Cell

Ancient and modern genomes unravel the
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resolves the evolutionary relationships
within the Rhinocerotidae family and
reveals that low genetic diversity is a
long-term feature of rhinoceroses.
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SUMMARY

Only five species of the once-diverse Rhinocerotidae remain, making the reconstruction of their evolutionary
history a challenge to biologists since Darwin. We sequenced genomes from five rhinoceros species (three
extinct and two living), which we compared to existing data from the remaining three living species and a
range of outgroups. We identify an early divergence between extant African and Eurasian lineages, resolving
a key debate regarding the phylogeny of extant rhinoceroses. This early Miocene (~16 million years ago
[mya]) split post-dates the land bridge formation between the Afro-Arabian and Eurasian landmasses. Our
analyses also show that while rhinoceros genomes in general exhibit low levels of genome-wide diversity,
heterozygosity is lowest and inbreeding is highest in the modern species. These results suggest that while
low genetic diversity is a long-term feature of the family, it has been particularly exacerbated recently, likely
reflecting recent anthropogenic-driven population declines.

INTRODUCTION all of which are highly endangered and global priorities for con-

servation. Rhinocerotoidea, the clade including the rhinoceros

Understanding the relationships among rhinoceros species and
when they diverged has been a question addressed by evolu-
tionary biologists since the dawn of the field. Darwin himself dis-
cussed the topic in 1842 as one of a handful of examples in his
short treatise on evolution that preceded On the Origin of Spe-
cies in 1859 (Darwin, 1909). Although rhinoceroses were once
a diverse clade, extant rhinoceroses comprise only five species,
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family (Rhinocerotidae), diverged from tapirs 55-60 million years
ago (mya) in either Eurasia or North America (Bai et al., 2020). The
family subsequently radiated into at least 100 species distributed
across Africa, Eurasia, North, and Central America (Cerdeno,
1998) and included some of the largest land mammals that
ever lived. Most rhinocerotids went extinct prior to the Pleisto-
cene, with just nine species surviving into the Late Pleistocene,
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during which additional extinctions occurred. These consist of
the five extant species, as well as the now-extinct Siberian uni-
corn (Elasmotherium sibiricum), Merck’s rhinoceros (Stephano-
rhinus kirchbergensis) and its relative Stephanorhinus hemitoe-
chus (not studied here), and the woolly rhinoceros (Coelodonta
antiquitatis).

Despite decades of study, fundamental questions remain
regarding the evolutionary relationships among the extant rhi-
noceros species and their recently extinct relatives. Further-
more, several rhinoceros species lack available genomic re-
sources that would allow applications, including DNA-based
monitoring, conservation management, and environmental
DNA studies. To address these questions and needs, we
analyzed a genome dataset representing eight rhinoceros spe-
cies (Figure 1), including all seven genera that survived into the
Late Pleistocene (Cerdefio, 1998). Our data include the five
extant rhinoceros species represented by four de novo genome
assemblies of black (Diceros bicornis), white (Ceratotherium si-
mum), Sumatran (Dicerorhinus sumatrensis), and greater one-
horned (Rhinoceros unicornis, also known as Indian) rhinocer-
oses and a resequenced genome of a Javan rhinoceros
(R. sondaicus). The Javan rhinoceros genome was retrieved
from a museum specimen dating to 1838 and resequenced
to high coverage (25x). In addition, we sequenced the ge-
nomes of three extinct rhinoceros species from Late Pleisto-
cene fossils that are close to, or beyond, the radiocarbon
dating limit of ~50 thousand years ago (kya), specifically a
Siberian unicorn, a Merck’s rhinoceros, and a woolly rhinoc-
eros, sequenced to 9%, 12x, and 35% coverage, respectively
(Table S1).

RESULTS

Resolving the rhinoceros phylogeny

Three hypotheses have been proposed to explain the phyloge-
netic relationships within living Rhinocerotidae: (1) the “horn hy-
pothesis,” which groups the two-horned rhinoceros species
together, specifically placing the Sumatran rhinoceros as sister
to the African Diceroti (black and white rhinoceroses) and has
been supported by morphology (Antoine et al., 2010), genetic
(e g. Steiner and Ryder, 2011), and paleoproteomic analyses of
dental enamel (Cappellini et al., 2019); (2) the “geographical hy-
pothesis,” which places the Asian species together, with Suma-
tran as sister to the greater one-horned and Javan rhinoceroses,
and is based on morpho-anatomical evidence (Antoine et al.,
2021), biogeographic parsimony, genetic analyses using a
limited number of loci (Kirillova et al., 2017; Kosintsev et al.,
2019; Orlando et al., 2003; Tougard et al., 2001), and paleopro-
teomic analysis using collagen sequences (Welker et al., 2017);
and (3) a hypothesis that the Sumatran rhinoceros is sister to
the clade comprising the four other extant species, which has
been supported by a more recent analysis of complete mito-
chondrial genomes (Margaryan et al., 2020). These conflicting
hypotheses emphasize the limitations of using lower-resolution
markers in reconstructing evolutionary relationships within Rhi-
nocerotidae and highlight the potential of applying phyloge-
nomic approaches. Prior studies have also debated the phyloge-
netic placement of the three extinct species included in this
study. For example, the relationship of Merck’s and woolly
rhinoceroses to each other, the Sumatran rhinoceros, and the
two African Diceroti remained contentious due to contrasting
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The historical distribution range maps of the five extant species use information published previously (Dinerstein, 2003; Havmeller et al., 2016; Khan and van
Strien, 1997; Rookmaaker and Antoine, 2012), while the ranges of the three extinct species were drawn based on their fossil records (Kahlke and Lacombat, 2008;
Kosintsev et al., 2019, 2020; Shpansky and Boeskorov, 2018). All ranges are approximations aimed at conveying each species’ general, rather than detailed,
distribution. As the greater one-horned rhinoceros sample derives from captive-born zoo stock, a geographic origin is not shown.

conclusions drawn from morpho-anatomical versus mitoge-
nomic and paleoproteomic evidence (Antoine et al., 2021; Cap-
pellini et al., 2019; Kirillova et al., 2017; Kosintsev et al., 2019).
To circumvent the problem of reference genome biases (Go-
palakrishnan et al., 2017; Heintzman et al., 2017; Figures S1A
and S1B), we conducted whole-genome alignments for the eight
rhinoceros species using domestic horse (Equus caballus) as an
outgroup. We then inferred a genome-wide species tree summa-
rizing the phylogenetic signal from individual gene trees based
on 22,066 100-kb genomic windows. Our phylogenomic analysis
identified three major clades within the subfamily Rhinocerotinae
and provided strong support for the geographical hypothesis of
rhinoceros evolution. A clade comprising the two African species
Diceros bicornis and Ceratotherium simum, the Diceroti, is the
sister lineage to the remaining rhinoceroses in our dataset (with
the exception of the Siberian unicorn). A second clade includes
the Sumatran, Merck’s, and woolly rhinoceroses (hereafter
referred to as the Dicerorhinus-Coelodonta-Stephanorhinus
[DCS] clade), all of which have current or past geographic ranges
that include parts of Asia. The third clade includes the two Rhi-
noceros species (Figure 2A). Thus, the principal divergence
among the rhinoceros lineages is related to the geographical di-
vision between species on the African and Eurasian continents.
Our phylogenomic analyses confirm prior conclusions based
on morphological and biomolecular evidence (Figure 2A) that
place the extinct Siberian unicorn as outgroup to the subfamily
Rhinocerotinae (P.-O.A., unpublished data; Becker et al., 2013;
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Kosintsev et al., 2019). Within the DCS clade, we found strong
support for the Sumatran rhinoceros as sister to the clade that
includes the extinct Merck’s and woolly rhinoceroses. A remain-
ing challenge is understanding the relationships of more ancient
extinct species, for which DNA remains unrecoverable. As our
findings suggest that results based purely on morphology (the
horn hypothesis) are not supported, attempting to fill in the rest
of the phylogeny based solely on the morphology of extinct
taxa may prove difficult.

Gene flow among species

While we were able to resolve a genome-wide rhinoceros spe-
cies tree, we uncovered significant phylogenetic discordance
across the rhinoceros genomes, suggesting gene flow or incom-
plete lineage sorting (ILS) among taxa. While this topology repre-
sents the dominant signal of species relationships across the
whole genome, analyses of individual chromosomes did not al-
ways recover the same topology (Figure S1C). Most prominently,
we observed that the species-tree position of the DCS clade was
supported by only ~45% of the individual sliding-window trees,
which is substantially fewer than recovered for other nodes in the
phylogeny (Figure 2B). Because a genomic region of 100 kb in
length may contain multiple recombination breakpoints, we
also inferred gene trees using 5-kb alignments randomly sub-
sampled from within each 100-kb sliding window. The results
corroborated the phylogenetic discordance discovered in the
initial dataset (Figure S1D). We then simulated the gene tree
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Figure 2. Phylogeny of the Rhinocerotidae

(A) Dated species tree of the Rhinocerotidae based on a consensus of trees generated every 100 kb across the genome using maximum likelihood methods and
multiple fossil calibrations as detailed in STAR Methods. Blue horizontal bars show 95% confidence intervals of estimated divergence dates between lineages.

Black crosses indicate extinct species.

(B and C) Frequency of the three bipartitions induced by branches 4 and 5 (B) in the tree (C). Numbers on the x axis text and header (B) correspond to the branch
identity of the tree (C). For example 4,7|8,9 represents the bipartition ((horse and tapir, Elasmotherium) Diceroti) | (Rhinoceros, DCS) induced by branch 5.

distribution expected under a hypothesis of genetic drift with ILS
and compared this to the empirical data. We found disagreement
between the simulated and empirical data, suggestive of both
ILS and gene flow as the cause of the diminished support for
the species tree. We found in the empirical data an excess of
gene tree topologies supporting the placement of the Sumatran
rhinoceros as sister to the other species of the Rhinocerotinae
subfamily, as observed previously in some mitochondrial phy-

logenies (Willerslev et al., 2009; Margaryan et al., 2020;
Figure 2B).

To further explore the origins of the phylogenomic discor-
dances, we used D-statistics analyses to differentiate ancient
gene flow events from ILS (Green et al., 2010). The use of this
method can be problematic when applied to relatively divergent
species due both to possible violations in assumptions such as
equal mutation rates and the infinite sites model and biases
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derived from the mapping of resequenced data to a reference
genome (Figures S2A and S2B). Despite these potential sources
of error, the D-statistics are congruent with the phylogenomic
analyses in suggesting that gene flow and ILS occurred between
the ancestors of the Diceroti and Rhinoceros species (Figures 2B
and 2C). This gene flow may have been enabled by the Eurasian
origin of both African species (Antoine et al., 2021; Geraads,
2005, 2020). Our analyses also revealed an excess of shared
derived alleles between the two extinct members of the DCS
clade (Merck’s and woolly rhinoceroses) and both representa-
tives of Rhinoceros, suggesting gene flow between these two
pairs of lineages. We found no evidence of excess shared
derived alleles between the Sumatran rhinoceros and either Rhi-
noceros species (Figure S2D), despite their closer geographic
proximity (Figure 1). This suggests either no gene flow or similar
levels of gene flow between the Sumatran rhino and both Rhi-
noceros species. These differential patterns of gene flow may
explain the discrepancy of the phylogenetic placement of the
Sumatran rhinoceros as sister to the genus Rhinoceros based
on nuclear DNA versus sister to all other members of the subfam-
ily Rhinocerotinae in some mitochondrial phylogenies (Willerslev
et al., 2009; Margaryan et al., 2020).

Timing of divergence between species

We used fossil data to calibrate our phylogeny and estimate
lineage divergence times (Figure 2A). This resulted in a ~65
mya estimate for the common ancestor of horses, tapirs, and
rhinoceroses and a ~36 mya estimate for the common
ancestor of the extinct rhinoceros subfamily Elasmotheriinae
and the extant subfamily Rhinocerotinae. The three major
clades within the Rhinocerotinae subfamily diverged ~16 mya
(Figure 2A), at the end of the early Miocene and around the
time of the Miocene climatic optimum (17-14 mya), a period
that was ~3°C-4°C warmer than present (Lewis et al., 2008;
Sosdian et al., 2020). Diversification occurred after the forma-
tion of the terrestrial connection between the Afro-Arabian
and Eurasian landmasses ~20 mya (Van Couvering and Del-
son, 2020). We hypothesize that this land bridge enabled
dispersal events followed by vicariance, as is well documented
with the immigration into Africa from Eurasia of early rhinocer-
otids, giraffids, suids, and viverrids and the emigration from
Africa to Eurasia of apes, deinotheres, and elephantoids,
among others (Van Couvering and Delson, 2020).
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Drivers of low genetic diversity

Previous genomic studies on black, white, and Sumatran rhinoc-
eroses identified low levels of genetic diversity (Mays et al., 2018;
Moodley et al., 2020; Tunstall et al., 2018). These findings are
consistent with the observation that all extant rhinoceros species
have gone through recent population size declines, even though
some species (white and greater one-horned rhinoceroses) have
since recovered (Ellis and Talukdar, 2019; Emslie, 2020; Rook-
maaker and Antoine, 2012). However, low genetic diversity can
also be a consequence of particular life-history traits and/or
long-term small population size (Westbury et al., 2018, 2019;
Xue et al., 2015). To investigate this, we calculated genome-
wide heterozygosity (GWH) for all eight rhinoceros species and
compared these estimates with GWH in a range of other animal
species, including ruminants and, more broadly, mammals. We
assessed whether GWH levels are lower in genomes recovered
from present-day animals (i.e., black, white, greater one-horned,
and Sumatran rhinoceroses) compared to GWH in genomes
recovered from specimens that pre-date the human-mediated
declines during the last 100 years (i.e., the nearly 180-year-old
Javan rhinoceros genome as well as the genomes from the three
extinct species).

We estimated GWH based on transversions only to limit the
potential influence of DNA damage on estimates from the
ancient and historical genomes. However, for comparability
with published results for other taxa, which incorporate all vari-
able sites, we recalibrated our estimates based on the expected
transition/transversion ratio (see Figure S3A). Our results
showed that present-day rhinoceros genomes exhibit signifi-
cantly lower GWH compared to the historical Javan and extinct
genomes (one-way ANOVA, n=8, F = 7.4, p = 0.04). On the other
hand, our comparison with a broad range of animals shows that
rhinoceroses in general display comparatively low levels of
GWH, especially relative to not only the combined dataset of
all animals but also ruminants and other large herbivores (Fig-
ure 3A). The only mammalian family displaying lower average
levels of GWH was the Felidae (Figure S3B), which is not unex-
pected, as carnivores/predators are generally less abundant
than herbivores/prey (Owen-Smith, 2015). These findings are
robust to choice of reference genome used in our analyses
(see Figure S3C).

To better contextualize the observed levels of GWH, we char-
acterized the inbreeding levels in our genomes through
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distributions of runs of homozygosity (ROH). To evaluate the
robustness of our results, we first explored the effect of
excluding transitions on ROH inference (Figure S4A). This anal-
ysis indicated that a reliance solely on transversions shifts the
distribution of ROH segments to longer stretches but that this
is only a problem for species with low overall GWH. Since all
the resequenced genomes (Javan, Siberian unicorn, Merck’s,
and woolly rhinoceroses) exhibit higher GWH than at least three
of the de novo assembled genomes (black, white, Sumatran, and
greater one-horned rhinoceros), a reliance solely on transver-
sions for these individuals may somewhat artificially inflate the
length of ROH segments but should not bias our overall
interpretations.

We did not detect any ROH segments in the Siberian unicorn,
which may reflect its exceptional phylogenetic distance to the
white rhinoceros genome against which it was mapped, artifi-
cially inflating heterozygous sites (Figure S3C). In contrast,
ROH segments >2 Mb were detected in all other rhinoceros spe-
cies, where all species except the woolly rhinoceros also ex-
hibited stretches as long as 5 Mb. However, we observed signif-
icantly higher inbreeding levels (one-way ANOVA,n=7,F =36.7,
p = 0.002), which are proportional to the overall length of ROH
segments, in the genomes from present-day rhinoceroses
compared to the genomes of the historical Javan and extinct
Merck’s and woolly rhinoceroses (Figure 3B).

Overall, the comparisons of GWH and inbreeding levels sug-
gest that recent population declines caused by heavy anthro-
pogenic pressure in the 20th century (e.g., Player, 1973) re-
sulted in marked losses in genetic diversity, as well as
increased inbreeding levels. However, the genomes from his-
torical and extinct species, which were sampled either prior
to their recent population collapse or many thousands of years
before their extinction, also exhibit low levels of GWH when
compared to other animal species (Figure 3A). Moreover, the
observation of a moderate amount of long ROH segments in
the genomes from the Javan, Merck’s, and woolly rhinoceroses
is consistent with background inbreeding in these species. We
thus hypothesize that limited genetic diversity and moderate
inbreeding levels are intrinsic features of rhinoceros life history,
where low population densities and limited dispersal result in
increased genetic drift as well as occasional mating between
relatives.

Demography and mutational load

To further assess the genomic background of the overall low
GWH and moderate inbreeding levels in Rhinocerotidae, we
modeled changes in effective population size (Ng) throughout
the Pleistocene using the pairwise sequentially Markovian coa-
lescent (PSMC) model (Li and Durbin, 2011; Figure 4). Although
previous studies have reconstructed the demographic histories
for a subset of species, including black rhinoceros (Moodley
et al., 2020), white rhinoceros (Tunstall et al., 2018), Sumatran
rhinoceros (Mays et al., 2018), and woolly rhinoceros (Lord
et al., 2020), our combined analysis allows exploration of both
shared and unique responses through time. Overall, it is striking
that all eight species displayed either a general continual
decrease in N over the last two million years or a continuously
small N over extended time periods.

¢ CellP’ress

Previous studies have suggested that maintenance of a low
population size over extended periods of time allows for the
purging of deleterious alleles while keeping low genome-wide
levels of genetic diversity (Westbury et al., 2018, 2019; Xue
et al., 2015). Our finding that all rhinoceros species have had a
small Ng during extended periods of their history could thus indi-
cate a similar scenario.

To investigate how mutational load in Rhinocerotidae com-
pares to other species, we calculated ratios of loss-of-function
(LoF; generally highly deleterious) versus synonymous mutations
for seven of the rhinoceros species and 30 mammalian species
from diverse clades (Table S4). The results show that the levels
of mutational load in rhinoceroses fall within the range observed
among other present-day mammals (Figure 5). However, the
extinct and historic rhinoceros genomes (Siberian unicorn,
woolly, and Javan rhinoceroses) displayed a significantly higher
number of LoF mutations (Figure 5; one-way ANOVA, n = 7,
F =29.0, p = 0.003) compared to the present-day rhinoceros ge-
nomes (i.e., black, white, Sumatran, and greater one-horned
rhinoceroses). We thus find no evidence for an accumulation of
mutational load within the last decades for those species that
have gone through recent population declines. Although specu-
lative, we therefore hypothesize that extant rhinoceroses may
have undergone some purging of mutational load in connection
with their demographic declines in the last 100 years. However,
this hypothesis requires further testing, for example through
intra-specific comparisons of historical and modern genomes
that span these declines and, in some cases, recoveries (San-
chez-Barreiro et al., 2021; von Seth et al., 2021). Meanwhile, it
is worth noting that some of the species used in the analysis
were mapped onto their closely related species with available
reference genomes, and the qualities of genome assemblies
and annotations vary between species as well, both of which
could influence the accuracy of gene effect estimation.

DISCUSSION

Our combined rhinoceros genome dataset represents a valuable
resource for both the current and future study of the evolution
and biology of these species, including characterization of the
genetic basis of rhinoceros phenotypes (Table S5). For example,
we uncovered frameshift mutations in IFT43 (intraflagellar trans-
port 43) that could contribute to rhinoceroses’ poor eyesight.
IFT43 is involved in the formation and maintenance of cilia, which
are important for the development and function of the light-sen-
sitive tissue at the back of the eye (the retina) (Arts et al., 2011).

In the case of the Javan and greater one-horned rhinoceros,
our genome sequences also provide a basis for further species-
specific conservation genetic analyses. By analyzing this
dataset, we resolved a long-standing debate related to the evolu-
tionary history of living and recently extinct rhinoceroses and pro-
vided evidence that relatively low genomic heterozygosity and
moderate inbreeding levels may represent their long-term natural
state. These findings suggest that low levels of diversity and high
inbreeding observed in present-day rhinoceros genomes can
only partially be attributed to recent declines. This may be posi-
tive news for conservation, since it implies that recent declines
may have had less impact on the genetic aspects of population
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Figure 4. Demographic trajectory of the eight rhinoceros species

Each curve represents one species, with thin lines depicting bootstraps. The x axis corresponds to time before present in years on a log scale. LGM, last glacial
maximum. We assumed two different substitution rates (substitutions/site/generation, 1) and generation times (g) for our rhinoceros species and set the sample
age of the three extinct species to 50,000 years (see Table S1). The y axis corresponds to the effective population size (N,). Species are grouped by geographic
distribution: Africa, black and white rhinoceroses; South Asia, Sumatran, Javan, and greater one-horned rhinoceroses; and northern Eurasia, Siberian unicorn,

Merck’s, and woolly rhinoceroses.

viability than previously thought. Nonetheless, extant rhinocer-
oses undoubtedly face enormous challenges in the future, princi-
pally due to anthropogenic and environmental effects. A major
priority for rhinoceros conservation will be to halt illegal poaching
and ensure that there is sufficient carrying capacity for population
recovery. Our study highlights how genomics can complement
such actions by enabling monitoring of ongoing changes in ge-
netic variation, inbreeding, and mutational load.

Limitations of the study

Given the historic and ancient nature of the specimens from four
of the species studied, their DNA quality was not suitable for de
novo assembly; thus, their genome sequences were recovered
through mapping against other species. This process can intro-
duce biases in downstream analyses that can arise due to differ-
ential mapping efficiencies influenced by phylogenetic distance
to the reference genome, ancient DNA damage, and short read
lengths. Therefore, although we took several steps to alleviate
such influences, we highlight that this should be kept in mind.
Furthermore, it should be noted that the rhinoceros family was
once a speciose group, and only a small fraction of these were
studied here. Thus, given that we lack genome sequences
from the majority of the clade, clearly a huge gap will remain
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that needs to be bridged before we can fully understand the
evolutionary history of the rhinoceros family.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Javan rhinoceros This study NHM, UiO 734; NCBI:txid102233
Merck’s rhinoceros This study F-4160; NCBI:txid2003782
Siberian Unicorn This study IPAE 915/2804; NCBI:txid2491732
Woolly rhinoceros This study NDO036; NCBI:txid222863

Greater one-horned rhinoceros This study KB14498/SB137; NCBI:txid9809

Black rhinoceros
Sumatran rhinoceros

Moodley et al., 2020
Lord et al., 2020

GCA_013634535.1; NCBI:txid9805
GCA_014189135.1; NCBI:txid89632

White rhinoceros SAMNO00778988 GCF_000283155.1; NCBI:txid73337
Deposited data

Raw sequence data and assemblies This study NCBI Project Number PRINA687817
Custom scripts for genome alignment This study https://github.com/liushanlin/rhinoceros-

analysis

comparative-genome

Software and algorithms

AdapterRemoval v2.2.2

ALLPATHS-LG v.52485

ABYySS v.2.0.2

SOAPdenovo2

BUSCO v.5.0.0

RepeatMasker Open-4.0.2013-2015
RepeatRunner

Augustus v3.2.3
SNAP

Maker v2.31.10
BWA v0.7.17-r1188
LAST v1061
MULTIZ v11.2
ANGSD v0.924)
MAFFT v7.310

UCSC tools

RaxML v8.2.10
ASTRAL v5.6.3
DiscoVista v1.0
NW_utiles v1.5.0
EXONERATE v2.2.0

PAL2NAL v14

MCMCTree v4.8

Schubert et al., 2016

Gnerre et al., 2011

Simpson et al., 2009

Luo et al., 2015

Seppey et al., 2019

Arian Smit & Robert Hubley
Smith et al., 2007

Stanke et al., 2008

Korf, 2004

Holt and Yandell, 2011

Li and Durbin, 2009
Kietbasa et al., 2011
Blanchette et al., 2004
Korneliussen et al., 2014
Katoh and Standley, 2013

Kuhn et al., 2013
Stamatakis, 2014

Mirarab et al., 2014
Sayyari et al., 2018

Junier and Zdobnov, 2010
Slater and Birney, 2005

Suyama et al., 2006

Yang, 2007
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https://github.com/MikkelSchubert/
adapterremoval

http://software.broadinstitute.org/allpaths-Ig/
blog/?page_id=12
https://github.com/bcgsc/abyss
https://github.com/aquaskyline/SOAPdenovo2
https://busco.ezlab.org/
http://www.repeatmasker.org/

https://www.yandell-lab.org/software/
repeatrunner.html

http://bioinf.uni-greifswald.de/augustus/
https://github.com/KorfLab/SNAP
https://www.yandell-lab.org/software/maker.html
https://github.com/Ih3/bwa
https://gitlab.com/mcfrith/last
http://www.bx.psu.edu/miller_lab/
http://www.popgen.dk/angsd/index.php/ANGSD

https://mafft.cbrc.jp/alignment/software/
linuxportable.html

https://github.com/ucscGenomeBrowser/kent
https://github.com/stamatak/standard-RAxML
https://github.com/smirarab/ASTRAL
https://github.com/esayyari/DiscoVista
https://github.com/tjunier/newick_utils/wiki

https://www.ebi.ac.uk/about/
vertebrate-genomics/software/exonerate

https://github.com/drostlab/orthologr/tree/
master/inst/pal2nal/pal2nal.vi4

http://abacus.gene.ucl.ac.uk/software/paml.
html#download

(Continued on next page)


https://github.com/liushanlin/rhinoceros-comparative-genome
https://github.com/liushanlin/rhinoceros-comparative-genome
https://github.com/MikkelSchubert/adapterremoval
https://github.com/MikkelSchubert/adapterremoval
http://software.broadinstitute.org/allpaths-lg/blog/?page_id=12
http://software.broadinstitute.org/allpaths-lg/blog/?page_id=12
https://github.com/bcgsc/abyss
https://github.com/aquaskyline/SOAPdenovo2
https://busco.ezlab.org/
http://www.repeatmasker.org/
https://www.yandell-lab.org/software/repeatrunner.html
https://www.yandell-lab.org/software/repeatrunner.html
http://bioinf.uni-greifswald.de/augustus/
https://github.com/KorfLab/SNAP
https://www.yandell-lab.org/software/maker.html
https://github.com/lh3/bwa
https://gitlab.com/mcfrith/last
http://www.bx.psu.edu/miller_lab/
http://www.popgen.dk/angsd/index.php/ANGSD
https://mafft.cbrc.jp/alignment/software/linuxportable.html
https://mafft.cbrc.jp/alignment/software/linuxportable.html
https://github.com/ucscGenomeBrowser/kent
https://github.com/stamatak/standard-RAxML
https://github.com/smirarab/ASTRAL
https://github.com/esayyari/DiscoVista
https://github.com/tjunier/newick_utils/wiki
https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate
https://www.ebi.ac.uk/about/vertebrate-genomics/software/exonerate
https://github.com/drostlab/orthologr/tree/master/inst/pal2nal/pal2nal.v14
https://github.com/drostlab/orthologr/tree/master/inst/pal2nal/pal2nal.v14
http://abacus.gene.ucl.ac.uk/software/paml.html#download
http://abacus.gene.ucl.ac.uk/software/paml.html#download

Cell ¢ CelPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

PSMC Li and Durbin, 2011 https://github.com/Ih3/psmc
SnpEff Cingolani et al., 2012 https://github.com/pcingola/SnpEff
Bcftools v1.8 Li, 2011 https://samtools.github.io/bcftools/
GATK v3.8 Auwera et al., 2013 https://gatk.broadinstitute.org/hc/
IQ-Tree v1.6 Nguyen et al., 2015 https://github.com/Cibiv/IQ-TREE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact: Shanlin
Liu (shanlin.liu@cau.edu.cn).

Materials availability
This study did not generate any new unique reagents.

Data and code availability

Raw sequencing data and genome assemblies can be accessed at NCBI databases under project number Bio-
Project:PRJNA687817. The custom scripts for genome alignment analysis for the ancient and historical rhinoceros have been depos-
ited in https://github.com/liushanlin/rhinoceros-comparative-genome.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Source organisms

The specimen of the greater one-horned [Indian] rhinoceros (Rhinoceros unicornis) derives from cell culture held at the San Diego Zoo
(ID =KB14498, SB137) and originally derives from a captive born female individual, that in turn was derived from captive born parents
(Dam-100288 and Sire-100289). The specimen of black rhinoceros (Diceros bicornis) was provided by the Zululand Rhino Reserve,
South Africa (ID = 46373), and is detailed further in the original paper reporting its genome (Moodley et al., 2020). The Sumatran rhi-
noceros (Dicerorhinus sumatrensis) sample derives from blood sampled from an individual named Kertam by a staff at the Sabah
Wildlife Department in Borneo, Malaysia. Further details on this specimen are detailed in the original paper that released its genome
(Lord et al., 2020). The Javan rhinoceros (Rhinoceros sondaicus) genome derives from three sub-samples of dried soft tissue (two)
and bone (one) taken from a skull collected in 1838 in Java, that is currently kept in the collections of the Natural History Museum at
the University of Oslo (Natural History Museum, Oso; accession Museum id: 734). The woolly rhinoceros (Coelodonta antiquitatis)
specimen (ID = ND036; a femur) was collected along the Rakvachan River (N69° 17,80’ E167° 38,53’), on the Kyttyk Peninsula, Chu-
kotka, Russia. The sample has been radiocarbon dated twice, yielding radiocarbon age estimates of 46200 + 2300 '“C years BP
(OxA-36569) and 51980 + 4900 14C years BP (MAG-2095). The Siberian unicorn (Elasmotherium sibiricum) genome was generated
from a radius subsample of a specimen (IPAE 915/2804) that originated from Tobolsk, Russia (58°N 68°E) and has a radiocarbon age
of > 49,200 '*C years BP (OxA-34900). The genome of the Merck’s rhinoceros (Stephanorhinus kirchbergensis) derives from a first
molar (M1) tooth root that was subsampled from a complete cranium (National Alliance of Shidlovskiy “Ice Age,” Ice Age Museum,
Moscow; accession F-4160) recovered from the Chondon River valley in Yakutia, Russia (N70° 12’ E137°) and dated to between
48,000 and 70,000 years BP (Kirillova et al., 2017; Cappellini et al., 2019). Lastly the white rhinoceros (Ceratotherium simum simum)
genome was taken from the Broad Institute assembly that is publicly available at https://www.ncbi.nlm.nih.gov/assembly/
GCF_000283155.1/.

METHOD DETAILS

DNA isolation and sequencing

DNA of the Javan rhinoceros was extracted and prepared for sequencing in the ancient DNA laboratories at the GLOBE Institute,
University of Copenhagen, following standard clean lab procedures (Cappellini et al., 2012; Orlando et al., 2011). DNA was extracted
from dried soft tissue using a SDS - DTT - proteinase k buffer (Gilbert et al., 2007) and from bone using a EDTA - urea - proteinase k
buffer (Ersmark et al., 2015). Libraries were constructed following the BEST protocol (Caroe et al., 2017) with the modifications as in
Mak et al. (2017), and sequenced on the BGISeq500 platform at BGI Shenzhen, with a sequencing strategy of 50 PE.
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DNA was extracted from the woolly rhinoceros specimen at the ancient DNA laboratory at the Swedish Museum of Natural History
from 50 mg of bone powder collected using a Dremel drill. Then, we extracted DNA using a modified version of protocol C in Yang
et al. (1998) as described in Brace et al. (2012). Sequencing libraries were prepared following the BEST library build protocol (Caroe
et al., 2017), where the adaptor oligos were custom-designed for the BGISeq 500 Sequencing Platform (Mak et al., 2017). Libraries
were amplified in a 50 pL reaction containing 5 U AmpliTag Gold polymerase (Applied Biosystems, Foster City, CA), 1x
AmpliTagGold buffer, 2.5 mM MgCI2, 0.4 mg/mL bovine serum albumin (BSA), 0.2 mM each dNTP, 0.2 uM BGI forward primer
(Mak et al., 2017), 0.2 uM BGI reverse index-primer (Mak et al., 2017) and 10 pL of library DNA template. Amplified libraries were
sequenced on a BGISeq 500 platform at BGI Shenzhen with a SE100 sequencing strategy.

We extracted DNA from the Merck’s rhinoceros M1 tooth root, as previously reported by Kirillova et al. (2017) and generated data
as described in Cappellini et al. (2019). Briefly, in addition to the DNA extract obtained in Kirillova et al., a second DNA extraction was
performed following the previously reported methods (Dabney et al., 2013) in the University of California Santa Cruz Paleogenomics
laboratory. We constructed four libraries (single-indexed and double-stranded) for each DNA extract following the methods reported
by Meyer and Kircher (2010). The total of eight indexed libraries were pooled and sent to ScilLifeLab (Stockholm, Sweden) for
sequencing on two lanes of the lllumina HiSeg-X platform (150 PE). In addition, a subsample was processed in the ancient DNA lab-
oratories at the GLOBE Institute, University of Copenhagen, following the same protocols as described with the same library con-
struction method for the Javan rhinoceros, and sequenced on three lanes of PE100 data on a BGISeq 500 platform at BGI Shenzhen.

A subsample was taken from a radius (IPAE 915/2804) of the Siberian unicorn and DNA was extracted at the Australian Centre for
Ancient DNA (University of Adelaide) as previously reported by Kosintsev et al. (2019). A new lllumina sequencing library was created
for this study following the protocol described by Meyer and Kircher (2010) with an additional step added to excise deaminated cy-
tosines with the USER enzyme mix (New England Biolabs) as described by Briggs et al., (2010). The library was split into 8 separate
PCR reactions to minimize PCR bias and maintain library complexity. Each PCR of 25 uL contained 1 x HiFi buffer, 2.5 mM MgS04,
1 mM dNTPs, 0.5 mM each primer (containing a unique combination of 7-mer i5 and i7 indexes), 0.1 U Platinum Taq Hi-Fi polymerase
and 3 uL DNA. The cycling conditions were 94°C for 6 min; 7 cycles of 94°C for 30 s, 60°C for 30 s, and 68°C for 40 s; followed by 68°C
for 10 min. Following PCR, replicates were pooled and purified using 1.1x volume AxyPrep magnetic beads, eluted in 30 uL EB buffer,
and quantified using a TapeStation (Agilent Technologies). The library was sequenced on three lanes of an lllumina HiSeq X Ten at the
Garvan Institute of Medical Research (Sydney, Australia). 4 additional PCR reactions were conducted in Stockholm, Sweden. Each
PCR of 25 uL contained 1x AccuPrime reaction mix, 0.3 uM 1S4 amplification primer, 0.3 uM P7 indexing primer, 7 U AccuPrime Pfx
(Thermo Scientific) polymerase. The cycling conditions were 95°C for 2 min, 14 cycles at 95°C for 15 s, 60°C for 30 s and 68°C for
1 min. PCR replicates were pooled and purified using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA), eluted in
36 uL EB Buffer, and quantified using a high-sensitivity DNA chip on a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). The
library was subsequently sequenced on one lllumina HiSegX lane with a 2 x 151 bp setup in the High Output mode at SciLifeLab
(Stockholm, Sweden).

For the historic/ancient rhinoceros samples, although multiple sequencing libraries were constructed and some were sequenced
with different read length strategies, comparison tests of the different datasets found no bias differences (detailed in the Additional
resources section) and thus we merged them for the subsequent analyses.

High molecular weight DNA was extracted from a cell culture specimen from the San Diego Zoo (ID = KB14498, SB137) for the
greater one-horned rhinoceros using a Kingfisher duo prime extraction robot. Paired-end Truseq PCR-free libraries of insert size
of 180bp and 670bp were constructed and sequenced on the lllumina HiSeq X platform at ScilLifeLab (Stockholm, Sweden)
generating approximately 400 million paired-end (2x150bp) each. Additionally, three mate-pair libraries (3, 5 and 20 kb) from two
specimens, one from San Diego Zoo (KB17733) and one from Rotterdam Zoo (IR_104724), were constructed and sequenced for
approximately 100 million paired-end reads (2x150bp) each on the lllumina HiSeq X at ScilLifeLab (Stockholm, Sweden).

Genome assembly and annotation

We merged the paired-end reads for all the ancient and historic rhino samples (Siberian unicorn, Javan, Merck’s and woolly rhinoc-
eros) using a modified version of AdapterRemoval (Schubert et al., 2016) which masked the conflict bases that have identical
sequencing qualities to Ns and removed collapsed reads < 30 bp. Then, we mapped the short reads from those rhinoceros species
onto their corresponding genome references (Table S2) and obtained their genomes (consensus sequences) using the doFasta mod-
ule (-doFasta 2) in ANGSD (version 0.924) (Korneliussen et al., 2014) with a minimum requirement of mapping quality and base quality
of 20. A minimum depth of 5 was set for the Javan and woolly rhinoceros, and the minimum depth was set as 3 for the Siberian unicorn
and Merck’s rhinoceros due to their relatively lower coverages (~30x for the former pair, versus ~10x for the latter pair).

For the greater one-horned rhinoceros, we obtained its genome using a mate-pair assembly. Since assembly quality can vary for
different datasets, we used three different assemblers and evaluated their performance. The following assemblers for short read
sequence data were used: ALLPATHS-LG v.52485 (HAPLOIDIFY = True) (Gnerre et al., 2011), ABySS v.2.0.2 (-k = 61) (Simpson
etal., 2009) and SOAPdenovo2 v. 2.04 (-K 61) (Luo et al., 2015). Out of the three assemblers, ALLPATHS-LG was selected for down-
stream analyses as it produced the most gene-complete and the contiguous assembly (with a scaffold N50 of 27.7 Mbp. Gene
completeness was measured with BUSCO v.5.0.0 (Seppey et al., 2019) using the “mammalia_odb10” ortholog dataset, which
showed a low degree of missing, fragmented and duplicated genes: “C:96.2% [S:95.6%, D:0.6%], F:1.0%, M:2.8%, n:9226.”

e3 Cell 184, 4874-4885.e1-e7, September 16, 2021



Cell ¢? CellPress

The genome annotation of white rhinoceros is its original release with its genome assembly. Since genome annotations of both the
black and Sumatran rhinoceros were not released with their genome assemblies, we annotated the genomes of the black, Sumatran
and greater one-horned rhinoceroses as follows. First, repeats were masked using RepeatMasker (Smit, AFA, Hubley, R & Green, P.
RepeatMasker Open-4.0.2013-2015) with all (“model_org=all”’) species being included in the RepBase. Then, we masked the trans-
posable element proteins using RepeatRunner (Smith et al., 2007) and the repeat protein library te_proteins.fasta (downloaded from
http://weatherby.genetics.utah.edu/data/maker_tutorial.tgz). After that, we applied Ensemble (version 64) (Yates et al., 2020) for
homolog prediction with its amino acid datasets including Sus scrofa, Tursiops truncatus, Bos taurus, Drosophila melanogaster,
Vicugna pacos and Homo sapiens. De novo gene prediction was achieved with: a) Augustus (version 3.2.3) (Stanke et al., 2008),
where “human” was used as the gene prediction species model for Augustus; b) and SNAP (Korf, 2004) using the provided mammal
model (mam54). Finally, Maker (version 2.31.10) (Holt and Yandell, 2011) was used to weigh and merge different evidence, and obtain
protein-coding-gene sets for the black, Sumatran and greater one-horned rhinoceros.

Genome alignment and phylogenetic inference

The four de novo assembled rhinoceros genomes and the genome of tapir (Tapirus terrestris, GCA_004025025.1) were aligned to the
horse reference genome (Equus caballus, GCF_000002305.2) using LAST with parameters of -m 100 -E 0.05 (Kietbasa et al., 2011),
and each pairwise alignment was chained and netted to form high quality blocks. After that, the non-syntenic regions were filtered out
from each alignment. Finally, the pairwise local alignments were combined to generate a final multi-species whole genome alignment
(MWGA) using MULTIZ without reference fixed and with a radius of 50 in dynamic programming (Blanchette et al., 2004).

After generating the MWGA for all the de novo assemblies, a sliding window-based phylogenetic analysis was conducted along the
horse genome with a window size of 100 kb. A set of UCSC genome browser tools (Kuhn et al., 2013), including mafsinRegion, maf-
Filter, maf2fasta, and several in-house PERL scripts were applied to divide the whole genome alignment into sub-regions. Then, for
each sub-region, we included the genome sequences of the non-de novo sequenced rhinoceros samples, via extracting the corre-
sponding sequences based on the region coordinate information on their reference genomes, and conducted multiple sequence
alignment using MAFFT (Katoh and Standley, 2013). We also removed the alignments with effective length < 1,000 bp and effective
ratio < 0.5, of which the effective sites represent nucleotide sites that do not include missing information (Ns) for any taxa in the mul-
tiple sequence alignment. After that, the GTR+CAT model of RaxML (Stamatakis, 2014) was used to build Maximum Likelihood (ML)
phylogenetic trees for each window. Finally, the species tree was generated using the multi-species coalescent model-based soft-
ware ASTRAL Il (Mirarab et al., 2014), by combining all the regional trees.

Due to the poor quality of the endogenous DNA recovered from the historical and ancient samples, their genome sequences could
only be reconstructed through mapping against a reference genome. To test whether the choice of reference genome would play any
role in shaping either the consensus sequence recovered, or phylogenetic inference based on the data, we used the 100 PE reads
generated from the woolly rhinoceros and the Siberian unicorn to examine reference bias via aligning their short reads onto different
references including the horse (Equus caballus), white, greater one-horned, and Sumatran rhinoceros, respectively. Following
genome alignment, 82 genome regions of length > 20,000 bp were selected to infer phylogenetic trees (Figure S1A). Those regions
were randomly scattered across the genome, thus having little chance of being found in the same recombination blocks.

We calculated the frequency of three topologies around each focal internal branch of the species tree (Figure 2B) using DiscoVista
(Sayyari et al., 2018) and NW _utils (Junier and Zdobnov, 2010), for the 100 kb windows based gene trees. A multi-species coalescent
simulation was also applied to determine the expected gene tree distributions on the basis of the dated species tree using the Phy-
base package following Wang et al. (2018). Then, we inspected the congruency between the frequency of the three topologies in-
ferred from empirical genomic data and that generated from the simulation for the Rhinocerotinae lineage.

To validate the robustness of our species tree, we also reconstructed the phylogenetic relationship across each chromosome inde-
pendently (reference by horse’s chromosomes) for all the rhinoceros species that have de novo genome assemblies and two out-
groups of tapir and horse using the aforementioned 100 kb sliding windows based method. Then, for each chromosome we inferred
a species tree and calculated the tree topology frequency using DiscoVista (Sayyari et al., 2018).

As a genomic region with length of 100 kb may contain multiple recombination breakpoints, we sampled a short alignment with
length of 5,000 bp within each 100 kb sliding window to infer gene trees using RaxML (Stamatakis, 2014) with a substitution model
setting of GTR+CAT and 100 bootstrap replicates. Then we filtered out gene trees with nodes of bootstrap support < 85 to guarantee
congruent signals throughout each subregion. Finally, the frequency of three topologies around the phylogenetic discordance branch
obversed based on 100 kb sliding windows were calculated using DiscoVista (Sayyari et al., 2018).

Molecular dating

Orthologs of the species with de novo genome assemblies were extracted from the former synteny checked MWGA: 1) gene location
and the corresponding exon regions in the horse genome annotation file were used to extract CDSs from the MWGA alignment asking
for a coverage > 80%; 2) the amino acid sequences obtained from the horse genome serving as query were used to find correspond-
ing homologs for each species using protein2genome model in EXONERATE (Slater and Birney, 2005); 3) exons that were not shared
by all species were removed to improve the gene alignment accuracy; 4) amino acid sequences were aligned using MAFFT (Katoh
and Standley, 2013) and in turn used to guide the CDS alignment using PAL2NAL (Suyama et al., 2006). For the samples without de
novo assemblies, we obtained their orthologs according to the gene and exon location information from their reference genomes. In
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order to further diminish the potential influence of reference bias, we obtained two gene sequences for each ortholog by mapping
their reads onto two different reference genomes (Table S2), and merged the two gene sequences while masking conflicts as “N”
(X for amino acids).

We inferred the evolutionary timescale of rhinoceros lineages using a set of 3,513 orthologs from the set identified in the previous
section (8,820,642 nucleotides). The set of orthologs was selected to minimize the possible bias in molecular rates arising from an-
alyses of finite number of sites or excessive discrepancies in molecular rates across lineages in particular loci (Marshall et al., 2006).
To select orthologs, we first performed a fast tree search for each ortholog, using only NNI tree rearrangements, under a GTR+R4
substitution model (Kalyaanamoorthy et al., 2017) implemented in IQ-TREE v1.6 (Nguyen et al., 2015). Orthologs were considered
as adequate for molecular dating analyses if they contained low degrees of rate variation among lineages (Doyle et al., 2015), and
if their gene trees were not too greatly distinct from the species tree (Mendes and Hahn 2016). Specifically, the orthologs retained
had gene trees with coefficients of variation in root-to-tip length (non-clocklikeness) < 0.1, and Robinson-Foulds distances to our
inferred species tree < 2.

Our analyses included time-calibrations on four splits of the species tree, each based on several lines of evidence from the fossil
record. The nodes were calibrated using uniform distributions with soft maximum bounds, placing a 0.025 probability on older
ages. Placement of maximum bound for a clade assumes that less inclusive clades cannot be older than the oldest fossils of more
inclusive clades. (i) We calibrated the split between Elasmotheriinae and Rhinocerotinae as occurring between 35 Ma and 44 Ma.
This minimum bound is supported by the earliest record of Rhinocerotinae, with Epiaceratherium naduongense, at between 35-39
Ma (Bohme et al., 2013), which is unambiguously a species nested within Rhinocerotinae. Additional evidence for this minimum bound
isthe earliest species assigned to Elasmotheriinae, Penetrigonas dakotensis, which appears at ca. 38 Ma (Heissig, 2012). Furthermore,
morpho-anatomical cladistic analysis has placed the 38 My-old fossil Subhyracodon occidentalis as a representative of Elasmother-
iinae (Becker et al., 2013). The maximum bound is supported by fossil and phylogenetic evidence placing with high confidence the
minimum age of Rhinocerotidae at 44 Ma (Bai et al., 2020). (i) The split between Rhinoceros and Dicerorhinus was calibrated as occur-
ring between 13 Ma and 23 Ma. The minimum age is based on remains from the middle Siwaliks of Pakistan dating from ca. 13 Ma and
unambiguously assigned to Dicerorhinus, under the name of D. aff. sumatrensis (Heissig, 1972). Other remains from the same region
and age confirm the occurrence of Dicerorhinus as early as the middle Miocene (13.7-11.65 Ma; P.-O.A., unpublished data). The
maximum bound is informed by the first attested occurrence of Rhinocerotina in the fossil record (one-horned rhinocerotine Gainda-
therium cf. browni; Bugti Hills, Pakistan: 22.6 Ma; Antoine et al., 2013). (iii) The split between Rhinoceros unicornis and Rhinoceros
sondaicus was calibrated as occurring between 1.9 Ma and 5.3 Ma. The minimum bound is supported by the earliest occurrence
of both species in the fossil record (Antoine et al., 2021). Amorphology-based phylogenetic analysis of Rhinocerotina, with a compre-
hensive sample within Rhinoceros, retrieves the following topology: (R. sondaicus,(R. sinensis,(R. unicornis,(R. kendengindicus,
R. platyrhinus)))), with the first occurrence of Rhinoceros platyrhinus estimated at around the Pliocene-Pleistocene transition (2.58
Ma; Antoine et al., 2021). The maximum age constraint coincides with the earliest estimated age of Rhinoceros from the same
morphology-based phylogenetic analyses. (iv) The split between Ceratotherium simum and Diceros bicornis was calibrated to occur
between 5.3 Ma and 7.3 Ma. This range is consistent with records of Diceros bicornis recognized in upper Miocene deposits (> 5.3 Ma)
at Lothagam (Kenya, 6.54-5.2 Ma; Brown and McDougall, 2011) and Albertine (Uganda, 7.25-5.3 Ma; Pickford et al., 1993).

Molecular data tend to identify the timing of the early radiation of mammals as being older than fossil evidence (e.g., O’Leary et al.,
2013; dos Reis et al., 2014). For this reason, we performed analyses that included a fifth node-calibration on the age of the crown of all
extant Perissodactyla. This calibration was a soft maximum bound at 66 Ma with a 0.01 prior probability of an older age. The age of
this bound is based on the absence of unambiguous crown placental mammals before this time. All analyses were repeated after
excluding this calibration for comparison (Figure S5A).

Additional molecular dating analyses were performed by including data from the tapir genome (Figure S5A), therefore including
representatives of all living families of Perissodactyla (Equidae, Tapiridae, and Rhinocerotidae). The addition of these data was fol-
lowed by filtering loci for biased rate estimates as described above, which led to a dataset of similar size (3,163 orthologs with
7,325,631 nucleotides). The species tree topology in these augmented analyses included the tapir as the sister to Rhinocerotidae,
while the horse remained as the outgroup. We included a sixth calibration in addition to those described above, this time on the timing
of the split between Rhinocerotidae and Tapiridae. The calibration had a hard minimum bound and soft maximum bound (0.025 prior
probability on older ages), ranging between 54 Ma and 64 Ma. The minimum age is based on the earliest appearance of Tapiroidea in
the fossil record shortly after the Paleocene-Eocene transition, around 54 Ma, with Vastanolophus holbrooki and Cambaylophus vast-
anensis in Asia (Rose et al., 2014) and 53.5 Ma with Heptodon in North America (Vandenberghe et al., 2012). The maximum age is
based on the earliest record of Notoungulata at ~65 Ma (Tiupampa, Bolivia; Muizon and Ladeveze, 2020). The extinct South Amer-
ican orders Notoungulata and Litopterna form a clade, sister to Perissodactyla within Panperissodactyla (Buckley, 2015; Welker
et al., 2015; Westbury et al., 2017), therefore suggesting a similar, or earlier, age for stem Perissodactyla.

Bayesian dating analyses were performed using a GTR+I substitution model and an uncorrelated -gamma relaxed clock model as
implemented in MCMCitree, part of PAML v4.8 (Yang 2007). We further addressed heterogeneity in molecular evolutionary processes
by partitioning the molecular clock and substitution models into each of the three codon positions (three partition subsets). We
improved the efficiency of the analysis using approximate Bayesian computation (Thorne et al., 1998). The posterior distribution
was estimated using Markov chain Monte Carlo (MCMC) samples. After a burn-in phase of 10° MCMC steps, samples were drawn
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every 10® MCMC steps over a total of 107 steps. We verified convergence to the stationary distribution by comparing parameter es-
timates from four independent runs. Effective sample sizes were verified to be above 200 for all estimated parameters.

Alignment tool selection

The BWA-ALN algorithm (Li and Durbin, 2009) is commonly used to align such short reads generated in aDNA studies to reference
genomes, owing to its stable performance for ultra-short length (typically shorter than 100 bp). However, simulation data showed
read mapping success rate of the relatively longer reads (60 bp and 80 bp) dropped about three fold for high divergence reads
(8% divergence level) using BWA-ALN (Parks and Lambert, 2015). We therefore compared the performance of BWA-ALN against
BWA-MEM (Li, 2013), on the sequencing data obtained for the four historical/ancient samples (Figure S5B). For BWA-ALN, we
disabled read seeding (-1 1024) to enhance error tolerance, while we marked shorter split hits as secondary alignments and removed
them from the outputs for the BWA-MEM method.

Gene flow

To explore for potential gene flow between the different rhinoceros species, we computed D-statistics that assesses genetic affinities
between taxa based on patterns of shared derived alleles (Green et al., 2010). For a given tree of topology ((H1, H2), H3), O), where O
represents an outgroup, under the null hypothesis of no gene flow, shared derived alleles between H1 and H3, or H2 and H3, can only
derive from incomplete lineage sorting (ILS) and are expected to be symmetric between the two pairs. Therefore, ancient gene flow is
assumed between a pair in which imbalanced aggregation of shared derived alleles are detected. However, we should be aware of
the limitations of D-statistics analysis between highly divergent lineages - certain assumptions could be violated in cases such as
repeated or independent mutations (Prifer et al., 2012) and differences in lineage specific mutation rates (Zheng and Janke,
2018). We independently mapped all raw reads from each rhinoceros species and the horse to three different reference genomes
(greater one-horned rhinoceros, white rhinoceros and Sumatran rhinoceros) and then calculated D-statistics using the doAbbababa
function module in ANGSD (Korneliussen et al., 2014) specifying the horse as the outgroup ancestral allele and the following filtering
parameters: 1) use only sites where the reads of the outgroup all have the same base; 2) minimum base quality and mapping quality of
20; 3) use only the transversion sites, all individuals have a minimum depth of 3, and maximum depth of 70; 4) a block size of 5 Mb to
estimate standard errors using jackknife procedure.

We further assessed whether less efficient mapping of the horse outgroup to the rhinoceros reference genomes may be driving
some of our conflicting D-statistics results that differed based on the reference genome choice. We did this by calculating the pair-
wise distance of all rhinoceros species to the outgroup horse three times using all individuals mapped to the three different reference
genomes. We calculated pairwise distances in 1 Mb sliding windows across all scaffolds > 1 Mb in size using a consensus base call
approach (-dolIBS 2) in ANGSD. We additionally applied the following filters; only include sites that have coverage in all individuals, a
minimum base quality and mapping quality of 20, and only consider transversion differences.

Heterozygosity estimation

We estimated genome-wide heterozygosity for all the rhinoceros species based on a Site Frequency Spectrum (SFS), of which one
diploid individual will generate three allelic states: homozygous ancestral allele state (AA), heterozygotic state (AB) and homozygous
derived allele state (BB). Therefore, the whole genome level heterozygosity rate can be calculated as AB/(AA+AB+BB). We applied
the doSaf function (-doSaf 1) module in ANGSD (version 0.924) (Korneliussen et al., 2014) to calculate genome-wide heterozygosity
for each rhinoceros species with parameters of: unique mapping, a minimum mapping quality of 20, a minimum base quality of 20, a
minimum and maximum depth value of 1/3 and 2 times of the average genome depths, respectively, for each species. For the ancient
and historic samples (Javan, Merck’s, woolly rhinoceros and Siberian unicorn), transition sites were removed (-noTrans 1) to eliminate
the potential influences of DNA damage derived from cytosine deamination.

Demographic inference and Runs of Homozygosity (ROH) estimation

We applied the Pairwise Sequentially Markovian Coalescent (PSMC) method (Li and Durbin, 2011) to infer the history of population
size changes in the ancestors of all the eight rhino species. For the species for which genomes were de novo assembled, we aligned
~30x genome coverage of the shotgun reads to recover the diploid genome heterozygosity information with depth filters of > 1/3
and < 2 x of the average depths. Then, PSMC was used to estimate the distribution of the time to the most recent common ancestor
(TMRCA) between the two alleles across all chromosomes using the density information of heterozygous sites across each diploid
genome. Changes in effective population size (Ng) were inferred assuming a substitution rate (1) of 2.2 x 1078 substitutions/site/gen-
eration and a generation time (g) of 25 years for the African rhinoceroses (Figure 3A; Moodley et al., 2020)and ap of2.34 x 10 8and g
of 12 years for the other rhinoceros species (Figures 3B and 3C; Dinerstein and McCracken, 1990; Lord et al., 2020; Mays et al., 2018).
The consistency of the demographic results was tested by performing 100 bootstrap replicates as shown in Figure 4. ROH segments
were recorded by summarizing genome regions of which the TMRCA dated to a recent time period (best fit K value of < 2) following
the method in Palkopoulou et al. (2015).
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Genetic load and identification for rhinoceros specific frameshift mutation
First, gene annotation files of the de novo sequenced genomes (white, black, Sumatran and greater one-horned rhinoceroses) were
imported into SnpEFF (Cingolani et al., 2012) to create a gene function database. Then, we obtained the heterozygous sites for each
rhinoceros species using BCFTOOLS (Li, 201 1) requiring: minimum and maximum depth of 1/3 and 2x of the average depth; mapping
and base quality > 20; variance quality > 30; read supporting number of minor allele account for > 20% of the total depth. After that,
functional classes of the variances were estimated using SnpEFF (Cingolani et al., 2012) with default settings. We trimmed 10 bp from
the 5’ and 3’ ends of each read for the Merck’s rhinoceros and Siberian unicorn to alleviate the impact of DNA damages, because both
the samples showed abnormal transition/transversion ratios - as high as 5.367 without end trimming (Figure S4B). However, as the
transition/transversion ratio of the Merck’s rhinoceros stayed abnormally high after trimming, which is consistent with previous re-
ports of its DNA damage pattern (Figure S4 in Cappellini et al., 2019), we excluded it from further comparisons

To compare the rate of missense and loss-of-function mutations in rhinoceros to that of other mammals we obtained published re-
sequencing data for 402 mammalian genomes from 30 species and mapped these to the phylogenetically closest available reference
genome for each species (detailed in Table S4) using BWA-MEM v0.7.17 (Li, 2013). We then obtained and filtered variant calls for
each individual using GATK HaplotypeCaller v3.8 following the “short variant discovery best-practices guidelines including “hard
filtering” (Auwera et al., 2013). Additionally, we only retained within-species bi-allelic sites, and removed all indels and sites found
at a frequency that was either less than one third, or greater than three times, the genome-wide autosomal coverage (Li, 2014).

To investigate the putative genetic background of unique rhinoceros biological adaptations, we explored frameshift mutations
shared across the rhinoceros lineages. We inspected the frameshift mutations in the alignment results generated by the EXONERATE
analysis mentioned above. First, all the frameshift mutations with their location information (Gene IDs and Exon IDs) were extracted
out for rhinoceros species with de novo assemblies being available (black, white, Sumatran and greater one-horned rhinoceroses).
Then, we filtered out the frameshift mutations that share the same locations and exist in all four rhinoceros species, and recorded their
gene information for further examination.

Test of heterozygosity, PSMC and ROH estimation for the non-modern rhino samples

Since four of the rhinoceros genomes were generated from historic and ancient samples, data could only be generated from them by
short read re-sequencing. Furthermore, given they represent historical or ancient samples, they are expected to contain damaged
DNA (principally cytosine deamination (Paabo, 1989)) manifested as elevated C > T/G > A transitions at the 5’ and 3’ ends of sequence
reads (Briggs et al., 2007; Brotherton et al., 2007). Therefore, we tested the viability of restricting a number of the analyses performed
to only the transversions, including heterozygosity estimation, historical demographical inference, and ROH estimation (Figures S3
and S4). Also, the influences of the other factors such as reference selection and sequencing depth were evaluated. For the ROH
estimation, we applied the ROH inference method to the four rhinoceros species with de novo genome assemblies, using the data-
sets both with and without transitions. For the PSMC estimation, we mapped short reads representing various data volumes (different
genome coverages, 11x, 17x and 35x) from the black rhinoceros onto the white rhinoceros genome to test whether it is possible to
obtain accurate demographic history results using short read data from species that have a closely-related reference genome
available.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses related to genome assembly, assembly quality evaluation, short read alignment and evolutionary relationship inferences
can be found in the Method details section.

ADDITIONAL RESOURCES
The results of some additional tests could be useful in understanding the sequence dataset for the historic/ancient rhinoceros sam-

ples and the comparative genome analyses, and can be found at: https://github.com/liushanlin/rhinoceros-comparative-genome/
blob/main/additional_resources.md
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Figure S1. Phylogenetic relationship inferences, related to Figure 2

(A): Cladogram generated using different rhinoceros genomes as mapping references. Red branches represent different consensus sequences for the woolly rhi-
noceros generated when using different reference genomes for the mapping (second species named in each tip label), while blue represent the Siberian unicorn
(Elasmotherium sibiricum). The cladogram shows a clear effect of reference bias when short reads are mapped on to a very distantly-related genome in order to obtain
the consensus sequences. For example, while the position of the woolly rhinoceros is correct when mapped to either the white, Sumatran or greater one-horned
rhinoceros, it is placed erroneously sister to all other rhinoceroses when mapped against the horse genome. Note that relationships were inferred under the multi-
species coalescent asimplemented in the software ASTRAL, which does not provide branch lengths in units of molecular substitutions nor terminal lengths, and thus we
only show a tree topology. Branch labels indicate local posterior probabilities.

(B): Tree topologies obtained by mapping the Siberian unicorn against different reference genomes (I: white rhinoceros; Il: greater one-horned rhinoceros) and
using only the genomes that were de novo assembled (l1l). Branch labels indicate local posterior probabilities estimated in ASTRAL.

(C): The distribution of gene trees across the genome using the horse’s chromosome ID as reference. The upper panel shows chromosomes that placed majority
support on the species tree shown in Figure 2, while the bottom panel displays chromosomes with a greater frequency of an alternative gene tree.

(D): Comparison of the frequency of the three bipartitions between 100 kb sliding windows and 5,000 bp subregions. Branches 4 and 5 correspond to the tree in
panel C in Figure 2.
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Figure S2. D-statistic analyses, related to Figure 2

GOR: greater one-horned rhinoceros; SUR: Sumatran rhinoceros; WHR: white rhinoceros; SIU: Siberian unicorn; BLR: black rhinoceros; JAR: Javan rhinoceros;
MER: Merck’s rhinoceros; WOR: woolly rhinoceros. Each dot represents a test using the topology and species in the subtitles. For example, (((GOR, SUR), BLR),
Horse) represents one of the topologies in Panel A-lll and is shown as one of the dots with the x axis of BLR. For a preset topology ((H1,H2),H3),H4), a negative D-
statistics value means a closer relationship between H1 and H3 compared to that of H2 and H3, while a positive value means that H2 is closer to H3 than H1 is. Z
score reflects the significance of the test with a value > 3 being considered as statistically significant.

(A): D-statistics score inference bias generated from reference selection. Species names on the x axis represent different H3 settings in the topology presets. It
shows biases in the D-statistics scores that may have arisen as a consequence of the choice of reference genome against which the data was mapped prior to the

(legend continued on next page)
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analysis. For example, when the species used as the mapping reference is placed at the H1 position, in every case, we observed an excess of shared derived
alleles between the H2 and H3 species. We suggest that the deep divergence between H1 and H4 means that only more conserved regions, and regions more
similar to the mapping reference will map. This will artificially make the alleles in the reference individual look more similar to the outgroup ancestral allele, resulting
in more ABBA patterns and ultimately the biased D-statistics results that we see. (B) showed that regardless of the reference genome selected (i.e GOR, SUM, or
WHR), a decreased pairwise distance between the horse and the reference genome (and the sister species of the reference to a lesser extent), relative to the other
non-reference rhinoceros species. Taken together, using either the H1 or H2 individual as the mapping reference for this analysis will result in biased and likely
incorrect inferences. Therefore, to avoid such obvious biases caused by the lower mapping efficiency of the outgroup horse genome, we only use D-statistics to
infer gene flow when the reference genome is either in the H3 position, the sister species to the H3, or absent from the test entirely;

(B): The whole genome pairwise genetic distance between horse and the different rhinoceros species, when initially mapped against different rhinoceros
reference genomes (indicated as red color, GOR (upper), SUR (middle) and WHR (bottom)). y axis represents the pairwise distance to horse;

(C): Excess of genetic affinities between Rhinoceros species (GOR and JAR) and the African rhinoceros (WHR and BLR). Species names on the x axis represent
different H2 settings in the topology preset;

(D): Excess of genetic affinity between Rhinoceros and the two extinct DCS clade members (MER and WOR), but not with the Sumatran rhinoceros using two
mapping references (GOR and WHR). Species names on the x axis represent different H2 settings in the topology preset.
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Figure S3. Heterozygosity estimations, related to Figure 3
GOR: greater one-horned rhinoceros; SUR: Sumatran rhinoceros; WHR: white rhinoceros; BLR: black rhinoceros; SIU: Siberian unicorn; JAR: Javan rhinoceros;

MER: Merck’s rhinoceros; WOR: woolly rhinoceros.

Cell

(A): Difference between heterozygosity ratio estimated taking into account all the sites and only the transversion sites. Numbers represent the median values for
each group. For each box, the central line represents median value, and box limits represent first and third quartile, and whisker extends from the hinge to their

largest values, but < 1.5*IQR (Interquartile range).

(B): Whole genome heterozygosity levels in different taxonomic groups. Note that all the humans and rhinoceros were excluded in the current figure. The yellow
horizontal line represents a low heterozygosity of 0.15% similar to that of the rhinoceroses. In the bottom panel we only include families in Artiodactyla, Carnivora,

(legend continued on next page)
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Primates and Rodentia that have multiple species of low heterozygosity level (upper panel), and families that have > 2 species in our dataset (Table S3 for all the
details).

(C): Factors influencing heterozygosity ratio estimation. Numbers represent the median values for each group. Influence of genome coverage (Depth of 30x, 15x
and 10x that indicated by different shades of blue) was tested by mapping reads from the black rhinoceros onto the reference genome of white rhinoceros. We
noticed that different reference genomes contributed little to the variation of heterozygosity estimation, although when compared to the heterozygosity rate
estimated using its own genome as a reference, using other closely related species tends to augment the estimation to a small degree and the inflation worsen
when mapped to a higher divergent reference genome.
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Figure S4. Tests for ROH, PSMC, and gene effect estimations, related to Figures 3, 4 and 5

(A): ROH estimation comparison between the usage of all sites versus only transversions. This comparison shows that using transversions only leads to the
detection of fewer ROH segments in total but tends to enlarge the ROH segments to longer stretches, and the differences are more obvious for the two rhinoceros
species with relatively lower whole genome heterozygosity levels - the greater one-horned and white rhinoceroses;

(B): Transition/Transversion (Ts/Tv) ratio of different rhinoceros species. Trim-Ten (dark khaki) represent the Ts/Tv ratios calculated based on reads that were
trimmed 10 bp from both the 5" and 3’ end, while noTrimming (light blue) represent the rates obtained without read trimming;

(legend continued on next page)
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(C): Demographic history estimated for black rhino. BR refers to black rhinoceros as reference genome, while WR refers to white rhinoceros as reference genome.
FN means the false negative rate set for the PSMC curve plotting. The 35x, 17 x and 11 X represent the genome coverages for each test. It shows that adequate
coverage (~30x) short reads, or inadequate coverage with proper FN settings can generate reliable demographic estimation;

(D): Demographic trajectories of different rhinoceros species. Results were estimated using both all heterozygous sites with a substitution rate of 1.95x102 per
generation, and transversion heterozygous sites with a substitution rate of 0.65x1 08 per generation. We observed that the transversion only heterozygosity sites
can also deliver comparable demographic results.
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Figure S5. Analyses of molecular dating and alignment tool selection, related to Figure 2 and STAR Methods
(A): Molecular dating using different datasets and time-calibrations. The x-axes show the times of divergence in units of Million years ago (Mya). GOR: greater
one-horned rhinoceros; SUR: Sumatran rhinoceros; WHR: white rhinoceros; SIU: Siberian unicorn; BLR: black rhinoceros; JAR: Javan rhinoceros; MER: Merck’s
rhinoceros; WOR: woolly rhinoceros.
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(B): Comparison between the bwaALN and bwaMEM algorithms based on aligning one million randomly selected reads against their closely related reference
genomes. The taxa used as reference for Siberian unicorn, Javan, woolly and Merck’s rhinoceros are white, greater one-horn and Sumatran rhinoceroses,
respectively. ALN and MEM on the x axis represent the number of reads that mapped successfully (Mapping Quality value > 10) using the corresponding tools
but failed with the other, and “random” represents the reads that had mapping quality values < 10 using both tools. “same” and “different” represent the number
of reads that were mapped onto the same and different locations, respectively, using the two methods.
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