity were variable across the extracts (range: 1.9%
to 8.3% endogenous and 57.6% to 85.1% complexity).
We then selected the ten best extracts for further
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sequencing to maximize the following parameters: (/) en-
dogenous DNA content, (i) complexity, and (i) mapping
quality scores (Text S1). We also mapped published whole-
genome sequencing data from two northeastern Siberian
woolly rhinoceros (Pineyveem_18k (ND035); 18.4 ka cal &
Rakvachan_49k (ND036); 48.5 ka cal) (Fig. 1). The three
samples had a depth of coverage ranging from 10.1 to
11.1x (Table S2). Finally, we note that all three samples
share nonsynonymous derived sites that are likely import-
ant in the evolution of woolly rhinoceros (Table S3).

Identification of Nonendogenous DNA Content

Since Tumat_14k was found inside the stomach of a wolf, we
estimated the proportion of wolf DNA in all 22 extracts. We
mapped the sequencing data from each extract to a concate-
nated reference containing gray wolf and woolly rhinoceros
mitogenomes, as well as other vertebrates that could be po-
tential contaminants, including humans (Text S2). With the
exception of one extract, which was removed from all down-
stream analyses (DS253U), we found that the percentage of
wolf mitogenome reads across samples was minimal (average
2.3%; Fig. S2 and Text S2). We also estimated the potential
wolf contamination at the nuclear genome level and demon-
strated that stringent filtering at the variant calling stage was
sufficient to mitigate any contamination (Text S2).
Additionally, we performed a metagenomic screening to as-
sess the presence of ancient host-associated microbes and
pathogens (Text S3 and Table S4). However, we were not
able to identify ancient microbial organisms based on post-
mortem DNA damage patterns (limited to CpG sites on the
USER-treated samples) and most microorganisms found
could be interpreted as environmental contamination.
Nevertheless, in Tumat_14k we detected Carnobacteria and
Lactobacilli species, which are generally associated with
meat kept in cold environments, and Clostridia spp., Listeria
monocytogenes, and Paraclostridium bifermentans, which
are associated with the intestinal tract of animals but are
also commonly found in soils (Table S4).

Demographic History of Late Pleistocene Woolly
Rhinoceros

We reconstructed the demographic history of Tumat_14k,
contextualizing it with the other two samples and assessing
whether its genome could reveal some signatures of popu-
lation decline associated with the species extinction. After
variant calling and quality control (see Methods), we iden-
tified approximately 22 million single-nucleotide poly-
morphisms  (SNPs) in  the three samples. Since
Rakvachan_49k was not enzymatically treated to remove
signatures of post-mortem DNA damage (Liu et al. 2021),
the reported results are based on a subset of ~7.4 million
SNPs that were retained after filtering out transitions. For
Tumat_14k and Pineyveem_18k, we also performed the

analysis on the full SNP set, obtaining comparable results
(Text S4).

To explore changes in population size through time, we
used the Pairwise Sequentially Markovian Coalescent
(PSMC) approach (Li and Durbin 2011) (Fig. 2). The three
samples showed a similar demographic trajectory, with a
steep decline during the Early Pleistocene, followed by a
stable population size throughout the Middle Pleistocene
and a gradual decline during the Late Pleistocene.
Rakvachan_49k declined from 114 ka to 63 ka, with a ten-
fold reduction in N, from ~15,600 to ~1,600. Tumat_14k
and Pineyveem_18k declined slightly later than
Rakvachan_49k, from 100 to 109 ka until 34 ka and 33
ka, respectively. We also examined population structure
with principal components analysis, with PC1 separating
Rakvachan_49k from the other two samples, and PC2 sep-
arating the samples by geography (Fig. S3).

No Recent Inbreeding Close to Extinction

The woolly rhinoceros’ genomic history was further ana-
lyzed by assessing genome erosion indices prior to extinc-
tion. Genome-wide heterozygosity was estimated using
allele counts from variant calling and all three samples
had ~0.4 heterozygous sites per 1,000 bp (Table 1).
These results were also replicated for Tumat_14k and
Pineyveem_18k by estimating the population mutation
rate 6 for all SNPs following a maximum likelihood ap-
proach (Text S4).

Additionally, we assessed inbreeding by identifying
homozygous segments across the genome, commonly re-
ferred to as runs of homozygosity (ROH). The distribution
and frequency of ROH >0.1 Mb were similar among all
three samples, with the same mean and median length of
ROH segments (Table S5). We observed no significant dif-
ferences in ROH size distribution between the samples
comparing four size thresholds: >0.1 Mb, >0.5 Mb, >1
Mb, and >2 Mb (Fig. 3 and Table S5; P-value >0.001).
The majority of these stretches of homozygosity were un-
der 1 Mb long (~98%), with only a few ROH windows
(0.3%) over 2 Mb. The longest ROH in Tumat_14k was
8.9 Mb, 4.7 Mb in Pineyveem_18k, and 3.9 Mb in
Rakvachan_49k. Considering that the three samples show
extremely similar levels of inbreeding despite the notable
differences in their ages, we corroborated that the inferred
ROH regions are different across the samples, as expected
for individuals from populations separated in space and
time (Fig. S4).

To further examine the levels of inbreeding, we calcu-
lated the inbreeding coefficient (Frop), by estimating the
proportion of the genome within ROH segments >0.1
Mb. The overall Fron Was similar among all samples, with
58% to 59% of their genome within homozygous seg-
ments. Comparing Fron Vvalues for different size ranges
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Fig. 2. Temporal effective population size (Ne) changes for the three woolly rhinoceros. Lighter shaded lines in the corresponding color show the bootstrap
values for each sample. The lower x-axis shows time in units of divergence per base pair, while the upper x-axis is time in years before present, assuming a
transversion-only substitution rate of 0.78 x 108 substitutions/site/generation and a 12-year generation time. The final 10,000 years were removed from the
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(0.1100.5Mb, 0.5to 1 Mb, and 1 to 2 Mb and >2 Mb), we
found that each size range was very similar between the
samples, including long Fron »2 mb, Which ranged between
1% and 2% (Fig. 3). We replicated these results by inferring
ROHs with another widely used statistical approach. Even
though this approach inferred higher levels of inbreeding
overall, the pattern for the different size ranges remains
the same (Fig. S5).

Finally, we examined genetic load using SnpEff
(Cingolani et al. 2012) and calculated the number of var-
iants per impact class. We found no difference in genetic
load in any impact category (high, moderate, and low)
across the three samples (Table 1). To evaluate if the low
variation in genetic load between samples could be caused
by the exclusion of transitions, we also performed this ana-
lysis, including transitions (Text S4). However, the results
were similar, indicating no effect of post-mortem DNA
damage on this particular set of samples for estimating
genetic load (Table S6).

Discussion

By sequencing a high-coverage genome from a poorly pre-
served sample of a woolly rhinoceros dated close to the

estimated time of the species’ extinction based on the fossil
record, we were able to get a snapshot of a critical time in
the species’ history. Recovering high-quality genome data
allowed us to confidently call variable sites, and thus, con-
duct single-sample demographic and evolutionary analyses
that provided new insights into the species extinction.
Furthermore, we demonstrate the feasibility of recovering
high-coverage genomic data from rare and unique sam-
ples. By using multiple independent DNA extractions and
minimizing the amount of PCR duplicates during the prep-
aration of genomic libraries, it is possible to enhance DNA
complexity, thus sequencing efficiently to higher coverage.
This serves as an example for other species with a scarcity of
samples around key evolutionary events.

The demographic trajectories of all three samples were
consistent during the Early and Middle Pleistocene.
However, we note that the population history of
Rakvachan_49k diverged from the other two samples dur-
ing the Late Pleistocene. Interestingly, despite having been
found in geographical proximity to Pineyveem_18Kk, this
sample belongs to a separate mitogenome clade that di-
verged around 440 to 116 ka (Lord et al. 2020). Principal
components analysis also separates Rakvachan_49k from
the other two samples (Fig. S3). This may suggest a partial
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Table 1 Genome erosion parameters for the three woolly rhinoceros
Sample Genome-wide heterozygosity per 1000 bp FROH >0.1 Mb Genetic load per 100k SNPs
High impact Moderate impact Low impact

Tumat_14k 0.433 7.53% 24 912 738
Pineyveem_18k 0.427 7.45% 24 909 737
Rakvachan_49k 0.430 7.45% 24 910 737

All metrics were conducted on a transversion-only dataset.

or total population replacement in the northern Chukotka
region during the Late Pleistocene, which should be further
investigated with population-level ancient genomes. Our
analyses suggest that the population size was stable from
~30 ka until ~14 ka. The PSMC indicates no reduction in
population size at the onset of the Bglling—Allergd intersta-
dial at ~14.7 ka (Text S4). While we note that PSMC ana-
lyses do not have the power to detect sharp declines
close to the end of the curve, the consistency between
the heterozygosity and inbreeding estimates of
Pineyveem_18k and Tumat_14k does not suggest a drastic
population decline took place in this time frame.

Unlike what has been reported for other extinct and en-
dangered species (Palkopoulou et al. 2015; Liu et al. 2021;
Sanchez-Barreiro et al. 2021, 2023; von Seth et al. 2021;
Petnerova et al. 2024), we found no evidence of reduced
genetic diversity or increased inbreeding and genetic load
in Tumat_14k, despite its proximity to the estimated date
of extinction. Both genome-wide heterozygosity estimates
and the fraction of ROH segments of different sizes are al-
most identical for all three individuals. Considering that a
large proportion of ROH segments are short, distant in
time background relatedness is likely the main source of
homozygosity, rather than recent mating between closely
related individuals. Long ROHs indicative of recent inbreed-
ing would typically span over larger chromosome segments
(>2 Mb) (Pemberton et al. 2012), as they have not been
broken up by recombination (Curik et al. 2014). The frac-
tion of long ROHs remains consistently low between the
woolly rhinoceros genomes, unlike what is observed during
the more recent declines of extant rhinos (Sanchez-Barreiro
et al. 2021, 2023). Thus, our results support a relatively
stable woolly rhinoceros population in Northern Siberia at
least until 14.4k. Furthermore, the population decline prior
to ~30k may have purged some of its genetic load, as sug-
gested for other species that experienced long and gradual
declines (Morin et al. 2021; Pe¢nerova et al. 2024).

Given our results, we suggest that any change at the
genomic level associated with the species extinction must
have taken place during the last few hundred years of the
species’ existence, or that the extinction was too rapid to
leave a detectable genomic erosion pattern. We note that
last appearance dates in the fossil record do not exclude
the possibility that the species persisted for longer.
Sedimentary ancient DNA (sedaDNA) can be a useful tool

60

40
ROH Size Range

0.1-0.5Mb
0.5-1Mb
1-2Mb

>2Mb

FROH

20

0 I
Tumat_14k

Pineyveem_18k Rakvachan_49k

Fig. 3. Fron estimates for the three woolly rhinoceros using PLINK after re-
moving transitions.

for examining the disappearance of megafauna, especially
in combination with additional environmental proxies (eg
Graham et al. 2016). A recent sedaDNA study (Wang
et al. 2021) and subsequent computational modeling of
the availability of suitable habitat (Fordham et al. 2024)
have hypothesized a final disappearance of woolly rhi-
noceros as late as the early Holocene. We caution that other
research has demonstrated that it is possible for DNA from
extinct taxa to leach through permafrost (Seeber et al.
2024), which is important to take into consideration
when assessing the isolated presence of extinct taxa in
the sediment record. While it could be plausible that the
woolly rhinoceros persisted beyond the currently recog-
nized extinction date of ~14 ka (Stuart and Lister 2012), es-
pecially in areas where habitat has been deemed to be
favorable, further evidence where sedaDNA and modeling
are combined with physical remains and other environmen-
tal proxies would be needed to corroborate a later extinc-
tion date. Thus, it remains most plausible that the
extinction of woolly rhinoceros occurred rapidly, during
the warming of the Balling—Allergd interstadial.

Conclusion

Here, we demonstrate the feasibility of recovering high-
quality genomic data from poorly preserved material by
generating a high-coverage woolly rhinoceros genome
from around the time of its extinction. By analyzing Late
Pleistocene genomes of woolly rhinoceros across the Late
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Pleistocene, we found no evidence of genomic erosion
leading up to its extinction, with a relatively stable, albeit
low, effective population size from ~30 ka. The woolly rhi-
noceros’ final decline toward extinction did not occur im-
mediately at the onset of the Bglling—Allergd interstadial
(14.7 to 12.8 ka) with a prolonged reduction in population
size. We conclude that their decline toward extinction likely
occurred rapidly after ~14.4 ka, most likely driven by rapid
changes in environmental conditions (Stuart and Lister
2012; Puzachenko et al. 2021).

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.

Acknowledgments

We thank David Diez-del-Molino and Isabelle Feinauer for
their bioinformatics advice.

Author Contributions

L.D. and J.C.C.D. conceived and supervised the study. S.F. col-
lected the wolf specimen and performed the biopsy. D.W.G.S.
and M.H.S.S. sampled the tissue. S.M.G., S.L., N.D., and
J.C.C.D. performed laboratory work. SM.G., E.L., Z.P., and
J.C.C.D. performed the data analyses. L.D. provided reagents
and resources. SSM.G., E.L, LD., and J.C.C.D. wrote the
manuscript with input from all co-authors.

Funding

Funding was provided to L.D. through the Swedish Research
Council (2021-00625) and the European Union (ERC,
PrimiGenomes, 101054984). J.C.C.D. acknowledges funding
from the European Union under the Marie Sktodowska-Curie
Actions fellowship 101111414, We acknowledge support
from the Swedish National Genomics Infrastucture (NGI) at
Science for Life Laboratory (ScilifeLab), funded by the
Swedish Research Council, and the computational resources
(project IDs: NAISS 2023/5-22 and 2023/2-9, 2024/22-172)
provided by the National Academic Infrastructure for
Supercomputing in  Sweden (NAISS) at the Uppsala
Multidisciplinary ~ Center for Advanced Computational
Science (UPPMAX), which is partially funded by the Swedish
Research Council through grant agreement no. 2022-06725.

Conflict of Interest

The authors declare no competing interests.

Data Availability

All raw sequencing data is publicly available in the ENA pro-
ject PRIEB77660.

Literature Cited

Allen JRM, et al. Last glacial vegetation of northern Eurasia. Quat Sci
Rev. 2010:29:2604-2618. https:/doi.org/10.1016/j.quascirev.
2010.05.031.

Barnett R, et al. Genomic adaptations and evolutionary history of the ex-
tinct scimitar-toothed cat, Homotherium latidens. Curr Biol. 2020:30:
5018-5025.e5. https:/doi.org/10.1016/).cub.2020.09.051.

Bergstrom A, et al. Grey wolf genomic history reveals a dual ancestry of
dogs. Nature. 2022:607:313-320. https:/doi.org/10.1038/
s41586-022-04824-9.

Bertorelle G, et al. Genetic load: genomic estimates and applications in
non-model animals. Nat Rev Genet. 2022:23:492-503. https:/doi.
org/10.1038/541576-022-00448-x.

Briggs AW, et al. Removal of deaminated cytosines and detection of in
vivo methylation in ancient DNA. Nucleic Acids Res.. 2010:38(6):
e87. https://doi.org/10.1093/nar/gkp1163.

Bruniche-Olsen A, et al. Ancient DNA tracks the mainland extinction
and island survival of the Tasmanian devil. J Biogeogr. 2018:45:
963-976. https:/doi.org/10.1111/jbi.13214.

Charlesworth B, Charlesworth D. The genetic basis of inbreeding de-
pression. Genet Res. 1999:74:329-340. https:/doi.org/10.1017/
S0016672399004152.

Chen SF, Zhou YQ, Chen YR, Gu J. Fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics. 2018:34:i1884-i890. https:/doi.org/
10.1093/bioinformatics/bty560.

Cingolani P, et al. A program for annotating and predicting the effects
of single nucleotide polymorphisms, SnpEff: SNPs in the genome
of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly.
2012:6:80-92. https:/doi.org/10.4161/fly.19695.

Curik I, Ferencakovic M, Solkner J. Inbreeding and runs of homozygos-
ity: a possible solution to an old problem. Livest Sci. 2014:166:
26-34. https:/doi.org/10.1016/).livsci.2014.05.034.

Dabney J, et al. Complete mitochondrial genome sequence of a Middle
Pleistocene cave bear reconstructed from ultrashort DNA frag-
ments. Proc Natl Acad Sci U S A. 2013:110:15758-15763.
https:/doi.org/10.1073/pnas.1314445110.

Danecek P, et al. Twelve years of SAMtools and BCFtools. Gigascience.
2021:10(2):giab008. https://doi.org/10.1093/gigascience/giab008.

Dehasque M, et al. Development and optimization of a silica column-
based extraction protocol for ancient DNA. Genes [Internet].
2022:13:687. https:/doi.org/10.3390/genes13040687.

Dehasque M, et al. Temporal dynamics of woolly mammoth genome
erosion prior to extinction. Cell. 2024:187:3531-3540.e13.
https:/doi.org/10.1016/j.cell.2024.05.033.

Diez-del-Molino D, Sanchez-Barreiro F, Barnes |, Gilbert MTP, Dalen L.
Quantifying temporal genomic erosion in endangered species.
Trends Ecol Evol. 2018:33:176-185. https:/doi.org/10.1016/j.
tree.2017.12.002.

Dussex N, et al. Population genomics of the critically endangered
kakapo. Cell Genom. 2021:1:100002. https:/doi.org/10.1016/].
xgen.2021.100002.

Fordham DA, et al. 52,000 years of woolly rhinoceros population
dynamics reveal extinction mechanisms. Proc Natl Acad Sci U S A.
2024:121:2316419121. https:/doi.org/10.1073/pnas.2316419121.

Frankham R. Genetics and extinction. Biol Conserv. 2005:126:
131-140. https:/doi.org/10.1016/j.biocon.2005.05.002.

Gilbert MTP, et al. Whole-genome shotgun sequencing of mitochon-
dria from ancient hair shafts. Science. 2007:317:1927-1930.
https:/doi.org/10.1126/science.1146971.

Graham RW, et al. Timing and causes of mid-Holocene
mammoth extinction on St. Paul Island, Alaska. Proc Natl Acad
Sci U S A 2016:113:9310-9314. https:/doi.org/10.1073/pnas.
1604903113.

Genome Biol. Evol. 18(1) https://doi.org/10.1093/gbe/evaf239  Advance Access publication 14 January 2026 9

920z Asenuer | uo 1sanb Aq gzZ/ 1L ¥8/6E€Z1BAS/L /8L /81o1e/8q6/Ww0oo dno olwapeoe//:sdily Woil papEojuMO(]


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf239#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf239#supplementary-data
https://doi.org/10.1016/j.quascirev.2010.05.031
https://doi.org/10.1016/j.quascirev.2010.05.031
https://doi.org/10.1016/j.cub.2020.09.051
https://doi.org/10.1038/s41586-022-04824-9
https://doi.org/10.1038/s41586-022-04824-9
https://doi.org/10.1038/s41576-022-00448-x
https://doi.org/10.1038/s41576-022-00448-x
https://doi.org/10.1093/nar/gkp1163
https://doi.org/10.1111/jbi.13214
https://doi.org/10.1017/S0016672399004152
https://doi.org/10.1017/S0016672399004152
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.4161/fly.19695
https://doi.org/10.1016/j.livsci.2014.05.034
https://doi.org/10.1073/pnas.1314445110
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.3390/genes13040687
https://doi.org/10.1016/j.cell.2024.05.033
https://doi.org/10.1016/j.tree.2017.12.002
https://doi.org/10.1016/j.tree.2017.12.002
https://doi.org/10.1016/j.xgen.2021.100002
https://doi.org/10.1016/j.xgen.2021.100002
https://doi.org/10.1073/pnas.2316419121
https://doi.org/10.1016/j.biocon.2005.05.002
https://doi.org/10.1126/science.1146971
https://doi.org/10.1073/pnas.1604903113
https://doi.org/10.1073/pnas.1604903113

Gudjoénsdattir et al.

Gunther T, Nettelblad C. The presence and impact of reference bias on
population genomic studies of prehistoric human populations.
PLoS Genet. [Internet]. 2019:15:e1008302. https:/doi.org/10.
1371/journal.pgen.1008302.

Harrel Jr. Frank E. Hmisc: Harrell Miscellaneous. R package Version
5.2.3. 2025. https://github.com/harrelfe/hmisc.

Haubold B, Pfaffelhuber P, Lynch M. mIRho—a program for estimating
the population mutation and recombination rates from shotgun-
sequenced diploid genomes. Mol Ecol. 2010:19:277-284.
https:/doi.org/10.1111/j.1365-294X.2009.04482 .x.

Jensen EL, Leigh DM. Using temporal genomics to understand contem-
porary climate change responses in wildlife. Ecol Evol. 2022:12(9):
€9340. https://doi.org/10.1002/ece3.9340.

Kandyba AV, Fedorov SE, Dmitriev Kl, Protodyakonov KI. A new late
neo-pleistocene archaeological object Syalakh site in the Russian
arctic region. Problems of archaeology, ethnography, anthropology
of Siberia and neighboring territories. IAET SB RAS; 2015. p. 90-93.

Kutschera VE, et al. GenErode: a bioinformatics pipeline to investigate
genome erosion in endangered and extinct species. BMC
Bioinformatics [Internet]. 2022:23:228. https:/doi.org/10.1186/
$12859-022-04757-0.

Li H, et al. The sequence alignment/map format and SAMtools.
Bioinformatics.  2009:25:2078-2079. https:/doi.org/10.1093/
bioinformatics/btp352.

Li H, Durbin R. Fast and accurate short read alignment with Burrows—
Wheeler transform. Bioinformatics. 2009:25:1754-1760. https:/
doi.org/10.1093/bioinformatics/btp324.

Li H, Durbin R. Inference of human population history from individual
whole-genome sequences. Nature. 2011:475:493-496. https:/
doi.org/10.1038/nature10231.

Liu SL, et al. Ancient and modern genomes unravel the evolutionary
history of the rhinoceros family. Cell. 2021:184:4874-4885.e16.
https:/doi.org/10.1016/j.cell.2021.07.032.

Lord E, et al. Pre-extinction demographic stability and genomic signa-
tures of adaptation in the woolly rhinoceros. Curr Biol. 2020:30:
3871-3879.e7. https:/doi.org/10.1016/j.cub.2020.07.046.

Mays HL, et al. Genomic analysis of demographic history and ecologic-
al niche modeling in the endangered Sumatran rhinoceros
Dicerorhinus sumatrensis. Curr Biol. 2018:28:70-76.e4. https:/
doi.org/10.1016/j.cub.2017.11.021.

McKenna A, et al. The genome analysis toolkit: a MapReduce framework
for analyzing next-generation DNA sequencing data. Genome Res.
2010:20:1297-1303. https:/doi.org/10.1101/gr.107524.110.

Melbourne BA, Hastings A. Extinction risk depends strongly on factors
contributing to stochasticity. Nature. 2008:454:100-103. https:/
doi.org/10.1038/nature06922.

Meyer M, et al. From micrograms to picograms: quantitative PCR re-
duces the material demands of high-throughput sequencing.
Nucleic Acids Res. [Internet]. 2008:36:e5. https:/doi.org/10.
1093/nar/gkm1095.

Meyer M, Kircher M. lllumina sequencing library preparation for highly
multiplexed target capture and sequencing. Cold Spring Harb.
Protoc. [Internet]. 2010:2010:pdb.prot5448. https:/doi.org/10.
1101/pdb.prot5448.

Morin PA, et al. Reference genome and demographic history of the
most endangered marine mammal, the vaquita. Mol Ecol Resour.
2021:21:1008-1020. https:/doi.org/10.1111/1755-0998.13284.

Narasimhan V, et al. BCFtools/RoH: a hidden Markov model approach
for detecting autozygosity from next-generation sequencing data.
Bioinformatics. 2016:32:1749-1751.  https:/doi.org/10.1093/
bioinformatics/btw044.

Orlando L, et al. Ancient DNA analysis reveals woolly rhino evolution-
ary relationships. Mol Phylogenet Evol. 2003:28:485-499. https:/
doi.org/10.1016/S1055-7903(03)00023-X.

Palkopoulou E, et al. Complete genomes reveal signatures of demographic
and genetic declines in the woolly mammoth. Curr Biol. 2015:25:
1395-1400. https:/doi.org/10.1016/j.cub.2015.04.007.

Petnerova P, et al. Population genomics of the muskox' resilience in
the near absence of genetic variation. Mol Ecol. 2024:33:
e17205. https:/doi.org/10.1111/mec.17205.

Pemberton TJ, et al. Genomic patterns of homozygosity in worldwide
human populations. Am J Hum Genet. 2012:91:275-292. https:/
doi.org/10.1016/j.ajhg.2012.06.014.

Purcell S, et al. PLINK: a tool set for whole-genome association and
population-based linkage analyses. Am J Hum Genet. 2007:81:
559-575. https:/doi.org/10.1086/519795.

Purvis A, Gittleman JL, Cowlishaw G, Mace GM. Predicting extinction
risk in declining species. Proc R Soc Lond B Biol Sci. 2000:267:
1947-1952. https:/doi.org/10.1098/rspb.2000.1234.

Puzachenko YA, Levchenko AV, Bertuch F, Zazovskaya PE, Kirillova VI.
Late Pleistocene chronology and environment of woolly rhinoceros
(Coelodonta antiquitatis (Blumenbach, 1799)) in Beringia. Quat.
Sci. Rev. [Internet]. 2021:263:106994. https:/doi.org/10.1016/j.
quascirev.2021.106994.

Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing
genomic features. Bioinformatics. 2010:26:841-842. https:/doi.
org/10.1093/bioinformatics/btq033.

Ramsey CB, Lee S. Recent and planned developments of the program
Oxcal. Radiocarbon. 2013:55:720-730. https:/doi.org/10.1017/
S0033822200057878.

R Core Team. R: a language and environment for statistical
computing. Vienna, Austriaz R Foundation for Statistical
Computing. 2021. https://www.R-project.org/.

Reimer PJ, et al. The Intcal20 Northern Hemisphere radiocarbon age
calibration curve (0-55 Cal Kbp). Radiocarbon. 2020:62:
725-757. https:/doi.org/10.1017/RDC.2020.41.

Robinson JA, et al. Genomic signatures of extensive inbreeding in Isle
Royale wolves, a population on the threshold of extinction. Sci
Adv. 2019:5:eaau0757. https:/doi.org/10.1126/sciadv.aau0757.

Roth TL, et al. Sexual maturation in the Sumatran rhinoceros
(Dicerorhinus sumatrensis). Zoo Biol. 2013:32:549-555. https:/
doi.org/10.1002/z00.21089.

Sanchez-Barreiro F, et al. 2021. Historical population declines
prompted significant genomic erosion in the northern and south-
ern white rhinoceros (Ceratotherium simum). Mol Ecol. 30:
6355-6369. https:/doi.org/10.1111/mec.16043.

Sanchez-Barreiro F, et al. Historic sampling of a vanishing beast: popu-
lation structure and diversity in the black rhinoceros. Mol Biol Evol.
2023:40(9):msad180. https://doi.org/10.1093/molbev/msad180.

Seeber PA, et al. Mitochondrial genomes of Pleistocene megafauna re-
trieved from recent sediment layers of two Siberian lakes. Elife.
2024:12:RP89992. https://doi.org/10.7554/elLife.89992.

Sharko FS, et al. Steller’s sea cow genome suggests this species began going
extinct before the arrival of Paleolithic humans. Nat Commun.
2021:12:2215. https:/doi.org/10.1038/541467-021-22567-5.

Stuart AJ, Lister AM. Extinction chronology of the woolly rhinoceros
Coelodonta antiquitatis in the context of late Quaternary mega-
faunal extinctions in northern Eurasia. Quat Sci Rev. 2012:51:
1-17. https:/doi.org/10.1016/j.quascirev.2012.06.007.

Treangen TJ, Salzberg SL. Repetitive DNA and next-generation se-
guencing: computational challenges and solutions. Nat. Rev.
Genet. [Internet]. 2012:13:36-46. https:/doi.org/10.1038/
nrg3117.

Van der Valk T, et al. Million-year-old DNA sheds light on the genomic
history of mammoths. Nature. 2021:591:265-269. https:/doi.org/
10.1038/541586-021-03224-9.

Van der Valk T, Diez-Del-Molino D, Marques-Bonet T, Guschanski K,
Dalén L. Historical genomes reveal the genomic consequences of

10  Genome Biol. Evol. 18(1) https://doi.org/10.1093/gbe/evaf239  Advance Access publication 14 January 2026

920z Asenuer | uo 1sanB Aq 82/ 11 ¥8/6€Z1eAd/ L /81 /aI01E/qB/ W00 dno-olwapese//:sdny Wwoly papeojumoq


https://doi.org/10.1371/journal.pgen.1008302
https://doi.org/10.1371/journal.pgen.1008302
https://github.com/harrelfe/hmisc
https://doi.org/10.1111/j.1365-294X.2009.04482.x
https://doi.org/10.1002/ece3.9340
https://doi.org/10.1186/s12859-022-04757-0
https://doi.org/10.1186/s12859-022-04757-0
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1038/nature10231
https://doi.org/10.1038/nature10231
https://doi.org/10.1016/j.cell.2021.07.032
https://doi.org/10.1016/j.cub.2020.07.046
https://doi.org/10.1016/j.cub.2017.11.021
https://doi.org/10.1016/j.cub.2017.11.021
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/nature06922
https://doi.org/10.1038/nature06922
https://doi.org/10.1093/nar/gkm1095
https://doi.org/10.1093/nar/gkm1095
https://doi.org/10.1101/pdb.prot5448
https://doi.org/10.1101/pdb.prot5448
https://doi.org/10.1111/1755-0998.13284
https://doi.org/10.1093/bioinformatics/btw044
https://doi.org/10.1093/bioinformatics/btw044
https://doi.org/10.1016/S1055-7903(03)00023-X
https://doi.org/10.1016/S1055-7903(03)00023-X
https://doi.org/10.1016/j.cub.2015.04.007
https://doi.org/10.1111/mec.17205
https://doi.org/10.1016/j.ajhg.2012.06.014
https://doi.org/10.1016/j.ajhg.2012.06.014
https://doi.org/10.1086/519795
https://doi.org/10.1098/rspb.2000.1234
https://doi.org/10.1016/j.quascirev.2021.106994
https://doi.org/10.1016/j.quascirev.2021.106994
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1017/S0033822200057878
https://doi.org/10.1017/S0033822200057878
https://www.R-project.org/
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1126/sciadv.aau0757
https://doi.org/10.1002/zoo.21089
https://doi.org/10.1002/zoo.21089
https://doi.org/10.1111/mec.16043
https://doi.org/10.1093/molbev/msad180
https://doi.org/10.7554/eLife.89992
https://doi.org/10.1038/s41467-021-22567-5
https://doi.org/10.1016/j.quascirev.2012.06.007
https://doi.org/10.1038/nrg3117
https://doi.org/10.1038/nrg3117
https://doi.org/10.1038/s41586-021-03224-9
https://doi.org/10.1038/s41586-021-03224-9

)
o oty | ®:
Near-Extinction Woolly Rhinoceros Genome Shows no Recent Inbreeding VW

recent population decline in eastern gorillas. Curr Biol. 2019:29:
165-170.€6. https:/doi.org/10.1016/j.cub.2018.11.055.

von Seth J, et al. Genomic insights into the conservation status of the
world’s last remaining Sumatran rhinoceros populations. Nat
Commun. 2021:12:2393. https://doi.org/10.1038/541467-021-
22386-8.

Wang M-S, et al. A polar bear paleogenome reveals extensive ancient
gene flow from polar bears into brown bears. Nat Ecol Evol.
2022:6:936-944. https:/doi.org/10.1038/541559-022-01753-8.

Wang Y, et al. Late Quaternary dynamics of Arctic biota from ancient
environmental genomics. Nature. 2021:600:86-92. https:/doi.
org/10.1038/541586-021-04016-x.

Zhou X, et al. Baiji genomes reveal low genetic variability and new in-
sights into secondary aquatic adaptations. Nat Commun. 2013:4:
2708. https:/doi.org/10.1038/ncomms3708.

Associate editor: Aida Andres

Genome Biol. Evol. 18(1) https://doi.org/10.1093/gbe/evaf239  Advance Access publication 14 January 2026 11

920z Asenuer | uo 1sanB Aq 82/ 11 ¥8/6€Z1eAd/ L /81 /aI01E/qB/ W00 dno-olwapese//:sdny Wwoly papeojumoq


https://doi.org/10.1016/j.cub.2018.11.055
https://doi.org/10.1038/s41467-021-22386-8
https://doi.org/10.1038/s41467-021-22386-8
https://doi.org/10.1038/s41559-022-01753-8
https://doi.org/10.1038/s41586-021-04016-x
https://doi.org/10.1038/s41586-021-04016-x
https://doi.org/10.1038/ncomms3708

	Genome Shows no Recent Inbreeding in Near-Extinction Woolly Rhinoceros Sample Found in Ancient Wolf's Stomach
	Introduction
	Materials and Methods
	Sample Information
	Sample Processing of Tumat 14k
	DNA Extraction and Genomic Libraries Preparation
	Sequencing
	Quantification and Sequencing

	Data Processing
	Alignment of Sequencing Data

	Downstream Analyses
	Variant Calling
	Demographic Reconstruction and Population Structure
	Heterozygosity
	Inbreeding
	Genetic Load
	Derived Variants


	Results
	Generating a High-Coverage Woolly Rhinoceros Genome from the Stomach Content of an Ancient Wolf
	Identification of Nonendogenous DNA Content
	Demographic History of Late Pleistocene Woolly Rhinoceros
	No Recent Inbreeding Close to Extinction

	Discussion
	Conclusion
	Supplementary Material
	Acknowledgments
	Author Contributions
	Funding
	Conflict of Interest
	Data Availability
	Literature Cited


