Received: 27 November 2020 | Revised: 11 June 2021 Accepted: 21 June 2021

DOI: 10.1111/mec.16043

[ MOLECULAR ECOLOGY |
SPECIAL ISSUE pe)nieynvg:de)iviad WILEY

Historical population declines prompted significant genomic
erosion in the northern and southern white rhinoceros
(Ceratotherium simum)

Fatima Sanchez-Barreiro! ® | Shyam Gopalakrishnan*2® | Jazmin Ramos-Madrigal® |

Michael V. Westbury! ® | Marc de Manuel® | Ashot Margaryan®® | Marta M. Ciucani® |
Filipe G. Vieira! | Yannis Patramanis' | Daniela C. Kalthoff°> | Zena Timmons® |

Thomas Sicheritz-Pontén'’ | Love Dalén®’ | Oliver A. Ryder'® | Guojie Zhang!11%1314 |

Tomas Marqués-Bonet*'>® | Yoshan Moodley!’ | M. Thomas P. Gilbert!318

1GLOBE Institute, University of Copenhagen, Copenhagen, Denmark
2DTU Bioinformatics, Kongens Lyngby, Hovedstaden, Denmark
SCenter for Evolutionary Hologenomics, University of Copenhagen, Copenhagen, Denmark

4Institut de Biologia Evolutiva (Consejo Superior de Investigaciones Cientificas-Universitat Pompeu Fabra), Barcelona Biomedical Research Park, Barcelona,
Spain

Department of Zoology, Swedish Museum of Natural History, Stockholm, Sweden

é‘Department of Natural Sciences, National Museums Scotland, Edinburgh, UK

’Centre of Excellence for Omics-Driven Computational Biodiscovery (COMBio), Faculty of Applied Sciences, AIMST University, Kedah, Malaysia
8Centre for Palaeogenetics, Stockholm, Sweden

“Department of Bioinformatics and Genetics, Swedish Museum of Natural History, Stockholm, Sweden

195an Diego Zoo Institute for Conservation Research, Escondido, CA, USA

1section for Ecology and Evolution, Department of Biology, University of Copenhagen, Copenhagen, Denmark

2state Key Laboratory of Genetic Resources and Evolution, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming, China
Center for Excellence in Animal Evolution and Genetics, Chinese Academy of Sciences, Kunming, China

14BGI-Shenzhen, Shenzhen, China

15National Centre for Genomic Analysis-Centre for Genomic Regulation, Barcelona Institute of Science and Technology, Barcelona, Spain
|nstitucio Catalana de Recerca i Estudis Avancats (ICREA), Barcelona, Spain

Department of Zoology, University of Venda, Thohoyandou, South Africa

18Norwegian University of Science and Technology, University Museum, Trondheim, Norway

Correspondence
Fatima Sanchez-Barreiro and M. Thomas Abstract
P. Gilbert, GLOBE Institute, University of
Copenhagen, Copenhagen, Denmark.

Emails: fatima@palacome.org (F.S.-B.); lations are declining fast. The white rhinoceros (Ceratotherium simum) is a paradig-
tgilbert@sund.ku.dk (M.T.P.G.)

Large vertebrates are extremely sensitive to anthropogenic pressure, and their popu-

matic case: this African megaherbivore has suffered a remarkable decline in the last
150 years due to human activities. Its subspecies, the northern (NWR) and the south-

ern white rhinoceros (SWR), however, underwent opposite fates: the NWR vanished
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quickly, while the SWR recovered after the severe decline. Such demographic events
are predicted to have an erosive effect at the genomic level, linked to the extirpation
of diversity, and increased genetic drift and inbreeding. However, there is little empiri-
cal data available to directly reconstruct the subtleties of such processes in light of
distinct demographic histories. Therefore, we generated a whole-genome, temporal
data set consisting of 52 resequenced white rhinoceros genomes, representing both
subspecies at two time windows: before and during/after the bottleneck. Our data
reveal previously unknown population structure within both subspecies, as well as
quantifiable genomic erosion. Genome-wide heterozygosity decreased significantly
by 10% in the NWR and 36% in the SWR, and inbreeding coefficients rose significantly
by 11% and 39%, respectively. Despite the remarkable loss of genomic diversity and
recent inbreeding it suffered, the only surviving subspecies, the SWR, does not show
a significant accumulation of genetic load compared to its historical counterpart. Our
data provide empirical support for predictions about the genomic consequences of
shrinking populations, and our findings have the potential to inform the conservation
efforts of the remaining white rhinoceroses.

KEYWORDS

1 | INTRODUCTION

Earth's biodiversity is experiencing a severe crisis. In the past
100 years, species have gone extinct at rates that are up to 100-fold
higher than conservative estimates of background extinction rates
(Ceballos et al., 2015). Deterioration of biodiversity is also perva-
sively manifested by shrinking population sizes, population extirpa-
tions and fragmentation of ranges of distribution in extant species
(Ceballos et al., 2017). Alarmingly, these threats to biodiversity can
be tightly linked to anthropogenic activities (Ceballos et al., 2015;
Otto, 2018; Ripple et al., 2019).

Large vertebrates are particularly sensitive to the impact of an-
thropogenic pressures, and many wild populations have undergone
marked declines (Ripple et al., 2019). Beyond the net loss of individ-
uals and populations, these rapid declines can potentially have dire
genetic consequences (Spielman et al., 2004). Theory predicts that
populations undergoing dramatic and rapid decreases in size (i.e.,
bottlenecks) will also lose substantial genetic diversity and subse-
quently suffer from strong genetic drift and inbreeding depression
(Caughley, 1994; Frankham, 2005). All these factors combined can
potentially decrease fitness (Reed & Frankham, 2003) and, in the
long term, diminish resilience to environmental change (Caughley,
1994).

In an era where genomic-scale data generation has become in-
creasingly tractable for nonmodel species, and ancient DNA tech-
niques allow us to retrieve such information from even long-dead

biological material, the opportunity now exists to directly observe

conservation genomics, genomic erosion, northern white rhinoceros, population decline,
southern white rhinoceros

signals of the demographic history of wild populations (Abascal
etal., 2016; Diez-Del-Molino et al., 2018; Feng et al., 2019; Robinson
etal., 2019; van der Valk et al., 2019). In the case of declining popula-
tions, this entails being able to directly detect and measure genomic
erosion, that is the suite of genetic symptoms caused by bottlenecks
and drift, such as the reduction of genome-wide heterozygosity, the
increase in number and length of runs of homozygosity, and the ac-
cumulation of deleterious mutations (Diez-Del-Molino et al., 2018).

The white rhinoceros (Ceratotherium simum Burchell, 1817) is an
exemplary case of the fate of the megafauna in the Anthropocene.
This species is divided into two allopatric populations, also consid-
ered subspecies: the northern white rhinoceros (C. s. cottoni, NWR
in this text) and the southern white rhinoceros (C. s. simum, SWR
in this text) (Harley et al., 2016). Because of their obligate grazing
lifestyle, both are bound to sub-Saharan African grasslands, but their
geographical ranges are nonoverlapping (Emslie & Brooks, 1999;
Rookmaaker & Antoine, 2012), they are genetically distinct (Harley
etal., 2016; Moodley et al., 2018; Tunstall et al., 2018) and they have
not come into genetic contact for at least 10,000 years (Tunstall
et al., 2018). In the past 150 years they have undergone remarkably
different demographic trajectories that share, however, one striking
similarity: the occurrence of a dramatic, human-driven population
decline (Emslie & Brooks, 1999; Rookmaaker, 2000; Rookmaaker &
Antoine, 2012).

The SWR roamed south of the Zambezi river across present-
day South Africa, Botswana, Namibia, Zimbabwe and Mozambique
(Figure 1a), until the expansion of European colonialism into the
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FIGURE 1 Ranges of distribution and recent demography of the northern and southern white rhinoceros. (a) The historical distribution

of the NWR (Ceratotherium simum cottoni) and the SWR (Ceratotherium simum simum) (map adapted from Emslie & Brooks, 1999). (b) Recent
demographic histories of the NWR and the SWR according to census size estimates reported in the literature (Emslie [[UCN SSC African
Rhino Specialist Group], 2020; Emslie & Brooks, 1999; Rookmaaker, 2000). Absolute values prior to these dates do not exist, but population
sizes are known to have been larger from historical records (Emslie [[UCN SSC African Rhino Specialist Group], 2020; Emslie & Brooks, 1999;
Rookmaaker, 2000). Vertical shades indicate approximate timing of bottlenecks. Horizontal bars indicate our sampling time windows, which
in NWRpre and SWRpre refer to dates of collection, and in NWRpost and SWRpost refer to dates of birth

hinterlands of southern Africa in the 19th century. Habitat clear-
ance and hunting pushed the SWR through a bottleneck, from an
estimated size of several hundred thousands to an estimated low of
200 individuals at the turn of the 20th century (Rookmaaker, 2000).
Conservation efforts, however, boosted a remarkable recovery of
the only surviving population in Kwa-Zulu, eastern South Africa
(Rookmaaker, 2000). There are currently ~18,000 wild individuals
(Emslie [IUCN SSC African Rhino Specialist Group], 2020), although
they remain threatened due to the relentless poaching for their
highly valued horn.

In contrast, the NWR did not recover from the poaching onslaught
that began in the mid-20th century. Once inhabiting the plains of
present-day South Sudan, northeastern Democratic Republic of the
Congo (DRC), Central African Republic and Uganda (Figure 1a), the
NWR was rapidly decimated in subsequent poaching bursts boosted
by civil and political instability in the area (Emslie, 2008; Emslie &
Brooks, 1999; Rookmaaker & Antoine, 2012). Although in 1960 there
were still ~2000 NWR in the wild, by 1984, only 350 remained (Emslie
& Brooks, 1999). The NWR was declared extinct in the wild in 2011,
and is also functionally extinct since only two females remain in cap-
tivity (Emslie [[UCN SSC African Rhino Specialist Group], 2020).

A previous genetic study that compared individuals born during
or after the population bottleneck, against older samples collected
from museums, revealed a loss of diversity at mitochondrial and

microsatellite markers as a consequence of these demographic his-
tories (Moodley et al., 2018). In order to expand this assessment to
the genome level, and quantify in detail more potential symptoms
of genomic erosion (reduced genome-wide heterozygosity, longer
homozygous tracts, or even an accumulation of genetic load), we
generated a whole-genome data set for both NWR and SWR pop-
ulations, sampled at two time windows each throughout the past
~170 years. With this data set, we investigated (i) the population
structure among these pre- and post-bottleneck white rhinoceroses,
(ii) the loss of genome-wide diversity over time, and (iii) whether the

surviving SWR have experienced an increase in genetic load.

2 | MATERIALS AND METHODS

2.1 | Generation of whole-genome sequence data
Our historical sample collection included keratinous tissue (skin
pieces or horn powder) obtained from 30 museum specimens, with
collection dates ranging between 1845 and 2010 (see Table S1).
Museum sample processing took place in facilities dedicated to an-
cient DNA work.

The skin pieces were manually cut and then hydrated for 2-3 h at
4°Cin 0.5-1 ml of molecular biology grade water. The tissue was then
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briefly washed with 0.5 ml of a 1% bleach solution, followed by two
rinsing steps with molecular biology grade water. Extraction of DNA
from skin pieces or horn powder (20-80 mg) was done either with
the DNeasy Blood and Tissue Kit (Qiagen) or with the method de-
tailed in Gilbert et al. (2007). In the first case, two modifications were
introduced to the manufacturer's guidelines: adding of DTT (dithio-
threitol) 1 M to a final concentration of 40 mm to the lysis buffer, and
the substitution of the purification columns in the kit by MinElute
silica columns (Qiagen) to favour retention of small fragments. In
the second approach, lysates were purified using the MinElute PCR
Purification Kit (Qiagen), with modifications to retain short DNA
fragments based on Dabney et al. (2013): phenol-chloroform separa-
tion of the aqueous phase containing the DNA, transfer of this phase
to 15 ml of binding buffer, and usage of Zymo-Spin V Reservoirs
coupled to the MinElut® columns to centrifuge this large volume.
Concentration of DNA and fragment size distribution in each of the
extracts were assessed with a TapeStation 2200 (Agilent).

Sequencing libraries were prepared with 100 ng of extracted
DNA, in a maximum volume of 32 ul. For poorly concentrated ex-
tracts, 32 pl of the purified lysate was used. We followed the BEST
library build protocol (Carge et al., 2018). The library adapters used
were custom-designed for the BGISEQ 500 Sequencing Platform
(Mak et al., 2017). Finished libraries were purified with MinElute col-
umns (Qiagen). Unamplified libraries were characterized in a qPCR
(quantitative polymerase chain reaction) to estimate the number of
cycles needed to reach the amplification plateau while avoiding ex-
cessive PCR cycling (Meyer & Kircher, 2010).

Libraries were amplified in two reactions of 50 ul each, con-
taining 5 U AmpliTag Gold polymerase (Applied Biosystems), 1x
AmpliTagGold buffer, 2.5 mm MgCl,, 0.4 mg mi™ bovine serum al-
bumin (BSA), 0.2 mm each dNTP, 0.2 um BGI forward primer (Mak
et al.,, 2017), 0.2 pm BGl reverse index-primer (Mak et al., 2017) and
10 ul of library DNA template. PCR products were purified with ei-
ther MinElute columns (Qiagen), or SPRI beads. DNA concentration
was measured with a TapeStation 2200 (Agilent). Amplified libraries
that contained >150 ng of DNA were submitted for one lane each of
BGISEQ 500 SE100 sequencing.

Regarding the modern samples, we generated new whole-
genome data for nine of them. The sampled material was either the
fraction of white cells and platelets from blood samples, or pellets of
cell cultures. DNA was extracted with phenol-chloroform separa-
tion of aqueous and hydrophobic phases. Sequencing libraries were
built using the lllumina TruSeq PCR-free method on DNA inserts that
were 350 bp in average fragment length and following the manu-
facturer's guidelines. Libraries were then sequenced on an lllumina

HiSeq X platform, giving 0.5 lanes per sample in PE150 mode.
2.2 | Bioinformatic data processing and
quality assessment

Raw data included: 30 newly resequenced genomes from museum
specimens, nine newly resequenced genomes from modern samples

plus 13 modern genomes that had been previously published (NCBI
BioProject PRJNA394025) (Tunstall et al., 2018). Sample names
specify first the alpha-2 code of the country of origin, or the prefix
“cap” for individuals born in captivity (the case of six SWR; see Table
S1). This is followed by the year of collection for museum samples,
and year of birth for modern individuals; a subsequent index number
distinguishes samples from the same country and year.

Basic quality summaries of the raw data per sample were ob-
tained with rastqc version 0.11.7 (Andrews, 2010). Then the pipe-
line paLeomix 1.2.13.2 (Schubert et al., 2014) was run for each
sample separately. It included: removal of adapters with ADAPTERRE-
MoOVAL version 2.2.2 (Schubert et al., 2016), alignment against the
GCA_000283155.1 white rhinoceros reference genome (NCBI
BioProject PRJNA74583) with the Bwa version 0.7.16a back-
track algorithm (Li & Durbin, 2009), duplicate filtering with picarRD
MarkDuplicates (Broad Institute, 2019), and assessment of ancient
DNA damage with mMaPpAMAGE version 2.0.6 (Jénsson et al., 2013).
Minimum base quality filtering was set to zero in order to maximize
the number of reads aligned.

We performed a number of tests to further evaluate the qual-
ity of the data. First, we retrieved the average depth of coverage
per sample from the summary file of paLeomix. Moreover, we also
computed the depth of coverage per scaffold for each sample with
samTooLs version 1.9 (Li et al., 2009) and its option bedcov. We then
visualized the distribution of depth of coverage across the 63 big-
gest autosomal scaffolds for each sample (see Figure S1; see Section
2.3 and Figure S2 for further details on the choice of scaffolds).

Additionally, we calculated error rates per sample with anGsD
version 0.921 (Korneliussen et al., 2014) and its option -doAncError,
along with these quality filters: excluding nonprimary, failure and
duplicate reads (-remove_bads 1), discarding reads with multiple
best hits (-uniqueOnly 1), performing Base Alignment Quality cal-
culation (-bag 1), adjusting base quality for excess mismatches (-C
50), setting a minimum mapping quality (-minMapQ 30) and a mini-
mum base quality (-minQ 20) scores. As an outgroup we used a black
rhinoceros resequenced genome that we had among our museum
samples, and as a standard of quality we used the modern white rhi-
noceros sample ZA1969.1 (see Table S1). All error rates were then
visualized per sample independently (Figure S3).

To rule out the possibility of cross-contamination among our
samples, we computed allele counts per sample only on the mito-
chondrial scaffold using the option -doCounts and -dumpCounts in
ANGsD version 0.921 (Korneliussen et al., 2014). We counted the num-
ber of multiallelic mitochondrial sites, and we calculated the fraction
of reads supporting the minor allele(s). Multi-allelic sites at the mi-
tochondrial scaffold are expected to be the result of ancient DNA
damage and sequencing error; however, multiallelic sites where the
minor allele(s) is represented by a moderate-high fraction of reads
would be a sign of probable cross-contamination. The proportion of
multi-allelic mitochondrial sites varied among samples in our data
set, ranging between 7% and 90%. However, the minor allele(s) was
supported by <5% of the reads across all multi-allelic sites in every
sample, and by <2% of reads in the majority of multi-allelic sites (see
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examples in Figure S4). We therefore excluded the possibility of

cross-contamination events among our samples.

2.3 | Variantsite finding

We computed genotype likelihoods for the whole set of samples and
for several subsets using ancGsp version 0.921 (Korneliussen et al.,
2014) with the GATK genotype likelihood model (-GL 2). To focus
on well-assembled regions of the reference genome where mapping
is accurate and variants can be confidently called, as well as to re-
duce computing time, we restricted variant site search to scaffolds
>13 Mbp in the white rhinoceros reference assembly (Figure S2A).
The 66 scaffolds above this cut-off were probed in an analysis of
normalized depth of coverage across female and male samples. Three
scaffolds showed half the average depth in samples originating from
males, a sign that they belong to the X chromosome (Figure S2B).
These scaffolds were therefore discarded from further analyses.
The final set included 63 scaffolds, representing 76.17% of the total
assembly. For genotype likelihood computation, we also avoided
low-complexity regions of the genome, owing to publicly available
information about masked regions in the assembly (masking output
file available for download at NCBI BioProject PRINA74583). In a
BED file, we listed all nonmasked regions and provided them to the
-sites option in AnGsD. Overall, these nonmasked regions across the
63 longest autosomal scaffolds represented 48.12% of the total as-
sembly (1.19 Gbp).

As input for different statistical analyses, several panels of geno-
type likelihoods were computed. First, we computed genotype like-
lihoods per subspecies including all samples (ngg = 25; Ngyyg = 27),
which were used to detect pairs of closely related individuals (see
Section 2.4 for further details). Subsequently, we computed geno-
type likelihoods for both subspecies together after excluding three
samples, each belonging to a closely related pair of individuals (see
Section 2.4); this panel included 49 nonclosely related samples.
Finally, we also generated a genotype likelihoods panel for each
subspecies separately after excluding one of each pair of closely re-
lated samples (nywr =24; Ngyr =25) (see Section 2.4). In every case,
the minimum number of individuals in which a variant site had to be
present (-minlind) was 95%. Minimum and maximum global depth per
site were based on a global depth assessment with anGsp (-doDepth):
200 and 900 for panels combining both subspecies, and 100 and 500
for subspecies-specific panels. Additionally, the quality filters de-
scribed in Section 2.2 were also applied in this case: -remove_bads 1
-uniqueOnly 1 -bag 1 -C 50 -minMapQ 30 -minQ 20. As for the out-
put choices, we specified the following: calculate the counts of each
of the four possible bases per site (-doCounts 1), compute genotype
likelihoods with the GATK algorithm (-GL 2), output the genotype
likelihoods in nonbinary beagle format (-doGlIf 2), infer major and
minor alleles per site from the genotype likelihoods (-doMajorMinor
1), calculate allele frequencies per site with a fixed major and minor
(-doMaf 1), test for Hardy-Weinberg equilibrium per site (-doHWE
1), exclude sites whose p-value in the Hardy-Weinberg test is below

the provided value (-HWE_pval 1e-2), report statistics per site
(-dosnpstat 1), and exclude variant sites whose p-value for being
a true single nucleotide polymorphism (SNP) is below the given
value (-SNP_pval 1e-6). Transitions were removed a posteriori with
custom-made code.

These panels of genotype likelihoods were used for the analyses
detailed in Sections 2.4 and 2.5. Additionally, we generated genotype
calls for each sample individually with catk version 3.3 (McKenna
et al., 2010), via the HapLOTYPECALLER (Poplin et al., 2018) and Geno-
TYPEGVCFS tools. These genotype calls were used for the analyses de-
tailed in Section 2.7. During genotyping, sites were filtered by base
quality (--min_base_quality_score 20) and mapping quality (-mmgq
30). From the resulting genomic VCF files, indels, mixed variants of
SNPs and indels, multinucleotide polymorphisms and other poorly
defined variants were removed using vcrroots 0.1.16 (Danecek et al.,
2011). Subsequently, we omitted sites with a depth of coverage <5x,
as well as heterozygous sites where the minor allele was not sup-
ported by at least 20% of the reads using custom-made code.

2.4 | Relatedness test

We ran an analysis of relatedness based on a panel of genotype like-
lihoods per subspecies (nyyg = 25; Ngyyg = 27) With NGSRELATE version
2 (Hanghgj et al., 2019), following the approach described in Waples
et al. (2019). We found that one pair of NWR and two pairs of SWR
samples showed a relatedness signal (Figure S5), and therefore for
analyses of structure (i.e., PCA and admixture), the sample of lowest
depth of coverage from each pair was excluded (CD-un.1, un1856.1,
ZA1842.1).

2.5 | Principal component and admixture analyses
To run a principal component analysis (PCA), we used PcaNGsD ver-
sion 0.973 (Meisner & Albrechtsen, 2018) and a genotype likelihoods
panel of transversion sites (n = 897,524 sites) for 49 unrelated sam-
ples. The output was a covariance matrix. We then calculated the
eigenvectors and eigenvalues using base packages in R version 3.4.4
(R: The R Project for Statistical Computing, 2018).

Using the same set of genotype likelihoods as an input, we ran
an assessment of admixture proportions with NGsaDmix version 32
(Skotte et al., 2013). For each value of K between two and six, 20
runs of NGsaDMIX were run. For each value of K, the run with the high-
est likelihood was chosen for visualization with the software ponG
(Behr et al., 2016).

2.6 | Heterozygosity estimates

To assess individual levels of genome-wide heterozygosity, we
followed the procedure implemented in anGsb version 0.921
(Korneliussen et al., 2014), which involves two steps: (i) computing
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the site allele frequency likelihood of there being zero, one or two
alternative alleles based on genotype likelihoods with the anGsb op-
tion -doSaf 1, and (ii) estimating the site frequency spectrum (SFS)
from the output of the previous step with reatsrs (Korneliussen et al.,
2014), by counting the number of homozygous and heterozygous
sites across the genome, in the case of a folded, one-sample SFS.

In the first step, we chose the folded option (-fold 1), and there-
fore the ancestral state (-anc) and the reference (-ref) parameters
were both the white rhinoceros reference assembly. The same
quality filters and regions of interest as when computing genotype
likelihoods were used in the generation of the SFS (see Section
2.3). Transitions were directly excluded with the option -noTrans
1. Sites with depth of coverage <5x were also discarded (option
-setMinDepth 5) after conducting tests regarding the effect of
depth of coverage on heterozygosity estimation (see Relation be-
tween depth of coverage and genome-wide heterozygosity in Appendix
S1 and Figure Sé).

In the second step, we estimated the SFS in chunks of 1 x 10%
covered sites (option -nSites) with reaLsrs (Korneliussen et al., 2014).
The resulting estimates of homozygous and heterozygous sites per
chunk were summed, and the total count of heterozygous sites was
divided by the total number of sites to obtain a genome-wide esti-
mate of individual heterozygosity at transversions. These estimates
were corrected by the sum of the error rates at transversions (see
Table S1 and Figure S3), by subtracting the fraction of the heterozy-
gosity estimate owing to errors.

Samples whose average depth of coverage was <5x (n = 4) were
excluded from temporal comparisons of genome-wide heterozygos-
ity, after assessing the effect of depth of coverage on heterozygosity
estimation (see Relation between depth of coverage and genome-wide

heterozygosity in Appendix S1, and Figure Sé).

2.7 | Identification of runs of homozygosity and
estimation of inbreeding coefficients

We used scrrooLs roH (Narasimhan et al., 2016) to identify runs of
homozygosity (RoH) from each sample's filtered genotype calls.
Individuals whose average depth of coverage was <5x (n = 4), and
with any of their error rates exceeding 1% (n = 6; see Figure S3) were
excluded from this analysis. Since some samples filled both filter-
ing criteria, eight samples in total were omitted in all RoH and F,
comparisons (see Table S1). We followed the software manual rec-
ommendations for single-sample RoH detection, and set the allele
frequency parameter (--AF-dflt) to a default of 0.4, since the input
was one-sample VCF files.

From the output of BcrTooLs RoH, we retrieved the regions flagged
as RoH along the 63 longest autosomal scaffolds, and filtered out
RoH of quality <30 phred score, and length <100 kbp (since it is
harder to confidently infer short RoH). We calculated the fraction
of the total length of the 63 scaffolds considered that was in RoH
as a proxy for inbreeding (i.e., F ,,). Additionally, we also calculated
average and maximum RoH length per sample.

To assess the performance of this method, we calculated local
heterozygosity in sliding windows of 500 kbp with a 100-kbp slide,
also using each sample's filtered genotype calls as input. We visual-
ized the distribution of local estimates of heterozygosity along the
longest scaffold per sample together with the location of the RoH
identified by BcrrooLs roH, and found a clear overlap (see examples
in Figure S7).

To calculate the age of RoH tracts, we used the formula from
Thompson (2013): g = 100/2*RoH
an IBD segment in generations. We followed the approach of van der
Valk et al. (2019) where the physical RoH length (in Mbp) is used as a
proxy for the length in centimorgans.

length? where g refers to the age of

2.8 | Quantification of loss of genomic diversity

We tested if there was a significant increase or decrease of the fol-
lowing metrics between pre- and post-bottleneck samples (per sub-
species): genome-wide heterozygosity, Fg ,,, average RoH length
and maximum RoH length. We used unpaired, one-sided Wilcoxon
Sum Rank tests via the wilcox.test function in r version 3.4.4 (r: The
R Project for Statistical Computing, 2018). This nonparametric test
accommodates small and uneven sample sizes between groups.

We then calculated the proportion of increase or decrease of
those metrics between groups as median post-bottleneck value
minus median pre-bottleneck value, divided by the median pre-
bottleneck value. We refer to these as delta estimators (i.e., quan-
titative, unitless measures of genomic change through time), as
proposed by Diez-Del-Molino et al. (2018).

2.9 | Geneticload assessment

To detect potential functional consequences of genomic erosion, we
mapped samples of average depth of coverage >10x, both historical
and modern, to the publicly available black rhinoceros reference as-
sembly GCA_013634535.1 (Moodley et al., 2020) (NCBI BioProject
PRJNA632573), following the procedure detailed in Section 2.2.
Unfortunately, none of the NWRpost samples had high enough
depth of coverage to proceed with this analysis, so we evaluated
genetic load in the surviving subspecies only, the SWR, based on five
historical and 13 modern samples.

We called genotypes per individual with catk following the ap-
proach described in Section 2.3. Regarding the polarization of al-
leles, we are aware of the impossibility of confirming which allele is
ancestral at fixed differences between two species, but for technical
reasons we considered “derived” to be the alternative allele among
the white rhinoceros samples with respect to the black rhinoceros
reference allele.

We annotated the homozygous derived biallelic sites of at least
10x depth of coverage per sample with snperr version 4.3t (Cingolani
et al., 2012) and the available annotation for the black rhinoceros
genome (Moodley et al., 2020). Following Kuang et al. (2020), we
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counted the total number of missense and loss-of-function (LoF)
homozygous derived sites, and divided those numbers by the total
count of synonymous sites. To define LoF sites, we chose the ap-
proach of Glicksberg et al. (2019), and considered only sites of high
impact under the effect categories “stop_gained,” “frameshift_vari-
ant,” “splice_acceptor_variant” and “splice_donor_variant.”

We tested whether the estimates of genetic load differed sig-
nificantly between pre- and post-bottleneck SWR with two-sided
Wilcoxon Sum Rank tests via the wilcox.test function in r version
3.4.4 (r: The R Project for Statistical Computing, 2018).

3 | RESULTS

3.1 | A species-wide, temporal, genomic data set of
the white rhinoceros

We generated the most comprehensive white rhinoceros genomic
data set to date, consisting of 52 genomes resequenced at an av-
erage depth of coverage of 12.4x (see Figure S1 and Table S2 for
further details). Of these, 30 were newly generated genomes from
historical museum specimens, and 22 originated from modern speci-
mens: 13 were already publicly available (see Tunstall et al., 2018)
and nine were newly resequenced (Table S1). These 52 samples
represent both NWR (n = 25) and SWR (n = 27) from different geo-
graphical locations. Attending to the age of the samples, we sorted
them into two time windows for each subspecies (Figure 1a), here-
after referred to as pre- and post-bottleneck, with the suffix pre
(e.g., NWRpre) for the former, and post (e.g., NWRpost) for the lat-
ter. All pre-bottleneck samples originated from museum specimens
and their date refers to collection date; all modern samples plus four
from museum specimens lie in the post-bottleneck category, and
their date refers to the birth of the individual.

Demographic histories and sampling time windows differ be-
tween subspecies. For the NWR, a time span of ~70 years is covered,
during which a population decline occurred, followed by a rapid col-
lapse (Figure 1b). The SWR, on the other hand, are represented in
our study by samples from two time windows at the ends of a period
of ~170 years, during which a strong bottleneck was followed by a

recovery (Figure 1b).

3.2 | Geography and potential sampling gaps
underlay the structure in the data set

We ran a PCA on 49 unrelated individuals from both subspecies (see
Figure S5) using only transversions to avoid biases due to ancient
DNA damage. This revealed a clear separation between NWR and
SWR along PC1 (Figure 2a). Moreover, PC2 suggested the existence
of structure within each subspecies (Figure 2a).

Therefore, to further untangle subspecies-specific structure,
we ran the same analysis for unrelated NWR and SWR separately
(Nywr = 24; ngwr = 25). In the NWR, pre-bottleneck individuals

featured three clusters corresponding to the current DRC (plus an
individual from South Sudan, $51914.1), South Sudan and Uganda
(Figure 2b). The post-bottleneck NWR featured: (i) a group from
Sudan (falling relatively close to the historical South Sudan), (ii) an
individual from South Sudan (551954.1) within the pre-bottleneck
South Sudan, and (iii) one Uganda sample falling in between the pre-
bottleneck Uganda and post-bottleneck Sudan (Figure 2b).

In the SWR, PC1 clearly separates pre- and post-bottleneck
individuals, the former showing structure and the latter clustering
tightly together (Figure 2c). Regarding SWRpre, country of origin
was known for all but one sample, but metadata regarding the par-
ticular locality of origin were not available for three out of seven
samples: ZA-un.1, ZA1869.1 and ZA1845.1. However, it was known
that NA1845.1, NA1856.1 and NA1857.1 were individuals from
Damaraland, northwestern Namibia, while ZA1845.2 originated in
Kwa-Zulu, eastern South Africa. Two of the Damaraland samples
and the Kwa-Zulu individual separated along both PC1 and PC2
(Figure 2c). Notably, the third Damaraland sample, NA1856.1, did
not group together with the other two individuals from this locality.
Of the three SWRpre of unknown locality of origin, ZA-un.1 fell next
to two of the Damaraland samples, while ZA1869.1 lay close to the
Kwa-Zulu individual; lastly ZA1845.1 appeared in between the iso-
lated Damaraland sample and the Kwa-Zulu individual (Figure 2c). All
SWRpost fell close to the Kwa-Zulu sample along PC1 (Figure 2c).

Admixture analysis of 49 unrelated individuals, with values of
ancestral components (K) ranging between two and six, showed
concordance with the PCA results. The results revealed a clear sep-
aration between NWR and SWR at K = 2 (Figure 3), while subse-
quent values of K separated within-subspecies clusters. Among the
NWRpre, DRC separated first from samples from South Sudan and
Uganda, which split next (Figure 3). Individual $S51914.1, as in the
PCA, shows affinity for the DRC group, instead of South Sudan.
Post-bottleneck NWR split into a distinct group from Sudan, one
South Sudan individual (551954.1) showing affinity for the pre-
bottleneck South Sudan, and a Ugandan individual showing affinity
for pre-bottleneck Uganda.

Pre-bottleneck SWR also displayed structure; a putative western
group was featured (the three Namibian and ZA-un.1), and a putative
eastern group of South African individuals (including the Kwa-Zulu
individual ZA1845.2). Post-bottleneck SWR showed higher affinity
for the putative eastern historical group (Figure 3), and at K = 6 the
new ancestry component separates captive and some wild SWRpost
from the rest (Figure 3).

3.3 | Both the NWR and the SWR suffered a loss of
genomic diversity over time

To quantify loss of diversity as part of the genomic erosion process
within each subspecies, we computed measures of genomic diver-
sity per individual, grouped the individuals by time window and then
ran a temporal comparison. First, we assessed if a significant dif-
ference existed between temporal groups, and then we calculated
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the proportional difference between the post- and pre-bottleneck
median value of each metric. These intraspecies, quantitative tem-
poral measures of genomic change are referred to as delta estimators
(Diez-Del-Molino et al., 2018).

Individual genome-wide heterozygosity decreased signifi-
cantly between pre- and post-bottleneck individuals in both sub-
species (Figure 4a) (W g = 106, pyg = -000846; W, = 135,
Pswr = -000061). NWRpost showed 10.40% lower heterozygosity
than NWRpre, and SWRpost featured a median heterozygosity that
was 36.49% lower than SWRpre (Table 1).

With regard to inbreeding, we calculated F ,, per sample as
the fraction of the genome putatively in RoH. We observed a small
but significant increase of Fy ,, between NWRpre and NWRpost
(Wiwr = 20, pywr = -01253) of 11.46%. In the SWR, Fp ., also in-
creased significantly (Wg,,z = 4, pgywr = -000089) but by 39.42%
(Table 1 and Figure 4b).

The average length of RoH was significantly higher in both
NWRpost and SWRpost compared to their historical counterparts
(Wiwr = 0, Pywr = -000006; Wy, = 0, pgyg = -000007) (Figure 4c).
The increase in the NWR amounted to a 25.20% and to a 127.82%

in the SWR (Table 1). Moreover, the maximum RoH length was
also significantly higher in post-bottleneck groups (W, = 6,
Pawr = -000179; Wy, e = 6, poyg = -000223), involving a 29.10% in-
creasein NWR, and a 152.19% rise in the SWR (Table 1 and Figure 4d).

Themaximum length of RoH registeredinthe NWRpreis 5.68 Mbp,
while NWRpost individuals harbour RoH of up to 12.51 Mbp (Figure
S8). In the SWR, we observed that the longest RoH recorded in the
SWRpre group, 6.36 Mbp, is surpassed by most SWRpost that har-
bour RoH of up to 13.11 Mbp (Figure S8). With the method described
in Section 2.7, we calculated that the tracts between 6 and 13 Mbp,
which are particularly common among SWRpost, were formed eight
to four generations ago (i.e., the shared ancestor of each of these dis-

tinct homozygous tracts dates back eight to four generations).
3.4 | Geneticload in the SWR did not increase
significantly over time

The SWR is the only surviving white rhinoceros subspecies, and ac-
cording to our results they have suffered an intense loss of genomic
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diversity. To uncover whether deleterious genetic load might have
accumulated in their genomes as another symptom of erosion, we
calculated the ratios of missense/synonymous and LoF/synonymous
homozygous derived sites across five SWRpre and 13 SWRpost.
We did not observe a significant difference in either of the ratios
between SWRpre and SWRpost, and the estimates of genetic load
ranged more widely among pre- than post-bottleneck individuals
(Figure 5).

The estimates among SWRpre samples clustered similarly to the
pattern previously observed in the PCA (Figure 2c). The sample size
was unfortunately too small to assess historical variation in genetic
load across geography. However, none of the SWRpost showed a
higher estimate of load than the highest among SWRpre (Figure 5).

4 | DISCUSSION

In this work, we present a white rhinoceros genomic data set that
included 52 individuals from both subspecies, the NWR and SWR, at
two different time windows each within the past ~170 years. With
this temporal data set we uncovered patterns of population struc-
ture, and we assessed within-subspecies genomic erosion.

Thanks to having historical samples at our disposal, we identi-
fied aspects of the population structure of the NWR and the SWR
that were previously unknown. We identified three historical NWR
clusters, in DRC, South Sudan and Uganda (Figure 2b). The post-
bottleneck NWR in our data set originated mostly from Sudan,
which separated as another group, while post-bottleneck South
Sudan NWR aligned with their respective historical population.

Post-bottleneck Uganda did not show as strong an affinity to pre-
bottleneck Uganda (at least in the PCA, Figure 2b). In the SWR, we
observed signs of a west-east axis of genomic differentiation among
pre-bottleneck samples (Figures 2c and 3) despite the limited meta-
data regarding locality of origin and the small sample size. These pat-
terns of structure may be true biological signals of some degree of
isolation among populations in historical times, but given the poten-
tial gaps in our sampling scheme, and the absence of obvious barriers
to gene flow, the clusters we observed within each subspecies might
have been part of a more continuous cline caused by isolation by
distance over an uninterrupted distribution.

Additionally, the founder effect that gave rise to all extant SWR
was detectable in our data set. Kwa-Zulu, in eastern South Africa,
was the only SWR population that survived the extirpations of the
late 19th century, and despite suffering a harsh bottleneck, it recov-
ered and became the source of all modern SWR. In our analysis we
saw clear affinities between the very homogeneous modern SWR
and the historical sample ascribed to Kwa-Zulu (Figures 2c and 3).
The genetic distance between all modern SWR and their presumed
historical source propably owes to genetic drift and inbreeding over
the last century.

Both the NWR and the SWR experienced some degree of loss of
genomic diversity, according to our results, as a consequence of pop-
ulation extirpations and declines. We observed a significant decrease
of heterozygosity in both subspecies, and increases in RoH length
and inbreeding coefficients measured as F,,. There were, however,
clear differences between the NWR and the SWR in this regard,
which might partially owe to the disparity of their respective demo-
graphic outcomes, but might be heavily influenced by the difference
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in time span between the sampling time windows (~70 years in NWR
vs. ~170 years in SWR). We therefore discuss these results for each
subspecies separately in the following paragraphs.

The NWR disappeared quickly from the wild after the onset of
the bottleneck, and some of our NWRpost were born during this
declining period. Our results showed a significant loss of hetero-
zygosity (Figure 4a), which would be explained by the progressive
extirpation of genomic diversity as the NWR were decimated, but

also a small but significant increase of inbreeding coefficients and
RoH length (Figure 4b-d and Table 1). This could imply that, in the
decades leading up to their extinction, the progressively declining
population size might have led to an increase in inbreeding to a cer-
tain extent.

In the SWR, both the reduction of heterozygosity and the in-
crease in inbreeding are significant and substantial, as reflected
by their delta estimators (Table 1). This agrees with what is known
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TABLE 1 Measures of genomic diversity and delta estimators between pre- and post-bottleneck white rhinoceroses

F, .. average length of RoH and maximum length of RoH comparisons

Genome-wide heterozygosity comparisons

Max RoH
length
(bp)

Avg RoH
length

(bp)

A Max RoH
length

p

p A Avg RoH length

A FRoH
0.1146

FRoH

n

A GW Het

p

GW Het

n

Group

.0001786 0.2910

4,947,425

0.2520

.0000060

391,564.0
490,254.0
329,295.0

.0125300

0.3403
0.3793
0.1875
0.2615

11

.0008463 -0.1040

0.000210
0.000188
0.000163
0.000103

13

NWRpre

6,387,286
3,095,758
7,807,180

9
6
18

9
8
18

NWRpost
SWRpre

1.5219

.0002229

1.2782

.0000074

0.3942

.0000892

-0.3649

.0000615

750,207.0

SWRpost

Note: Median values of genome-wide heterozygosity (GW Het in this table), F ,,, average and maximum length of RoH for each of the four groups. Comparisons between NWRpre and NWRpost, and

between SWRpre and SWRpost were performed with one-sided Wilcoxon Sum Rank tests. Delta estimators (denoted with the Greek letter A) were calculated as median post-bottleneck value minus

median pre-bottleneck value, divided by the median pre-bottleneck value.

6365
MOLECULAR ECOLOGY V4| LEYJ—

about the recent history of the SWR. Given the strong founder ef-
fect they underwent, which implied major extirpation of local diver-
sity, signs of subsequent drift and inbreeding were to be expected.
The notable increase of >100% of the average and maximum RoH
lengths between pre- and post-bottleneck SWR (Table 1) strongly
supports a scenario of intense recent inbreeding.

The SWR is the only white rhinoceros subspecies surviving in
the wild, and is subject to conservation efforts. Given the remark-
able loss of genomic diversity they suffered, we decided to assess
whether modern SWR also carry symptoms of an increased genetic
load that could translate into detrimental phenotypic consequences.
We observed, however, no overall significant difference in the es-
timates of genetic load between pre- and post-bottleneck time
windows (Figure 5). Despite a potentially structured distribution of
genetic load in historical times, the estimates of load of the current
SWR remain within the range of values of those in past populations.
Importantly, this implies that the recovery of the SWR thus far has
occurred without a concomitant accumulation of genetic load. Kuang
et al. (2020) presented similar observations where a species of snub-
nosed monkeys, Rhinopithecus roxellana, that suffered strong recent
inbreeding did not feature a parallel increase of genetic load. We
thus endorse the authors' speculation that, at least in some species,
inbreeding might operate at a faster rate than genetic load accumu-
lation (Kuang et al., 2020).

The differing demographic outcomes between the two subspe-
cies make the white rhinoceros an interesting model to study extinc-
tion and population management. The NWR was rapidly driven to
extinction due to anthropogenic pressure, while the SWR represents
a conservation success story. The demographic trajectory of the
SWR in the last century proves that white rhinoceroses have the po-
tential to reconstitute thriving populations from a very limited pool
of genomic diversity. Additionally, while our results suggest that a
careful control of inbreeding would be advisable in the management
of the remaining SWR, no evident genetic threats, in the form of
heightened genetic load, seem to be haunting them at present.

This does not exclude the possibility that other symptoms of
erosion, such as reduced heterozygosity and long homozygous
tracts, might pose longer term negative consequences that are yet
unknown, particularly in the face of the rapidly changing environ-
ments of the Anthropocene. However, state-of-the-art techniques in
molecular and reproductive biology, at the service of conservation,
might be able to restore (or even increase) some of the rhinoceros
genomic diversity lost in the wild, including the potential for creat-
ing new NWR populations (Hildebrandt et al., 2018; Saragusty et al.,
2016).

Beyond white rhinoceros conservation, this work adds to a grow-
ing body of research where temporal data sets provide valuable as-
sessments of threatened species, such as the eastern gorilla (van der
Valk et al., 2019), the crested ibis (Feng et al., 2019) or the honeybee
(Espregueira Themudo et al., 2020). These studies reveal a perva-
sive and recent decline in genomic diversity among wild populations,
whose consequences might be difficult to foresee. This kind of data
set, however, offers the possibility to detect potential genetic threats
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FIGURE 5 Genetic load through time in the southern white rhinoceros. (a) Distribution of the missense/synonymous ratio at homozygous
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in SWRpost. In both panels, the p-values correspond to two-sided Wilcoxon Sum Rank tests, and the significance threshold is .05

before they take a toll on the managed populations. Moreover, they
could elicit the development of species-specific protocols to esti-
mate the evolutionary potential of these “eroded” populations.
Species extinctions are often used as a metric of anthropogenic
pressure, but population extirpations and census size reductions are
more pervasive, precede extinction, and affect both officially threat-
ened and nonthreatened species (Ceballos et al., 2017). As a con-

sequence, shippets of genomic diversity are being erased from the

biosphere for good. The viability of a species might not be cancelled
in the short term as a result, but its genomic pool will be eroded,
which is in itself a biodiversity loss, and potentially entails an added
degree of vulnerability to the species in the face of a changing envi-
ronment. Ultimately, if conservation of biodiversity is entering an era
of tailor-made, population-specific approaches, temporal data sets
hold great power to reveal the hidden consequences (and potential

risks) of the human threat to biodiversity.
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