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In brief

Hempel et al. show that prior to its

extinction, the blue antelope had a low

population size and diversity over

millennia, unaffected by glacial cycles.

However, no signs of inbreeding and

extensive purging indicate adaptation to

low genomic diversity. Hence, it likely

became extinct due to a fast-acting

disturbance in the form of European

colonists.
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SUMMARY
Low genomic diversity is generally indicative of small population size and is considered detrimental by
decreasing long-term adaptability.1–6 Moreover, small population size may promote gene flow with conge-
ners and outbreeding depression.7–13 Here, we examine the connection between habitat availability, effective
population size (Ne), and extinction by generating a 403 nuclear genome from the extinct blue antelope
(Hippotragus leucophaeus). Historically endemic to the relatively small Cape Floristic Region in southern-
most Africa,14,15 populations were thought to have expanded and contracted across glacial-interglacial cy-
cles, tracking suitable habitat.16–18 However, we found long-term low Ne, unaffected by glacial cycles, sug-
gesting persistence with low genomic diversity for many millennia prior to extinction in �AD 1800. A lack of
inbreeding, alongside high levels of genetic purging, suggests adaptation to this long-term low Ne and that
human impacts during the colonial era (e.g., hunting and landscape transformation), rather than longer-term
ecological processes, were central to its extinction. Phylogenomic analyses uncovered gene flow between
roan (H. equinus) and blue antelope, as well as between roan and sable antelope (H. niger), approximately
at the time of divergence of blue and sable antelope (�1.9Ma). Finally, we identified the LYST andASIP genes
as candidates for the eponymous bluish pelt color of the blue antelope. Our results revise numerous aspects
of our understanding of the interplay between genomic diversity and evolutionary history and provide the re-
sources for uncovering the genetic basis of this extinct species’ unique traits.
RESULTS AND DISCUSSION

Genomic diversity is considered a key component of biodiver-

sity19 and is widely used as a proxy for population size in evolu-

tionary and conservation genetics research.1 Low population

size is regarded as problematic as it is expected to facilitate

inbreeding, a reduction in fitness and adaptability, and an accu-

mulation of deleterious mutations.2–6 Moreover, low population
2020 Current Biology 34, 2020–2029, May 6, 2024 ª 2024 The Author
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size is assumed to increase the probability of gene flow between

related species (hybridization) due to the lack of available

conspecific mating partners (Hubbs principle7).8–10 This, how-

ever, might lead to outbreeding depression and loss of locally

adapted variation.11–13 Although various factors can influence

population size, the availability of suitable habitat is generally

considered to be of key importance. Therefore, population size

is expected to change according to habitat availability.20
s. Published by Elsevier Inc.
eativecommons.org/licenses/by/4.0/).
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The blue antelope, Hippotragus leucophaeus (Pallas, 1766), is

an ideal species to investigate the relationships between popu-

lation size and genetic load, congeneric gene flow, and habitat

availability. This species was endemic to the Cape Floristic Re-

gion (CFR) in southernmost Africa14,15,21 and is so far the only

large African mammal species documented to have gone extinct

since 1500.22,23 The paleoecological history of the CFR raises

the possibility that the blue antelope’s recent extinction was, in

part, a consequence of longer-term ecosystem changes. Previ-

ous work in the CFR has emphasized the abundance and diver-

sity of grazers, such as black wildebeest (Connochaetes gnou),

buffalo (Syncerus caffer and S. antiquus), and equids (Equus

quagga, E. zebra, and E. capensis) in late Pleistocene fossil as-

semblages, distinct from the relatively species-poor, browser-

dominated faunas through the Holocene.24,25 It is thought that

the grazer-dominated faunas of the Pleistocene relate to the

expansion of grassy habitats during glacial phases paired

with the expanded landmass provided by the �85,000 km2

Palaeo-Agulhas Plain that was exposed during marine regres-

sions.16–18,24,26 Fossil evidence demonstrates that the blue ante-

lope, like other grazers, was more abundant and broadly distrib-

uted during the Pleistocene.21 Due to its presumed ecological

link to relatively grassy habitats, the blue antelope’s population

size is expected to have tracked glacial-interglacial cycles,

with a higher population size during glacial phases. A previous

study showed that the blue antelope had low genetic diversity

in the early Holocene around 9,500 years ago, which suggests

it already had a low population size some time before then.27

However, due to limited data quantity, the previous study was

not able to investigate its population size dynamics or the poten-

tial impact of low diversity on the species.

Here, we investigated the evolution and eventual extinction

of the blue antelope at greater depth by generating a high-

coverage blue antelope genome from a historical specimen. As

we used the specimen from a previous study, which was shown

to have unusual guanine-to-thymine damage patterns, we first

investigated which mapping approach would yield the best

result by simulating data showing the damage patterns found

in our individual (Figure S1).27 From the seven approaches tried,

we found bwa aln�o 2�n 0.01 to result in the highest number of

mapped base pairs (i.e., BWA1, Table S2). Thus, this mapping

approachminimizes the reference biases, which can cause alter-

native alleles and therefore also reads with DNA damage-

induced substitutions to not map as efficiently as the reference

allele.28 Using this mapping approach and the scimitar-horned

oryx as the reference genome, we successfully mapped

2,356,622,046 unique reads out of the total of 23,454,910,916

raw sequencing reads, corresponding to an endogenous con-

tent of �10% and a 40.123 coverage genome. The average

read length for mapped reads was 46 bp.

During the mapping test, we performed genotype calling and

noticed a high level of false positive heterozygous base calls in

our simulated haploid data, likely caused by our mapping

approach, which also allows reads with DNA damage-induced

substitutions to be mapped to the reference genome. These

false positive heterozygous base calls could, however, be

removed when using a minor allele frequency threshold of 0.3.

Further investigations into our blue antelope data revealed

that both damage and sequencing errors were also inflating
heterozygous base calls when the minor allele frequency

threshold was set too low (<0.3) (Figure S2). Therefore, we

applied a minor allele frequency of >0.3 based on directly count-

ing all possible nucleotides on our empirical data. Using this

approach, we found heterozygosity was very low in the blue an-

telope relative to the roan (Hippotragus equinus) and the sable

antelope (Hippotragus niger), with the roan exhibiting the highest

value (Table 1).

Demographic history analyses using the pairwise sequential

Markovian coalescence (PSMC)model revealed that the low het-

erozygosity in the blue antelope was likely a long-term trend

coupled with long-term low effective population size (Ne) (Fig-

ure 1). Despite the low genome-wide heterozygosity in our blue

antelope individual and the low and continuously decreasing

Ne for several hundreds of thousands of years, we found no signs

of inbreeding when investigating the frequency and length of

runs of homozygosity (ROHs) (Table 1; Figures 1 and S3). This

lack of ROH, despite low genome-wide levels of heterozygosity,

is somewhat unexpected. However, it could be explained by

behavioral adaptations preventing mating between kin, such as

dispersal from the natal group, which occurs in many antelope

species. In fact, the blue antelope’s closest living relatives, the

sable and roan antelope, both drive youngmales and sometimes

also young females from their natal female groups.29,30 Further-

more, our investigation of the genetic load of the blue antelope

revealed relatively fewer loss-of-function variants than in the

roan or the sable antelope, both for the heterozygous and for

the homozygous state. This implies purging of both masked

and realized genetic load (Table 1) as had already been hypoth-

esized but not tested for this species.27 High levels of purging of

deleterious mutations can be facilitated by long-term low popu-

lation size, as deleterious mutations are more often present in a

homozygous state and consequently more readily selected

against than in larger populations. Therefore, from a genomic

point of view, if a population manages to survive at low popula-

tion numbers for a long time, specific adaptations may dampen

the effects of genomic erosion, meaning low population size be-

comes less disadvantageous for the survivability of a population

over time. In the absence of extremely fast-acting threats like hu-

man impacts or environmental catastrophes, there is increasing

evidence that species can indeed survive for hundreds of thou-

sands of years at low population size.31–36 One well-known

example is theChannel Island fox (Urocyon littoralis), which is hy-

pothesized to have survived with long-term low population size

and diversity due to high levels of purging of deleterious reces-

sive alleles. This is thought to be aiding in its current demo-

graphic recovery.37,38

Our demographic history reconstruction shows that the blue

antelope’sNe does not trackPleistocene glacial cycles (Figure 1);

instead, we see a steady decline in Ne since at least 400,000

years ago. The minimum Ne was reached around 20,000 years

ago, i.e., during the Last Glacial Maximum, but one should not

overinterpret the slight increase in Ne seen after this point in

time since PSMC reconstructions become unreliable close to

the present.40 In fact, the fossil record of the blue antelope

shows that it became progressively less abundant after the

Pleistocene-Holocene transition.41,42 The observation that the

Ne of the blue antelope was low and slowly decreasing for

around 400,000 years is inconsistent with the expectation that
Current Biology 34, 2020–2029, May 6, 2024 2021



Table 1. Heterozygosity and genetic load

Blue antelope Sable antelope Roan antelope

Total # of sites – 2,048,015,341 2,332,760,508 2,350,448,032

# Heterozygous sites – 800,433 3,855,115 4,578,111

Heterozygosity – 0.00039 0.00165 0.00195

# Synonymous-derived

homozygous SNPs

– 118,427 171,475 179,171

Realized LoF – 0.0138 0.0171 0.0171

Masked LoF – 0.0024 0.0059 0.0062

ROH > 100 kb total kbp 7,700 155,500 379,000

% of genome 0.32 6.37 15.54

ROH > 1 Mb total kbp 0 25,300 47,900

% of genome 0 1.04 1.96

Estimated autosomal heterozygosity, runs of homozygosity (ROHs), and genetic load for the blue, roan, and sable antelope. Realized LoF was calcu-

lated by dividing the number of homozygous-derived LoF SNPs by the total number of synonymous SNPs. Masked LoF was calculated by dividing the

total number of heterozygous LoF SNPs by the total number of synonymous SNPs. LoF, loss of function.
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population sizewould have varied in response to glacial-intergla-

cial cycles. Fluctuations in exposed landmass and vegetation

due to glacial-interglacial cycles seem to have had no major in-

fluence on the blue antelope’s Ne. Though our observations

are seemingly inconsistent with observed changes in mammal

community composition through time in the CFR, whereby

grazer abundance and diversity increase during glacial phases

and decline during interglacials, they add to recent evidence

suggesting that current models of long-term ecosystem dy-

namics in the region may be in need of refinement. For example,

contrary to the expectation that glacial phases supported

widespread grassy vegetation, palynological evidence from a

�300,000-year-old marine core �160 km southwest of Cape

Town indicates that grasses in the CFR were consistently rare

and that their abundance did not respond to glacial-interglacial

cycles.43 This apparent lack of grassy vegetation is difficult to

reconcile with the abundance and diversity of presumed grazers

in many Pleistocene fossil assemblages (e.g., Klein,24 Faith,25

and Klein et al.44), including the rich fossil record of the blue an-

telope from the southwestern Cape.24,44 However, there is some

evidence that Pleistocene species thought to be grazers were

consuming more dicots than expected in the CFR, implying

that the extent and importance of grassy vegetation may have

been overstated.45,46 With this in mind, it is possible that the

apparent decline in the abundance and distribution of blue

antelope fossils across the end of the Pleistocene through the

Holocene24,41 is not a consequence of ecological dynamics

linked to 100,000-year glacial-interglacial cycles but perhaps a

longer-term process playing out since the middle Pleistocene.

Revealing the causes behind the blue antelope’s Pleistocene

decline will require a better understanding of the paleoecology

of the blue antelope, as well as of the ecological dynamics of

the CFR.

However, our results allow conclusions about the potential

drivers of the blue antelope’s extinction. As outlined above, it ap-

pears unlikely that ecological changes across the Pleistocene-

Holocene transition, proposed by some to have set the stage

for its extinction later in the Holocene,47 played a key role. Like-

wise, blue antelope and hominins have overlapped for the past

�1 Ma,44 with late Pleistocene and Holocene archaeological
2022 Current Biology 34, 2020–2029, May 6, 2024
sites from the CFR documenting a long history of human preda-

tion on blue antelope (e.g., Klein21,24,48 and Faith49). Our

analyses provide no evidence that increased predator-prey in-

teractions in the past �125,000 years, as suggested by the

archaeological record, was associated with a marked decline

in population sizes, implying that the blue antelope was able to

tolerate human predators armed with a Stone Age toolkit. In

addition, the declining and persistently low population sizes

over the past 400,000 years further suggest that small popula-

tions are not a consequence of the introduction of livestock to

the CFR �2,000 years ago. It is possible that competition with

livestock may have further reduced blue antelope populations,

rendering them more vulnerable to extinction later on,42,48 but

testing this would require analyses of additional fossil samples

within the last 2,000 years. What remains unambiguous, how-

ever, is that European colonization of southern Africa in AD

1652 was followed by both landscape transformation and hunt-

ing with firearms. The extinction of a species that endured for

millenia at low population sizes only �150 years into the colonial

era strongly suggests that these recent human impacts were the

decisive factor. A similar fate was met by the quagga (Equus

quagga quagga), a subspecies of the plains zebra, which was

hunted to extinction at the end of the 19th century.50 Other ungu-

late grazers also endemic to the CFR, including the bontebok

(Damaliscus pygargus pygargus) and the Cape mountain zebra

(Equus zebra zebra), nearly followed the blue antelope and

quagga to extinction, and likely for the same reason. Bontebok

populations were reduced to fewer than 100 individuals in the

early 1800s,51 and Cape mountain zebra populations were

similarly reduced by the 1950s.52 Both only avoided extinction

thanks to dedicated conservation efforts, including the estab-

lishment of Bontebok National Park and Mountain Zebra Na-

tional Park (e.g., van Rensburg51 and Parker53).

Theory suggests that gene flow from a close relative into a

species is most likely when the population size of the species

in question is low (Hubbs principle7).8–10 Therefore, the previ-

ously observed signal of gene flow from the roan into the blue an-

telope27 may have been a continuous phenomenon due to the

continuously low population size of the blue antelope (Figure 1).

Utilizing our new genome and sliding window phylogenomics,
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Figure 1. Pairwise sequential Markovian coalescent model for the blue, roan, and sable antelope and relative sea levels

(A) Effective population size (Ne) of the blue, roan, and sable antelope with 100 partial subsamples (generation time blue and sable: 7.1 years, roan antelope:

7.5 years; mutation rate per generation [m] blue: 1.143 10�8, sable: 1.193 10�8, roan: 1.263 10�8). (B) Average relative sea levels over time.39 Selected marine

isotope stages (MIS) during which the Palaeo-Agulhas Plain should have been available as habitat are marked in light green.
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we find support for the inferred species tree (blue and sable an-

telope as sister species27,54) with 52% of gene trees supporting

this topology. By contrast, 31% support the blue and the roan

antelope as sister species, and 17% support a sister-group rela-

tionship between the roan and the sable antelope (Figure 2). We

note that due to mapping to the outgroup and the high levels of

damage in our blue antelope specimen, there may be a slight

bias toward the reference allele in the blue antelope, which could

have erroneously inflated the number of windows supporting a

closer relationship between the blue antelope and the scimitar-

horned oryx and therefore also the number of windows
supporting a sister-group relationship between the roan and

sable antelope as a result.

The alternative topologies may be driven by incomplete lineage

sorting (ILS) and/or gene flow. However, the differences in fre-

quency of the two alternative topologies (31% vs. 17%) suggest

at least some post-speciation gene flow between the roan and

the blue antelope. Therefore, we evaluated whether the discor-

dant topologies originated from ILS alone or from ILS and gene

flow using the quantification of introgression via branch lengths

(QuIBL). The results suggest that there was gene flow between

the roan and the blue antelope, as well as between the roan and
Current Biology 34, 2020–2029, May 6, 2024 2023
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Figure 2. Fossil-calibrated phylogenies from the sliding window tree analysis with frequencies of occurrence

(A) Species phylogeny. (B) Alternative topology with the blue and roan antelope as sister taxa. (C) Alternative topology with the sable and roan antelope as sister

taxa. The percentage of gene trees supporting each topology is shown above each tree. Numbers next to nodes indicate the 95% credibility intervals of the

divergence time in million years. Numbers above the timescale represent the mean of the respective divergence time of that node. The maximum likelihood

phylogenies were fossil calibrated using a uniform prior between 3.6 and 4.5 Ma for the Oryx/Hippotragus split with a soft maximum bound55–57; for further

explanations, see Bibi.58 Photo credits: NRM 590107: Hempel et al.54; roan antelope: Charles J. Sharp, Wikimedia Commons, CC-BY 4.027; sable antelope:

Paulmaz, Wikimedia Commons, CC-BY 3.027; scimitar-horned oryx: E. Hempel.27
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the sable antelope (Table S3). We confirmed the finding of gene

flow between the blue and roan antelope using D statistics. Utiliz-

ing the input topology ((blue, sable), roan), we retrieved a D value

of�0.071 and Z score of�23.90. The negative Z score and |Z| > 3

indicate gene flow between the blue and roan antelope. However,

although we know there was gene flow, from these analyses we

cannot make inferences about the timing of the gene flow.

We subsequently attempted relative dating of gene flow

events using two different approaches: utilizing (1) the length of

SNP tracts, and (2) fossil-calibrated phylogenies for each of

the three given topologies. When analyzing SNP tracts, we found

32,303 tracts placing the blue and roan antelope as sister spe-

cies (Figure 2B) and 15,300 tracts placing the sable and roan an-

telope as sister species (Figure 2C). The median tract lengths for

both of these topologies were �1,000 bp (Table 2). These alter-

native topology tracts covered 41,741,868 and 18,469,280 bp of

the genome. We also found 7,844 SNP tracts supporting the
2024 Current Biology 34, 2020–2029, May 6, 2024
species tree topology with a median length of 5,064 bp, covering

a total of 223,819,284 bp of the genome. The similarity in length

of the alternative topology tracts suggests gene flow between

the blue and the roan antelope as well as between the sable

and the roan antelope to have occurred at approximately the

same time, assuming a similar rate of linkage disequilibrium

decay across the three species. In accordance with this conclu-

sion, the fossil-calibrated phylogenies for each of the three topol-

ogies resulted in similar ages of the most recent common

ancestor of the respective sister lineages of around 1.9 million

years ago, including very similar and largely overlapping confi-

dence intervals (Figure 2). Similar to the SNP tracts, this suggests

that gene flow between the roan antelope and the other two spe-

cies occurred around the time of divergence between the sable

and the blue antelope. Although our PSMC analyses do not

extend to the time of divergence of the three lineages and we

thus have no estimate for their population size at this time, a



Table 2. SNP tract analysis

(((blue, sable), roan), outgroup) (((blue, roan), sable), outgroup) (((sable, roan), blue) outgroup)

Median tract length 7,844 1,064 1,004

# Tracts 5,064 32,303 15,300

bp covered 223,819,284 41,741,868 18,469,280

Total scored sites 1,628,286 1,212,829 915,877

Minimum tract length 734 70 15

1st quantile tract length 16,375 715 658

Mean tract length 44,202 1,292 1,207

3rd quantile tract length 50,656 1,611 1,517

Maximum tract length 756,638 10,444 23,139

Results of the SNP tract analysis.
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possible explanation for the stronger signal of gene flow in the

blue antelope compared with the sable antelope is that the

ancestral blue antelope population was already small and thus

gene flow from the roan antelope had a larger effect than it had

on the possibly larger sable antelope population. In the absence

of molecular dating approaches, our sliding window phyloge-

nomic and significant D statistics results could be interpreted

as gene flow via secondary contact long after initial divergence.

However, since the gene flow we detected dates to approxi-

mately the divergence of the blue and sable antelope, it indicates

that gene flow with the roan antelope has likely not occurred

since the initial divergence of blue and sable antelope. This result

suggests caution should be taken when using secondary con-

tact substantially after divergence as the default interpretation

for analyses that do not take the timing of gene flow into account.

The pelt color of the blue antelope is assumed to have ex-

pressed a bluish/gray coloration,23,59 whereas museum speci-

mens now appear as a dull brown color, perhaps due to environ-

mental degradation of pigment in those pelts. Blue or gray coat

color in mammals, also known as eumelanin dilution, can be

caused by a variety of genes, including RAB27A, MYO5A, and

MLPH that affect melanosome transport to keratinocytes,60,61

downstream genes like MREG and TPCN2,62,63 as well as up-

stream ones like PMEL and LYST that are linked to melanosome

biogenesis and lysosomal trafficking.64,65 Variants in these

genes have been associated with eumelanin dilution in a wide

array of species, predominantly domesticates.60–63,66,67 Key

genes involved in melanogenesis and pigmentation patterns in

mammals—like MITF, ASIP, MC1R, TYR, and TYRP168—could

also be responsible for the blue antelope’s titular coloration by

influencing where, which, and how much pigment is produced.

When we investigated these candidate genes in the blue ante-

lope genome, we found 24 homozygous, non-synonymous sub-

stitutions compared with the roan antelope that were predicted

as deleterious by SIFT69 in 14 genes (ASIP, GPR143, BCL2,

HPS1, HPS3, HPS4, HPS5, HPS6, LYST, AP3D1, FIG4,

SLC45A2, BLOC1S4, and ATP7A) (Table S4). Four of these ho-

mozygous deleterious missense variants occur in LYST

(lysosomal trafficking regulator, p.Pro423Thr, p.Val1079Met,

p.Ser2827Thr, p.Cys1352Tyr). These protein-coding variants

are clear candidates for the blue antelope’s bluish hue, although

further experimental verification of their phenotypic impact will

be necessary. We also found a missense variant close to the

start of the ASIP protein (p.Arg10Trp) strongly predicted to
disrupt its function by SIFT.69 Loss of function in ASIP may

contribute to shifting the balance of melanin production from

the reddish pheomelanin toward exclusively black eumelanin

expression,70 which contrasts with the roan antelope that pre-

dominantly expresses pheomelanin and the sable antelope,

which may express full-body eumelanin pigmentation, but only

in a sex- and age-dependent manner.10 However, a deleterious

missense mutation that early in the ASIP protein (residue 10)

points to loss of function of ASIP, which would make eumelanin

expression invariant to regulation and result in constitutive

expression.68,71 Although we cannot exclude the influence of

further, as yet undetected variants in other genes and possibly

regulatory regions, the detected combination of sequence vari-

ants in LYST and ASIP could well explain the bluish coat color

phenotype that was conspicuous enough to become immortal-

ized in the blue antelope’s name even beyond its physical

extinction.

In conclusion, our study shows that the blue antelope had

low and declining effective population size and genomic diver-

sity for at least 400,000 years prior to its extinction around AD

1800. Contrary to expectations for a large mammalian herbi-

vore, its Ne appeared unaffected by the environmental fluctu-

ations that accompanied glacial-interglacial cycles. Our

finding of no signs of inbreeding but high levels of purging sug-

gests that the blue antelope was adapted to its low diversity,

showing that, in the absence of fast-acting disturbances, spe-

cies can survive for many millennia at low population size.

Finally, our sliding window fossil-calibrated phylogenies sug-

gest that gene flow analyses that do not consider the timing

of gene flow should not be interpreted as evidence for intro-

gression substantially after divergence of the lineages investi-

gated. Overall, our study demonstrates the massive effect of

European colonization on southern African wildlife while also

providing new insights into the interactions between genomic

diversity and evolutionary history that help reveal the unique

traits of this extinct species.
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CL130 GTGACTGGAGTTCAG

ACGTGTGCTCTTCC*GA*TC*T

Gansauge et al.73 Sigma Aldrich

CL72 R1 sequencing primer:

ACACTCTTTCCCTACACGACGCTCTTCC

Gansauge and Meyer74 Sigma Aldrich

Gesaffelstein index 2 sequencing primer: GGAAG

AGCGTCGTGTAGGGAAAGAGTGT

Paijmans et al.75 Sigma Aldrich

P5 indexing primer: AATGATACGGCGACC

ACCGAGATCTACACnnnnnnnnACACTCTT

TCCCTACACGACGCTCTT

Gansauge and Meyer74 Sigma Aldrich

(Continued on next page)
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P7 indexing primer: CAAGCAGAAGACGGC

ATACGAGATnnnnnnnnGTGACTGGAGTTCA

GACGTGT

Gansauge and Meyer74 Sigma Aldrich

Software and algorithms

fastp v0.23.2/v0.23.4 Chen et al.76; Chen77 https://github.com/OpenGene/fastp

Kraken v2.1.3 Wood and Salzberg78 https://ccb.jhu.edu/software/kraken

PALEOMIX v1.3.8 Schubert et al.79 https://paleomix.readthedocs.io/en/stable

bwa aln v0.7.17 Li and Durbin80 https://github.com/lh3/bwa

samtools v1.16.1/v1.18 Li et al.81 http://www.htslib.org

GATK4 v4.4.0.0 Van der Auwera and

O’Connor82
https://gatk.broadinstitute.org/hc/en-us

Picard Toolkit v2.27.4 http://broadinstitute.github.io/picard

SAMtools v1.16.1 Li et al.81

bcftools v1.16 Danecek et al.83; Li84 https://samtools.github.io/bcftools/

GLnexus v1.4.1 Lin et al.85 https://github.com/dnanexus-rnd/GLnexus

mapDamage v2.2.1 Jónsson et al.86 https://ginolhac.github.io/mapDamage/

freebayes v0.9.21.7 Garrison and Marth87 https://github.com/freebayes/freebayes

IQ-Tree2 v2.2.0.3 Minh et al.88 http://www.iqtree.org

PSMC v0.6.5 Li and Durbin40 https://github.com/lh3/psmc

ANGSD v0.923 Korneliussen et al.89 https://github.com/ANGSD/angsd

QuiBL Edelman et al.90 https://github.com/miriammiyagi/QuIBL

bedtools v2.29.1 Quinlan and Hall91 https://bedtools.readthedocs.io/en/latest/

SnpEff/SnpSift v5.1/v5.2 Cingolani et al.92 http://pcingola.github.io/SnpEff/,

gargammel v1.1.2 Renaud et al.93 https://grenaud.github.io/gargammel/

ASTRAL v5.7.8 Rabiee et al.94 https://github.com/smirarab/ASTRAL

QualiMap v2.3 Garcı́a-Alcalde et al.95 http://qualimap.conesalab.org/

DamageProfiler v1.1 Neukamm et al.96 https://github.com/Integrative-

Transcriptomics/DamageProfiler

MultiQC v1.18 Ewels et al.97 https://multiqc.info/

Basecalls_0.1.sh this study https://github.com/Mvwestbury/Blue_

antelope_tools (https://doi.org/

10.5281/zenodo.10780)

ROH.py this study https://github.com/Mvwestbury/Blue_

antelope_tools (https://doi.org/

10.5281/zenodo.10780)

mutator.R this study https://github.com/Mvwestbury/Blue_

antelope_tools (https://doi.org/

10.5281/zenodo.10780)

countSNPs.pl this study https://github.com/Mvwestbury/Blue_

antelope_tools (https://doi.org/

10.5281/zenodo.10780)

findTracts.pl this study https://github.com/Mvwestbury/Blue_

antelope_tools (https://doi.org/

10.5281/zenodo.10780)

Other

SYBR Green PCR MasterMix Thermo Fisher Cat#4309155

AccuPrime� Pfx DNA Polymerase Thermo Fisher Cat#12344024

T4 DNA Ligase (5 U/mL) Thermo Fisher Cat#EL0011

T4 DNA Ligase (30 U/mL) Thermo Fisher Cat#EL0013

FastAP Thermosensitive Alkaline Phosphatase (1 U/mL) Thermo Fisher Cat#EF0651

PEG-4000 (50% (w/v)) Thermo Fisher Cat#EL0011

(Continued on next page)
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HPLC grade water A. Hartenstein Cat#CW20

Tween 20 100% A. Hartenstein Cat#CT21

EDTA Solution, 0.5M VWR Cat#E177-500MLDB

T4 RNA Ligase Buffer & PEG 8000 New England BioLabs Cat#B0216L

ATP 100mM Thermo Fisher Cat#R0441

Tris-HCl solution, 1M pH8 Thermo Fisher Cat#15568-025

NaCl solution, 5M Thermo Fisher Cat#AM9760G

Dynabeads My One Streptavidin C1 Thermo Fisher Cat#65001

Klenow fragment of DNA polymerase I Thermo Fisher Cat#EP0051

dNTP 25mM each Mix Biozym Cat#350600502 (BR0600502)

SDS solution, 20% Thermo Fisher Cat#AM9820

SSC Buffer, 20x Roth Cat#1054.1

TE Buffer VWR Cat#E112-100ml

Nuclease-free Water New England BioLabs Cat#B1500S

USER Enzyme New England BioLabs Cat#M5505S

Herculase II Fusion DNA Polymerase Agilent Cat#600677

T4 PNK Thermo Fisher Cat#EK0031
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and materials should be directed to and will be fulfilled by the lead contact, Prof.

Dr. Michael Hofreiter (michael.hofreiter@uni-potsdam.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The untrimmed single-stranded library raw data has been deposited at the Sequence Read Archive and is publicly available as of the

date of publication. Accession numbers are listed in the key resources table. The data is associated in GenBankwith BioProject num-

ber PRJNA950236. The BioSample is SAMN22745443, the same as in Hempel et al.54 In addition, publicly available data from Hem-

pel et al.54 and Hempel et al.27 was used. The accession numbers for the datasets are listed in the key resources table. All original

code is available on https://github.com/Mvwestbury/Blue_antelope_tools (https://doi.org/10.5281/zenodo.10780). Any additional

information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

We used the extract and a single-stranded library of the historical blue antelope (Hippotragus leucophaeus) mounted skin

(NRM 590107) housed in the Swedish Museum of Natural History (Naturhistoriska riksmuseet) in Stockholm from a previous study.54

From the extract we built an additional eight libraries (see below). This specimen does not have locality information.

METHOD DETAILS

Lab procedures
DNA preparation

We built eight single-stranded libraries using 1.73 ml of an already existing DNA extract for each.54,73 We performed uracil removal

through an initial 15 min incubation step with 0.5 ml USER (Uracil-Specific Excision Reagent) Enzyme (modified from Meyer et al.98).

The maximum amount of input DNA used for library construction was 10 ng. A qPCR (Thermo Scientific PikoReal Real-Time PCR

System) was run to determine the optimal number of amplification cycles for the subsequent dual-indexing PCR. Extraction and li-

brary blanks were run alongside to check for contamination. Since the short read length of this sample was already known from a

previous study,54 we removed very short reads to improve the mappable proportion of the sequenced reads by processing all eight

newly built libraries on the Pippin Prep device (Sage Science) with a 3% Agarose Gel Cassette for targets from 90–250 bp (Marker C)

with selection parameters set to 165–300 bp. Subsequently all libraries were re-amplified using Herculase II Fusion Polymerase. The
e3 Current Biology 34, 2020–2029.e1–e6, May 6, 2024

mailto:michael.hofreiter@uni-potsdam.de
https://github.com/Mvwestbury/Blue_antelope_tools
https://doi.org/10.5281/zenodo.10780


ll
OPEN ACCESSReport
library used in Hempel et al.54 had been treated in the same way. All pre-PCR lab work was conducted in dedicated archival DNA

facilities at the University of Potsdam, Germany. The eight newly constructed libraries were sequenced using custom primers in

two runs on a NovaSeq6000 at the SciLifeLab, Sweden, generating 101 bp paired-end reads.74,75 The original library was sequenced

on one of these runs. In addition, four of the libraries were sequenced using custom primers on an Illumina NextSeq500 at University

of Potsdam, Germany, generating 75 bp single-end reads. We also used 75 bp single-end read data from NRM 590107 from two

previous studies generated from the original library27,54 (Table S1).

Bioinformatic procedures
aDNA simulation

To determine the best mapping approach in terms of data mapped and accuracy of downstream variant calling, we simulated 150 bp

paired-end Illumina sequencing reads from the largest scaffold of H. niger (Genbank code: VHQK01014937.199; 19,097,140 bp) using

gargammel v1.1.293 to a coverageof�30x. Toevaluate the impact of read lengthand/or damage,wesimulated threedatasets: i) 300bp

fragment lengthswith no damage, ii) Read lengths based on the output frommapDamage for the blue antelopewithout damage, and iii)

Read lengths and C-T and A-G damage patterns based on the output frommapDamage. For iii) we subsequently randomly mutated G

intoT across the readat an�0.33%rate using a customRscript (mutator.R, https://github.com/Mvwestbury/Blue_antelope_tools). For

each of the three datasets, we ran seven differentmapping approaches basedonpreviously publishedparameters formapping ancient

DNA data100–104 (Table S2).

Data processing and read mapping

We treated single- and paired-end reads separately but combined the reads of each library prior to duplicate removal. We used fastp

v0.23.2,76,77 https://github.com/OpenGene/fastp) to trim Illumina adapter sequences, remove reads <30 bp (--length-required) and

merge paired-end reads (--merge) with disabled quality filtering (-Q) and trimming poly G tails (--trim_poly_g). Wemapped the result-

ing reads to scaffolds 1-29 (https://www.ncbi.nlm.nih.gov/assembly/GCF_014754425.289105) and the mitochondrial genome of the

same individual of the scimitar-horned oryx (Oryx dammah) using the bwa aln algorithm v0.7.1780 with amaximumedit distance (-n) of

0.01 and a maximum number of gap openings (-o) of 2 while using only merged reads for paired-end data. We removed reads with a

mapping quality of <30 and discarded unmapped reads with SAMtools view v1.16.1.81 We merged all bam files originating from the

same library with SAMtools merge and sorted them with SAMtools sort. Subsequently, we removed duplicates with Picard

MarkDuplicates v2.27.4 (Picard Toolkit 2020 — http://broadinstitute.github.io/picard). We sorted and merged all bam files into

one single file for sample NRM 590107 and sorted it again. Lastly, we performed a mapDamage v2.2.086 analysis (Figure S1) and

rescaled the bam file to decrease the quality of misincorporations that are likely caused by aDNA damage using the rescale option

(- -rescale).

We also used published raw sequencing read data from contemporary samples of captive specimens of the roan (H. equinus; sam-

ple 10954106) and the sable antelope (H. niger; sample SB215299). The reads were processed in the same way as described for the

blue antelope andmapped to the same reference genome using the bwamem algorithm (instead of bwa aln) with default settings and

bothmerged and unmerged reads. For the roan antelope sample, which originates from a 10X Genomics library, 22 bp were trimmed

fromR1while using fastp (- -trim_front1=22). Sex chromosomes aswell asmitochondrial genomes are inherited differently compared

to autosomes. To avoid biasing downstream analyses, we removed scaffold 23 which was previously shown to align best with the

X chromosome in the cattle genome.105

We chose the scimitar-horned oryx as the reference genome due to its relative high quality and relatively close relationship to the

genusHippotragus. Wemapped allHippotragus species to the outgroup so all individuals will be equidistant to the reference genome

helping to alleviate some biases that can be caused by unequal phylogenetic distances to the reference genome in genetic diversity

and demographic analyses.107More specifically, it was shown that with increased phylogenetic distance to the reference, depending

on filtering parameter choice, there are increasing levels of heterozygosity and as a result decreasing levels of runs of homozygos-

ity.107 However, as the scimitar-horned oryx is only �4 million years divergent, we do not expect the biases caused by phylogenetic

distance of the reference genome to be large as it was shown previously that even at a divergence of �7 million years, the impact is

minor.107

QUANTIFICATION AND STATISTICAL ANALYSIS

Estimation of effective population size
We used freebayes v0.9.21.787 to generate filtered vcf files as input for the pairwise sequential Markovian coalescent (PSMC) model

analyses. We first generated vcf files from the rescaled blue antelope bam file and the roan and the sable antelope bam files in which

we called heterozygous positions when at least 30%showed theminor allele using the --min-alternate-fraction option while setting the

minimumcoverage to half the average coverage (--min-coverage). This resulted in aminimumcoverage value of 21 for the blue and the

roanantelopeand16 for the sable antelope.Wealso filtered for baseandmappingquality (--min-mapping-quality 20, --min-base-qual-

ity 20). We then repeated this calling of heterozygous positions using default parameters (at least 5% showed the minor allele). Subse-

quently, we used bcftools isec v1.16 to create a complement vcf file with sites that are only present in the 5% file (-p -C).83 We then

removed all indels from this file and created a list with SNPs that are only present in the 5% but not in the 30% file to exclude from

the analysis. To then create a vcf file without heterozygous SNPs with a minor allele proportion of <0.3 but also including non-variant

base calls which is necessary for the PSMC analysis, we used bcftools mpileup (-Ou -f --annotate FORMAT/DP), bcftools call (-c)
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andbcftools viewwith the -Toption.84Only autosomeswere used in the analysis.Wegeneratedadiploid consensus sequence from the

vcf files using vcfutils (minimum read depth -d 14, maximum read depth -D 87).83 Next, we generated the PSMC fasta input file with

fq2psmcfa using a quality cutoff of 20 (-q). We then inferred changes in effective population size (Ne) through time with PSMC

v0.6.540 with parameters previously shown to be relevant with human data (-N25 -t15 -r5 -p ‘‘4 + 253 2 + 4+6’’). To perform bootstrap-

ping analyses using 100 replicates we used splitfa (from the psmc package) to cut long sequences of the input file and to sample

randomlywith replacement. For plotting the blue antelope data we used the generation time of the sable (7.1 years108), the closest rela-

tive of the blue antelope,27 and a per-generation mutation rate of 1.14 x 10-8 based on the yearly per site mutation rate (see below). In

addition, we performed PSMC analyses for the roan and the sable antelope with adjusted parameters for vcfutils (roan: minimum read

depth -d 14, maximum read depth -D 88; sable: minimum read depth -d 11, maximum read depth -D 67). For plotting we used a gen-

eration timeof 7.5 years for the roanantelope109andper-generationmutation ratesof 1.19x10-8 for thesableand1.26x10-8 for the roan

antelope.

We inferred the mutation rate per site per year for each of the three Hippotragus species using the data mapped to the scimitar-

horned oryx. We determined the genetic distance between each species and the outgroup species using only autosomes in ANGSD

v0.923 (-doIBS 2 -doCounts 1 -makeMatrix 1 -minMapQ 20 -minQ 20 -minInd 2).89 Using the split from our fossil-calibrated phylog-

eny of 4.03 Mya between blue/sable/roan antelope and scimitar-horned oryx, we inferred the mutation rate per site per year to be

1.61 x 10-9 for the blue, 1.68 x 10-9 for the sable and 1.69 x 10-9 for the roan antelope.

Heterozygosity
We used ANGSD to directly perform allele counts on the autosomes of the mapped bam files, including the rescaled blue antelope,

using the following command and filters: -minQ 20 -minMapQ 20 -uniqueOnly 1 -remove_bads 1 -doCounts 1 -dumpCounts 4 -set-

MinDepthInd 10. We wrote a custom script (Basecalls_0.1.sh, https://github.com/Mvwestbury/Blue_antelope_tools) to only call het-

erozygous sites if the minor allele was >10%of all alleles. We plotted all resultant minor allele frequencies for heterozygous base calls

(Figure S2). Visual inspection showed that a 30% threshold would accurately return most heterozygous sites in the modern individ-

uals. Therefore, we reran the analysis with a 30% threshold (Basecalls_0.3.sh). A site with an allele found at a frequency of >70%was

called homozygous. Any sites that did not have two alleles with a frequency of >30% each or one allele with >70% frequency was

counted but not given a base call. We divided the total number of heterozygous bases by the total number of sites that passed the

initial ANGSD filtering in the individual.

Runs of homozygosity
Using the results from the heterozygosity analysis, we counted runs of homozygosity in 100 kb windows using a custom script

(ROH.py, https://github.com/Mvwestbury/Blue_antelope_tools). We only considered a window as ROH if the proportion of hetero-

zygous sites in that window was <0.0001 and the window contained at least 25 kb of called sites. We further counted the number of

consecutive 100 kb windows in ROH (Figure S3) and obtained the number of consecutive windows >1 Mb in length.

Genetic load
We calculated the genetic load in the three species using SnpEff v5.1 (http://pcingola.github.io/SnpEff92) using the vcf file with a 30%

minor allele cutoff from freebayes. We built the SnpEff database using the config file available with the software but with the addition

of the scimitar-horned oryx genome105 and annotations using the build function. We ran SnpEff independently for each vcf file and

filtered the annotated output vcf based on two groupings. A SNP was designated loss of function if the site was annotated as either

‘‘stop_gained’’, ‘‘frameshift_variant’’, ’’splice_acceptor_variant’’, or ‘‘splice_donor_variant". A SNPwas designated as synonymous if

a site was annotated as either "synonymous_variant’’, ’’start_retained’’, or ‘‘stop_retained_variant". When investigating realized ge-

netic load, we only considered homozygous sites when the individual of interest had the derived allele — the reference allele was

considered the ancestral allele as we mapped to the outgroup.

Fossil calibrated phylogenies
For the sliding window tree phylogeny we generated pseudohaploid fasta files using the most common base as input (-doFasta 2) in

ANGSD89 with the following parameters: -doCounts 1, -minQ 20, -minMapQ 20, -uniqueonly 1, -remove_bads 1, -only_proper_pairs

0, -trim 0, -setMinDepthInd 5, -doMajorMinor 1, -GL 2. We only included autosomes in the analyses. As input files we used the re-

scaled bam files from mapDamage. From the fasta files we generated 20 kb sliding windows with a 1 Mb slide using bedtools

v2.29.191 and the makewindows function to generate the coordinates for the windows and SAMtools faidx to extract the sequence.

In R we removed windows when any of the individuals had more than 50% missing data. We ran each window through IQ-Tree

v2.2.0.388 using the parameters -st DNA -m GTR+R6 -bb 1000 -alrt 0. We calculated the frequency of each possible quartet using

ASTRAL v5.7.894 and the -t 32 parameter. For dating, we further filtered the sliding windows into three different sets, one for each of

the three potential topologies. The fossil-calibrated phylogenies were generated as described in Hempel et al.27

Gene flow
D statistics

We performed a D statistics test for gene flow with a random base call approach using only autosomes (-doabbababa 1) in ANGSD

and the following parameters -minQ 30 -minMapQ 30 -setMinDepthInd 5 -uniqueOnly 1.We specified the scimitar-horned oryx as the
e5 Current Biology 34, 2020–2029.e1–e6, May 6, 2024
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outgroup using -uselast 1. To test for significance we performed a block jackknifing approach in 5 Mb windows using the ANGSD_

jackknife.R script which is part of the ANGSD toolsuite.

SNP tracts

The consensus sequences obtained as described for the sliding window tree analysis were used to identify, with two custom Perl

scripts (countSNPs.pl and findTracts.pl, https://github.com/Mvwestbury/Blue_antelope_tools), all SNP positions that correspond

to the species tree [(((blue, sable), roan), outgroup)] or the alternative topologies [(((sable, roan), blue), outgroup); (((blue, roan), sable),

outgroup)]. Testing and manual inspection of different patterns of consecutive, uninterrupted SNPs were used and evaluated. By

means of these results, we used the following criteria to differentiate between signal and noise: at least ten consecutively scored sites

of a focal topology were extracted, but up to four consecutive sites of the other two topologies were allowed. From these, only tracts

in which 75% of the positions were scored as the focal topology were kept. The start and end positions of these tracts were then

extracted from the genome.

QuIBL

To test hypotheses of whether phylogenetic discordances can be explained by incomplete lineage sorting (ILS) alone, or by a com-

bination of ILS and gene flow, we applied QuIBL90. As input files we used the gene trees from the sliding window phylogenomic anal-

ysis. We ran QuIBL specifying the scimitar-horned oryx as the overall outgroup (totaloutgroup), to test either ILS or ILS with gene flow

(numdistributions 2), the number of total EM steps as 50 (numsteps), and a likelihood threshold of 0.01. We determined the signifi-

cance of gene flow by comparing the BIC1 (ILS alone) and BIC2 (ILS and gene flow). When BIC2 was lower than BIC1, with a differ-

ence of >10, we assumed incongruent topologies arose due to both ILS and gene flow.

Coat color analysis
Variant calling against roan antelope assembly

Sequencing reads were trimmed using fastp v0.23.4 to remove low quality (< 25, -q) ends of reads, remove read lengths under 35 bp

(-l), merge overlapping paired-end reads (-m) by minimum overlap of 15 bp (- -overlap_len_require) and maximum difference of 3 bp

(- -overlap_diff_limit), enabled base correction on overlapping regions (-c), polyG tail trimming (-g) and polyX trimming in 3’ ends (-x).

Sequence contaminants were detected using Kraken v2.1.378 with a confidence of 0.8 and the pre-compiled 8 GB database con-

structed from complete bacterial, archaeal, and viral genomes in RefSeq (2017-10-18). Unclassified trimmed reads were aligned

to the roan antelope (Hippotragus equinus) reference genome assembly GCA_016433095.1106 using the bwa aln algorithm for

merged reads only with a seed of 16,500, maximum distance of 0.01 (-n), and a maximum number of gap opens of 2 (-o). Duplicate

reads were marked using PALEOMIX v1.3.879 for bwa aln aligned reads. Bam files from the same sample generated by multiple runs

were merged using SAMtools v1.18. Base recalibration was done using mapDamage. Alignment quality was assessed using

QualiMap v2.3,95 DamageProfiler v1.1,96 and MultiQC v1.18.97 Germline variants were detected using both mpileup calling in

SAMtools andBCFtools v1.1883,84 andHaplotypeCaller in GATK4 v4.4.0.0.82 Genotyping of gvcf fileswas determined usingGLnexus

v1.4.1.85 Variant effects were annotated using SnpEff and SnpSift v5.2 with a custom SIFT database built for the roan antelope.

Candidate genes for color and patterning

We defined the coloration phenotype of interest for the blue antelope — its purportedly blue or gray coat color — as eumelanin

dilution, which refers to any lighter shade appearance of eumelanin pigment-based coloration. We examined a non-exhaustive

list of 49 candidate genes connected to eumelanin dilution (MLPH, RAB27A, MYO5A, ABCB6, AP3B1, AP3D1, ATP7A, BCL2,

BLOC1S1, BLOC1S2, BLOC1S3, BLOC1S4, BLOC1S5, BLOC1S6, DCT, DTNBP1, EED, FIG4, GPR143, HPS1, HPS2, HPS3,

HPS4, HPS5, HPS6, LYST, MBTPS1, MCOLN3, MFSD12, MKLN1, MLANA, MREG, TPCN2, PAH, PMEL, RAB38, RABGGTA,

SLC24A5,SLC45A2,SLC7A11,SNAI2,SPAG9, VAC14, VPS33) or havingwell-documented roles inmammalian color and patterning

(MITF, ASIP,MC1R, TYR, TYRP1) for sequence variants detected in the blue antelope as homozygous and non-synonymous relative

to the roan antelope, and which also had low SIFT scores (Table S4).
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