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INTRODUCTION

Wildlife conservation interventions are essential for 
safeguarding biodiversity by tackling threats to species’ sur-
vival. They play a critical role in protecting and preserving 
ecosystems, habitats, and individual species from extinc-
tion. One key approach is ex situ conservation, which is 
ideal to support the recovery of threatened species (Ogden 
et al., 2020). The principal goal of ex situ management 
emphasizes creating a sustainable population with robust 
genetic diversity through controlled selective breeding 
(Willoughby et al., 2015; Klimova et al., 2022). This strategy 
aims to prevent inbreeding and captive adaptations (Ivy et 
al., 2009; El Alqamy et al., 2012), which is crucial for ensur-
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Black rhinoceros (Diceros bicornis) is critically threatened with extinction in the wild due to illegal 
horn poaching and habitat loss. Captive breeding programs for this species have become crucial 
insurance for endangered wild populations. Understanding the geographical origin of captive 
black rhinoceros in Japan and revealing their genetic diversity can aid breeding and conservation 
strategies. This study included nearly all available individuals in Japan to evaluate their genetic 
diversity and geographical origin. DNA samples of 21 animals were extracted from samples 
provided by 10 Japanese zoos. We analyzed haplotypes of the mtDNA D-loop (477 bp) and the 
diversity of 11 microsatellite (STR) loci, comparing them with previous reports on African wild 
populations. Our results indicated that the Japanese captive population has slightly smaller 
genetic diversity (h =  0.65) compared to other populations (h =  0.72–0.94) in mtDNA D-loop, while 
STR markers maintain diversity (Ho =  0.66) similar to that of the African wild populations (Ho = 
0.66). Among four haplotypes found, one and three haplotypes of mtDNA D-loop matched 
sequences from the Southern and Eastern African haplogroups, respectively. The combination of 
mtDNA and STR data leads to the conclusion that the Japanese population likely originated from 
Kenya, Tanzania, and the Democratic Republic of Congo. The genetic diversity of black rhinoceros 
in Japan is considered satisfactory, with the potential to further enhance genetic variation among 
breeding combinations without needing external supplementation. Based on these results, cau-
tion should be exercised when selecting this population for international translocation or reintro-
duction to safeguard captive breeding of the species.
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ing the successful restoration of the wild population in the 
event of reintroduction (Foose et al., 2006). In this way, ex 
situ populations effectively act as insurance for the wild pop-
ulations, particularly for critically endangered species 
(Aliaga-Samanez et al., 2023). It is essential to recognize 
that most captive populations are prone to genetic drift and 
inbreeding (Willoughby et al., 2015). These issues are typi-
cally driven by smaller population size (Conde et al., 2013), 
low genetic diversity (Atkinson et al., 2018), and skewed 
breeding success (Edwards et al., 2015). However, long-
term viability and self-sustainability for captive animals can 
be achieved through the movement of individuals among 
sites, the periodic addition of new individuals, and assisting 
gene flow through selective breeding (Witzenberger and 
Hochkirch, 2011). On the other hand, concerns about the 
geographical origin and possibility of cross-breeding indi-
viduals of different subspecies in captive settings have 
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received increasing attention among conservation biologists 
(Hvilsom et al., 2013).

Genetic analyses have advanced the study of captive 
populations (Ogden et al., 2020; Farré et al., 2022). These 
analyses simplify the understanding of genetic variation in 
captive facilities by comparing them to their wild counter-
parts (El Alqamy et al., 2012; Svengren et al., 2017). They 
also help to quantify levels of relatedness and inbreeding 
(Svengren et al., 2017; Atkinson et al., 2018), ascertain geo-
graphical origin, and evaluate their taxonomy (Vega et al., 
2022). Such insights are particularly valuable for designing 
effective conservation and management strategies for criti-
cally endangered species in small captive conditions threat-
ened by a loss of genetic diversity (Sato et al., 2017; Farré et 
al., 2022).

Illicit wildlife trafficking and poaching in Africa fueled the 
unprecedented loss of charismatic megaherbivores in the 
20th century (Harley et al., 2005; Berti et al., 2020). Most 
flagship mammal species, such as African elephant 
(Loxodonta africanus), and black (Diceros bicornis) and 
white (Ceratotherium simum) rhinoceros (Harper et al., 
2013), endured the severest consequences. The black and 
white rhinoceros species were declared critically endan-
gered and near threatened, respectively (Ferreira et al., 
2024) prompting the implementation of stringent plans for 
their protection. The population of the black rhinoceros 
declined by 96% from ~65,000 individuals in 1970 (Ferreira 
et al., 2024) to a minimum of 2354 by the 1990s (Sanchez-
Barreiro et al., 2023), leading to fragmented populations 
across the continent (Harley et al., 2005). This decline was 
especially notable considering historical estimates of nearly 
100,000 individuals at the start of the 20th century (Emslie 
and Brooks, 1999). The survival of such small in situ popula-
tions is increasingly threatened partly due to demographic, 
environmental, anthropogenic, and genetic factors such as 
bottleneck and founder effect, which lead to inbreeding, 
affecting conservation strategies (Lacy, 1995; Frankham et 
al., 2009; Klimova et al., 2022). With approximately 6487 
black rhinoceros remaining in their natural habitat (Ferreira 
et al., 2024), and with a projected accelerated risk of extinc-
tion by 2036 (Haas and Ferreira, 2016), captive breeding 
remains a crucial intervention (Canessa et al., 2016).

Over the decades, captive breeding management has 
emerged as a powerful alternative for protecting critically 
endangered species from extinction, revitalizing declining 
wild populations, and supporting biological conservation 
(Frankham, 2008). Approximately 61 zoos worldwide host 
black rhinoceros, with most captive programs located in 
Europe, followed by North America, with a smaller propor-
tion in Asia. In Europe, a subspecies of black rhinoceros (D. 
b. michaeli) recorded an increase in captive individuals from 
43 in 1985 to 90 in 2024 (Elsner-Gearing et al., 2024).

Understanding genetic variation is fundamental in plan-
ning future conservation strategies for both captive and wild 
populations (Ogden et al., 2020, for scimitar-horned oryx; 
Muya et al., 2011, for eastern black rhinoceros; Luo et al., 
2024, for golden snub-nosed monkey). Several studies have 
assessed the genetic diversity of wild populations of criti-
cally endangered black rhinoceros to inform conservation 
management (Muya et al., 2011; Anderson-Lederer et al., 
2012; Kotze et al., 2014; Moodley et al., 2017; Mellya et al., 

2023; Stanbridge et al., 2023). For captive individuals, Brown 
and Holden (2000) examined the genetic diversity of captive 
black and white rhinoceros in Australia. More recently, 
Elsener-Gearing et al. (2024) reported on the genetic varia-
tion of captive critically endangered eastern black rhinoc-
eros in European zoos. Given the significant survival threats 
facing the wild populations (Harley et al., 2005), genetic 
studies of captive black rhinoceros should be prioritized, 
since the earliest breeding programs established for large 
mammals involved rhinoceros taxa (Foose, 1983).

Japan has made a remarkable contribution to wildlife 
conservation efforts over the past several decades, with 
over 139 zoos and aquarium facilities forming the Japanese 
Association of Zoo and Aquariums (JAZA). Nearly 150 
endangered and native species sourced worldwide are col-
lectively managed by Japanese zoos and aquariums, includ-
ing wild animals from African savannah ecosystems. They 
include mammal species such as the black and white rhi-
noceros, African and Asian elephants, lions, cheetahs, leop-
ards, giraffes, zebras, and hippopotamuses, each with 
varying IUCN conservation statuses. Notably, captive prop-
agation of the critically endangered black rhinoceros in 
Japan began in the mid-20th century. Originating from four 
presently deceased wild-born founders, the size of this cap-
tive population has fluctuated over time due to natural mor-
tality and the exchange of individuals with the international 
facilities within the integrated conservation program. Cur-
rently, there are 21 individuals distributed across 11 
Japanese zoos, with evidence of breeding spanning four 
generations.

Before this study, the genetic variations within the 
Japanese zoo population of black rhinoceros were unknown. 
This lack of information meant that well-informed selective 
breeding aimed at preserving unique wild genetic variants 
was impossible (Ballou et al., 1995), likely contributing to fur-
ther genetic erosion in captivity. In addition, there has been 
limited insight into the potential wild geographical origins of 
the captive black rhinoceros in Japan. Notably, neither local 
nor international studbook records provide conclusive 
information regarding the wild ancestry of the Japanese 
population. Historical editions of the international studbook 
published between 1981 and 2001 contain inconsistent 
details about the origin of one of the founding individuals of 
this captive population. These revisions were possibly moti-
vated by the earlier efforts to taxonomically classify these 
captive individuals, consequently introducing uncertainty 
regarding their subspecies category and wild place of origin. 
This information gap has hindered efforts to enhance genetic 
diversity by incorporating wild sources (where possible) and 
to identify and select ideal candidates for translocation or 
reintroduction from the Japanese zoo population. In Japan, 
black rhinoceroses are managed as a single conservation 
unit, with pedigree-assisted dispersal of individuals across 
captive settings for possible mating.

To date, no genetic studies have evaluated genetic vari-
ations in Japan’s zoo population of black rhinoceros to 
determine their conservation value. This information gap 
persists despite the well-established fact that smaller cap-
tive animal groups are highly vulnerable to lower genetic 
diversity due to bottleneck effects, diminished survival via-
bility, and inbreeding (Frankham et al., 2017). Furthermore, 
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efforts to uncover the potential wild habitats of captive black 
rhinoceros in Japan have been lacking, which impedes 
developing and integrating ex-situ—in-situ management 
plans in one plan approach. The current study aims to 
improve the overall understanding of conservation genetics 
for captive critically endangered black rhinoceros to support 
this species recovery program. Documenting conservation 
genetic parameters of black rhinoceros in Japan for the first 
time can assist in determining effective conservation inter-
ventions for this species and may also provide insights for 
other endangered species. In this study, we utilized the 
same mitochondrial DNA (mtDNA) control region and micro-
satellite (STR) panels previously employed to examine wild 
black rhinoceros (Moodley et al., 2017), to characterize the 
genetic diversity and population genetic structure, and to 
estimate the geographical origin of the captive individuals in 
Japan.

We hypothesized that (i) the captive breeding population 
of black rhinoceros in Japan originated from a wild population 
in Kenya (East Africa), based on available local studbook 
data and (ii) the genetic diversity of the captive population in 
Japan is less than that of the wild population in Kenya due to 
small founding size. Our findings provide valuable genetic 
insight into ex-situ conservation of black rhinoceros in 
Japan, offering a basis for future conservation and breeding 
approaches by relying on genetic information.

MATERIALS AND METHODS

Ethics statement
All methods were carried out in accordance with relevant 

guidelines and regulations. The study was performed in compli-
ance with the ARRIVE guidelines. All experimental protocols were 
approved by the ethics committee of the Wildlife Research Center 
of Kyoto University, and all sample collection and experiments were 
conducted with permission from the ethics committee (Approval 
number: WRC-2023-010A).
Study area and target population

Japan is not a natural habitat for the black rhinoceros, but cap-
tive propagation of this species dates back to 1952. Originating 
from Africa, black rhinoceroses were introduced to Japan as a pro-
tection strategy in response to unprecedented uncertainties in their 
wild habitat. We obtained samples from 10 Japanese zoos, each 
managing between one and three black rhinoceroses as a single 
population with cohesive reproductive strategies.
Sample collection

We collected a total of 21 samples of black rhinoceros (20 alive 
and 1 dead) kept in Japanese zoos between March and August 
2023. One individual was not sampled; however, samples from its 
parent were obtained. We included one tissue sample collected 
from a female who died in 2019. All of the sampling was conducted 
by zookeepers at each zoo. In total, our sample set included blood 
(n =  11), feces (n =  9), and tissue (n =  1), representing 20 living 
individuals who provided blood and fecal specimens and one dead 
individual for the tissue specimen. All of the samples were collected 
following proper veterinary protocols. Of the 20 live individuals 
sampled, nine were males and 11 were females. The samples 
included 13 mother-offspring and eight father-offspring relation-
ships (see Supplementary Table S1).
DNA extraction

DNA from blood and tissue samples was isolated using the 
DNeasy Blood and Tissue Kit (Qiagen GmbH, Hilden, Germany), 
following the manufacturer’s protocol. Fecal DNA was extracted 
using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia, CA). 
Extracted DNA samples were stored at 4°C until further down-

stream processing.
Genotyping

A 477 bp fragment of the mtDNA control region (also known as 
D-loop) was amplified using the primers mt15996L (5′-TCCACCAT 
CAGCACCCAAAGC-3′, Campbell et al., 1995) and mt16502H 
(5′-TTTGATGGCCCTGAAGTAAGAACCA-3′, Moro et al., 1998) as 
described by the workflow of Moodley et al. (2017). We also sur-
veyed nuclear DNA (nDNA) diversity by genotyping 11 STR loci fol-
lowing previous research (Moodley et al., 2017). Special attention 
was given to the genotyping of fecal samples, with each analysis 
replicated three times to confirm allele calls (see Supplementary 
Text S1 for more details on PCR conditions and capillary electro-
phoresis).
mtDNA D-loop analysis

Diversity metrics for the mtDNA D-loop were calculated by 
determining haplotype diversity (h) (Nei, 1987) and nucleotide 
diversity (π) (Nei and Tajima, 1981) using the DnaSP v6 software 
(Rozas et al., 2017). Moreover, the evolutionary relationships 
among mtDNA haplotypes identified in this study and those 
previously reported in African wild populations were estimated by 
reconstructing a phylogenetic tree using maximum likelihood (ML) 
analyses. HKY+G+1 was selected and used as the best nucleotide 
substitution model (Hasegawa, 1990), estimated with MEGA to 
build our ML tree. Bootstrapping with 1000 replicates was con-
ducted to estimate the robustness of internal nodes, assuming an 
equal substitution rate per site for estimating genetic distance 
(Kumar et al., 2018). The maternal genetic structure of haplotypes 
recovered in the Japanese population was determined and com-
pared with African haplotypes (Moodley et al., 2017) to infer the 
putative geographical origin of the Japanese haplotypes, based on 
the country of origin of the African sequences. A neighbor-joining 
network was visualized in PopArt v1.7 (Leigh and Bryant, 2015) 
using default settings with epsilon =  0 and a constant transition/
transversion ratio. This comparison relied on mtDNA haplotypes 
reported by Moodley et al. (2017) only, because haplotypes reported 
by Muya et al. (2011) were all included in the comprehensive datas-
ets reported by Moodley et al. (2017), who sampled all of the sites 
that Muya et al. (2011) studied, and museum specimens, whereas 
Mellya et al. (2023) did not report any new haplotype different from 
the ones reported by Moodley et al. (2017).
STR analysis

The level of nDNA variation at 11 STR markers was inferred by 
calculating the number of different alleles per locus (Na), number of 
effective alleles (NA), observed heterozygosity (Ho), expected het-
erozygosity (He), inbreeding coefficient (FIS), and average pairwise 
relatedness between different mtDNA haplotype groups. These 
calculations were performed in GenAIEx 6.501 (Peakall and 
Smouse, 2012). A comparative analysis of nDNA diversities was 
performed between this study and previous reports (Kotze et al., 
2014; Moodley et al., 2017) based on 11 overlapping STR markers. 
We computed the heterozygosity ratio of each sample as an indica-
tor of individuals’ diversity by dividing the total number of heterozy-
gous loci by the count of 11 loci analyzed (Heterozygosity ratio = 
∑ [heterozygous loci]/11).

Similar to mtDNA D-loop data, nDNA STR datasets obtained in 
this study evaluated the evolutionary relationship, population struc-
ture, and geographical origin by comparing them with a compre-
hensive dataset of wild populations as classified by a previous 
study (Moodley et al., 2017). A genetic distance-based approach 
using Principal Coordinate Analysis (PCoA) was first implemented 
on the multilocus data using GenAIEx to assess the demographical 
structure of the Japanese subpopulation relative to the wild African 
populations. We performed a Bayesian inference analysis in 
STRUCTURE v 2.3.4 (Hubisz et al., 2009) to determine the origin of 
the captive black rhinoceros in Japan based on partitioning. This 
involved running 10 replicates for each assumed population (K), 
ranging from 1 to 10, with 106 Burn-in periods and MCMC repetitions 
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per run. The analysis was guided by prior knowledge of 12 popula-
tion clusters and their geographical assignments (Moodley et al., 
2017). The simulation was repeated three times under identical 
conditions to ensure consistency of results.

The most probable number of population clusters (K) was 
determined using STRUCTURE SELECTOR (Li and Liu, 2018) fol-
lowing Evanno’s method (Evanno et al., 2005), which is based on 
Delta K using the rate of change in the log posterior probability of 
the data, LnP (D) (Pritchard et al., 2000) between successive 
K-estimates. Due to sample size discrepancies among the refer-
ence populations, Puechmaille’s (2016) method for selecting the 
best-fit model (MedMedK, MedMeanK, MaxMedK, and MaxMeanK) 
for even and uneven datasets was also considered. STRUCTURE 
output and plots of population clusters were generated using 
CLUMPAK (Kopelman et al., 2015) through the Structure Selector 
web interface.

After establishing the number of clusters based on 
STRUCTURE results, we computed the global genetic differentia-
tion coefficient (FST) for pairwise genetic distances (Weir and 
Cockerham, 1984) to assess the extent of genetic differentiation 
between subpopulations. Additionally, molecular variance (AMOVA) 
analysis was performed to examine genetic variation within and 
among subpopulations. All of the computations were performed on 
Arlequin 3.5 (Excoffier and Lischer, 2010) under the default setting. 
This analysis was used to supplement the STRUCTURE results 
using the same datasets. In addition, we estimated the effective 
population size based on the linkage disequilibrium (LD) method 
(Waples et al. (2008) using the Ne Estimator software 2 (Do et al., 
2014).

RESULTS

mtDNA haplotype distribution and diversity of captive 
population in Japan

A 477 bp fragment of the mtDNA control region was suc-
cessfully amplified and sequenced for all genotyped sam-
ples. The sequences featured four haplotypes based on 22 
polymorphic sites characterized by transition nucleotide 
substitutions (A ↔ G or C ↔ T). No evidence of deletion or 
insertion was observed, retaining 455 monomorphic sites.

A significant evolutionary divergence between white rhi-
noceros (C. simum, an outgroup) and black rhinoceros (D. 
bicornis) clusters was suggested based on a maximum like-
lihood phylogenetic tree (see Supplementary Figure S1). 
The haplotypes 2J, 3J, and 4J identified in this study were 
closely related, separated by a few nucleotides. Haplotype 
1J was far from the other three haplotypes (see Supplemen-
tary Figure S2).

Among the 21 genotyped individuals, 47% shared hap-
lotype 1J, and 38% shared haplotype 3J, while haplotype 2J 
was shared by 10% of the individuals, with a small fraction 
(5%) aligning with haplotype 4J. When analyzing the fre-
quency and distribution of the observed haplotypes across 
Japanese zoos, the highest number of haplotypes present in 
a zoo was two across seven zoos, while three zoos exhibited 
only one haplotype, although the maximum number of indi-
viduals in a zoo is three (one zoo) and the average is two.

All of the haplotypes observed in Japan were haplo-
types previously reported in the wild population in Africa 
(Moodley et al., 2017) based on a comparative analysis 
aligned to previously reported mtDNA haplotypes (see Sup-
plementary Table S2).

Haplotype 3J (n =  8), which was common within the 
captive black rhinoceros population in Japan, was also 
widely distributed among the wild population in Africa (n = 
24, haplotype AH19 in the previous report). In contrast, 
Japan’s most common haplotype 1J (n =  10), was the least 
common in the wild sequences (n =  5, haplotype AH47). 
Haplotype 2J (n =  2) and haplotype 4J (n =  1) were observed 
in 23 and eight wild samples (Haplotype AH1 and AH14), 
respectively (Table 1). Moreover, three haplotypes (2J, 3J, 
and 4J) matched a mixture of historic and modern sequences 
from East African countries classified as East African (EA) 
haplogroup. In contrast, haplotype 1J was uniquely similar to 
historic mtDNA sequences sampled only from Southern 
Africa (SN) haplogroup, tracing back from historic samples 
in the late 18th century to the mid-19th century (Moodley et 
al., 2017).

mtDNA sequence variation was highly structured into 
three distinct clusters or lineages based on a phylogenetic 
reconstruction including 67 haplotypes from both Africa and 
Japan (Fig. 1). This result was consistent with the classifica-
tion demonstrated in a previous study (Moodley et al., 2017). 
When examining the geographic origin of haplotypes found 
under captivity in Japan relative to the wild populations in 
Africa, the maternal lineage of haplotype 1J matched 
sequences purported to originate geographically from 
Zimbabwe. In contrast, haplotype 2J corresponded with 
mtDNA sequences from Kenya, Tanzania, the Democratic 
Republic of Congo, Zambia, and Uganda. On the other hand, 
both haplotypes 3J and 4J were detected in samples from 
Kenya and Tanzania, with haplotype 3J appearing in a few 
sequences from Zambia (Table 1; see also Supplementary 

Table 1.  Distribution of haplotypes recovered in the Japanese captive black rhinoceros population with reference mtDNA dataset retrieved 
from GenBank.

Japanese 
haplotype

n in Japan

Properties of African wild sequences matched Japanese captive sequences

Previously 
reported haplotype

n* Nature of sequences Country of origin Haplogroup
Subpopulation category 

proximal to Zambezi-
Chobe River ecosystem

1J 10 AH47   5 Historic Zimbabwe SN Southern side

2J   2 AH1 23 Historic & Modern
Kenya, Tanzania, DR Congo, 

Zambia & Uganda
EA Northern side

3J   8 AH19 24 Historic & Modern Kenya, Zambia & Tanzania EA Northern side

4J   1 AH14   8 Historic & Modern Kenya & Tanzania EA Northern side

*Column n represents the number of wild individuals whose haplotypes matched those of the protocols described in Moodley et al. (2017). 
Historic describes sampled specimens from museums, and Modern suggests extant species sampled from the wild.
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Table S2). Thus, Japanese haplotype 2J is the most widely 
distributed haplotype in the wild.

The overall mtDNA haplotype diversity (h) and nucleo-
tide diversity (π) in the Japanese captive black rhinoceros 
population were 0.65 and 0.02 respectively (Table 2). This 
result suggests smaller haplotype diversity in the Japanese 
captive population compared to that of the historical and 
modern samples from the EA haplogroup (h = 0.94) (Moodley 
et al., 2017).

Nuclear genetic polymorphism and diversity
In this study, 11 STR markers were genotyped for cap-

tive black rhinoceros in Japan (n =  21). In addition, no STR 
genotyping errors were detected in the dataset except that 
the B1RH37D locus failed for six fecal samples despite three 
attempted repeats (see Supplementary Table S3). All ana-
lyzed STR loci were polymorphic, with the number of alleles 
detected per locus ranging from two to six, and the effective 
number of alleles per locus ranged from 1.1 to 4.4 (mean = 
2.76 ±  0.26 SE, Table 3). The three markers DB1, DB44, and 
BR4 exhibited the highest number of alleles per locus, each 
with six alleles, while DB14, SW35, and RHI32A had the few-
est, with two alleles each.

Expected heterozygosity and observed heterozygosity 
varied considerably across all loci, ranging from 0.09 to 0.79 
and 0.1 to 1.00, respectively, with averages of 0.56 ±  0.07 
and 0.66 ±  0.09 (Table 3). Although DB14, SW35, and 
RHI32A had only two alleles each, making them unsuitable 
for genetic diversity estimation according to standard STR 
marker criteria (Barker, 1994: Li et al., 2010), we retained all 
markers to facilitate comparative analysis with wild African 
data (Moodley et al., 2017). This decision was guided by the 
sufficient allelic diversity observed across all loci with a 
mean number of alleles (MNA) of 4.10 ±  0.55 SE (Table 3). 

The level of nDNA variation in the captive Japanese popula-
tion of black rhinoceros (Ho =  0.75, He =  0.62; Table 3) was 
considerably higher than that reported for the EA haplogroup 
(Ho =  0.66, He =  0.70; Moodley et al., 2017), both of which 
were based on the same set of eight STR markers. More-
over, it was also slightly higher than the nDNA diversity 
reported for the black rhinoceros population in Zimbabwe 
(Ho =  0.54; He =  0.52; based on 11 markers) (Kotze et al., 
2014). The average pairwise relatedness between different 
mtDNA haplotype groups was <  0.5 (see Supplementary 
Table S4).

Guided by the hypothesis that different Kenyan subpop-
ulations contributed to this gene pool, as suggested by the 
mtDNA results, we used the heterozygosity ratio from STR 
data to examine whether a pattern of genetic diversity simi-
lar to that of mtDNA haplotypes would emerge. Our data 

Fig. 1.  A neighbor-joining network of 64 combined mtDNA control region haplotypes representing Africa’s wild haplotypes reported by 
Moodley et al. (2017), alongside the haplotypes found across Japanese zoos. Circles represent number of sequences or individuals within 
each haplotype, with the size proportional to the relative frequency of occurrence of that haplotype in African countries and Japan. Colors 
represent country of origin of sampled individuals, and hatch marks indicate number of mutations separating the haplotypes. Haplotypes with 
blue rectangles represent Japanese haplotypes and their complementary haplotypes reported previously in Africa. See Supplementary Table 
S2 for further description of haplotype names.

Table 2.  mtDNA control region diversity metrics of the captive 
black rhinoceros population in Japan (n =  21) compared to previ-
ous studies on wild populations.

Population n H P h π Source

Japanese samples 21 4 22 0.65 0.02 This study

Historic & Modern wild  
African samples

146 34 50 0.94 0.021 Moodley et al.,  
2017

Modern Kenya  
samples

170 16 16 0.73 0.007 Muya et al.,  
2011

Modern Tanzania  
samples

102 6 25 0.72 0.017 Mellya et al.,  
2023

n Number of individuals H number of haplotypes; P number of poly-
morphic sites h haplotype diversity; π nucleotide diversity. Estimates 
of wild samples in Moodley et al. (2017) were obtained from the EA 
haplogroup.
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revealed that the heterozygosity ratio was higher, at 0.69, 
among 12 individuals carrying mtDNA haplotype 1J and 2J 
each, followed by 0.55 for one individual possessing mtDNA 

haplotype 4J. The lowest heterozygosity ratio, at 0.48, was 
observed in eight individuals associated with mtDNA haplo-
type 3J. This analysis considers the six samples that failed 
at locus B1RH37D, which are homozygous.

The overall mean expected heterozygosity was lower 
than the mean observed heterozygosity, suggesting an 
overall deviation from Hardy-Weinberg equilibrium (Sharma 
et al., 2016). This deviation was due to excess heterozygotes 
contributed by importing genetically different individuals 
from the wild in this captivity; however, it is important to note 
that our 21 animals included some family groups. Further-
more, none of the loci showed a significant deviation from 
Hardy-Weinberg equilibrium (HWE) after applying sequen-
tial Bonferroni correction at P <  0.05 (Table 3). The mean 
inbreeding coefficient (FIS), which indicates the level of 
inbreeding based on the variance among individuals in a 
population, was –0.14 ±  0.03 SE (Table 3).

An Ne estimates outcome was 27.4 with 95% CI (Confi-
dence intervals) of 18.2–62.6.

Nuclear genetic structure and phylogeography
Given the uncertain origin of captive black rhinoceros 

across Japanese zoos, two analytical approaches, individual 
pairwise genetic distance and Bayesian admixture method, 
were explored with previously wild-reported STR data (560 
individuals) from Moodley et al. (2017) and 21 Japanese cap-
tive individuals to clarify the population’s origin.

The output of PCoA of 581 total datasets partitioned the 
samples into two groups with the Japanese population 
situated mid-way between these two groups (Fig. 2). Spe-
cifically, one cluster defined as the “south of the Zambezi-
Chobe population” included samples from South Africa, 

Fig. 2.  PCoA result of combined 560 wild and 21 Japanese captive Black rhinoceros STR data. Blue and red circles represent samples 
derived from North and South of the Zambezi-Chobe River, respectively. The green circle shows the Japanese captive population.

Table 3.  Diversity metrics of the captive black rhinoceros popula-
tion in Japan (n =  21) reported based on eight and 11 STR loci as 
compared with reports of eight STR loci from the wild population. 
African wild estimates are based on the EA haplogroup in Moodley 
et al. (2017).

Locus Na NA Ho He FIS

DB1 #    6 4.35 1 0.79 −0.23

DB23 #    4 2.26 0.62 0.58 −0.11

DB44 #    6 2.92 0.67 0.66 −0.01

BR4 #    6 3.87 0.91 0.74 −0.22

BR6 #    5 3.6 0.91 0.72 −0.25

BR17 #    6 4.14 0.91 0.76 −0.19

SW35 #    2 1.21 0.19 0.17 −0.11

RHI32A #    2 1.99 0.62 0.55 −0.14

DB14 ‡    2 1.1 0.1 0.09 −0.05

B1RH2B ‡    3 2.91 0.81 0.66 −0.23

B1RH37D ‡    3 2.02 0.53 0.54 0.02

This study (11 Loci)    4.1 2.76 0.66 0.56 −0.14

This study (8 Loci) #    5.13 3.14 0.75 0.62 −0.16

Wild data (8 Loci) # `10 1.7 0.66 0.7 0.39

Na number of different alleles; NA number of effective alleles; Ho 
observed heterozygosity; He expected heterozygosity; FIS inbreed-
ing coefficient
#Markers (8) used for comparison with African wild estimates
‡STR marker was removed for subsequent comparative analysis
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Namibia, South-western Angola, and Zambezi (Zimbabwe). 
The second cluster, “North of Zambezi-Chobe population”, 
comprised samples from Zambia, Malawi, Mozambique, 
Tanzania, Kenya, Malawi, North-eastern Angola, Uganda, 
South Sudan, Chad, Cameroon, Ethiopia, Somalia, and 
Sudan (Moodley et al., 2017). Consequently, the PCoA scat-
terplots were insufficient to assign the Japanese population 
exclusively to either cluster and did not clarify the captive 
black rhinoceroses’ ancestry relative to contemporary wild 
populations.

The best model of the number of genetic clusters (K) in 
STRUCTURE was evaluated, yielding mixed results for each 
evaluation method. Evanno’s method (Evanno et al., 2005), 
which relied on maximum delta (ΔK) values, suggested two 
distinct clusters as the optimal model, supported by a sharp 
peak at K = 2 (see Supplementary Figure S3). In this method, 
13 pre-defined subpopulations, including the Japanese cap-
tive subpopulation, were grouped into two genetic clusters, 
with the Japanese population showing higher genetic affinity 
to the second cluster (Fig. 3A). This result contradicted the 
PCoA results (Fig. 2), which placed the Japanese population 
mid-way. In contrast, estimation based on K plot values by 
the Puechmaille method (Puechmaille, 2016) indicated that 
the optimal K was at six clusters based on all four estimators 
at K values of 6 and 7 (see Supplementary Figure S4). The 
bar plots at K = 6 and 7 coincided with the actual number of 
clusters observed (Fig. 3B, C).

These outputs highlighted strong genetic differentiation 
within the wild subpopulations, with the Japanese popula-
tion showing similar genetic similarity to subpopulations 
forming the second cluster at K =  6 (Fig. 3B). Therefore, the 
genetic ancestors of the Japanese subpopulations likely 

originated from wild individuals in Kenya, Tanzania, Uganda, 
Zambia, Mozambique, Malawi, Angola, South Sudan, 
Ethiopia, Somalia, Sudan, Chad, or Cameroon. When the 
upper K value was considered based on all estimators at K = 
7 (Fig. 3C), the Japanese population appeared to be geneti-
cally isolated from the wild populations.

Estimates from AMOVA revealed the highest genetic 
variation (80.69%) within the subpopulations compared to 
the lower diversity expressed among subpopulations 
(19.31%) (see Supplementary Table S5A). Moreover, 
significant genetic differentiation was found across all of the 
subpopulations, with an overall Fst value of 0.19 (see Sup-
plementary Table S5B). Fst value lower than 0.15 was 
observed between the Japanese subpopulation and the 
subpopulations mainly sampled from north of the Zambezi-
Chobe River ecosystem (Moodley et al., 2017) (see Supple-
mentary Table S5B). The lack of significant genetic differen-
tiation between Japanese captive individuals and wild 
populations from subpopulations in Tanzania, Kenya, 
Uganda, South-central Africa, Horn of Africa, and West 
Africa further suggests a possible common genetic ancestor 
among these wild subpopulations and the current Japanese 
population.

DISCUSSION

The management of the black rhinoceros population in 
Japan has encountered two common issues that have been 
prevalent in many captive breeding programs for years 
(Farre et al., 2022). These issues are a) undefined genetic 
diversity of the current gene pool and b) uncertainty 
regarding the geographical wild origin of the founders and 
subsequently imported individuals that make up the current 

Fig. 3.  STRUCTURE plots of black rhinoceros with both African wild and Japanese captive. In a total of 560 wild black rhinoceros samples 
from Africa (Moodley et al., 2017) supplemented with 21 Japanese captive individuals showing (A) bar plot with two clusters at K =  2 sug-
gested based on Evanno’s method, (B) and (C) showing bar plots with six or seven clusters at K =  6 or 7, respectively, based on four estima-
tors of the Puechmaille method.
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population. These uncertainties have the potential to jeopar-
dize future conservation management and breeding inter-
vention if left unresolved. Harnessing the advances in 
genetic analyses can help to address these gaps in critical 
information valuable for conservation breeding manage-
ment (Ogden et al., 2018). This study assessed levels of 
genetic variation within the captive population of black rhi-
noceros in Japan using mtDNA D-loop and nDNA STR 
markers. To better understand the genetic diversity in the 
current gene pool, we integrated wild black rhinoceros meta-
population datasets dating back to the 18th century into our 
analyses. Additionally, we have identified the potential geo-
graphical origin of this captive population based on scientific 
evidence generated from genetic information.

mtDNA D-loop and STR diversity
The mtDNA D-loop diversity within Japan’s captive black 

rhinoceros population is lower than the values reported for 
the wild populations in Africa (Table 2; Moodley et al., 2017), 
which is consistent with our expectations. Three possible 
reasons explain this overall reduction: first, founding mem-
bers of this captive breed had a predisposed low mtDNA 
D-loop diversity caused by decreased effective population 
size due to past genetic bottlenecks in the wild. Given that, 
successive generations emerging from a severely bottle-
necked population most often experience reduced genetic 
variation (Moodley et al., 2017). Second, sampling bias upon 
comparing a small captive Japanese population (n =  21) to 
a larger wild population (n =  146; Moodley et al., 2017) 
potentially affects estimates of variation based on differ-
ences in the number of examined individuals. Third, the 
inclusion of historic (museum) samples in the reference 
metapopulation database of black rhinoceros by Moodley et 
al. (2017) led to the observed highest variation in the wild, 
relative to the Japanese population. To address potential 
sampling bias and the impact of historical samples on 
mtDNA diversity analysis, we compared our findings with 
the findings of studies conducted with extant populations 
with large sample sizes to counteract sampling bias and off-
set the impact of historical samples (Table 2; Muya et al., 
2011; Mellya et al., 2023). Interestingly, comparable mtDNA 
D-loop diversity levels were observed in this comparative 
analysis. This suggests that historical samples had a signifi-
cant effect in comparison with the metapopulation database, 
which implies that the current gene pool of black rhinoceros 
in Japan and the extant wild populations share similar mod-
ern mtDNA gene variants, with historical variants being lost 
due to genetic drift that emerged spontaneously from past 
poaching disasters in the wild.

In contrast, STR loci revealed higher genetic diversity in 
the study population than in the wild populations based on 
eight STR loci (Table 3). However, the use of eight STR loci, 
which revealed a slightly high nuclear diversity, may not fully 
reflect the true extent of observed estimates of nDNA diver-
sity in Japan. Thus, we performed a comparative analysis 
similar to mtDNA analysis using the extant wild subpopula-
tion of black rhinoceros based on exactly 11 STR loci 
reported herein (n =  301, Ho =  0.54; Kotze et al. [2014]). 
Surprisingly, slightly high STR diversity persisted with the 
high number of loci involved despite differences in sampling 
sizes between the two subpopulations, suggesting that 

nDNA was not spared from the negative consequences of 
past genetic bottlenecks, which contributed to the loss of 
historical nDNA gene variants. On the other hand, a slightly 
higher estimated effective population size (Ne ≈ 27) than the 
current census population size of 21 individuals reflects 
more on the retained genetic diversity in Japan from a 
historically large or diverse founder population. Another pos-
sibility is that the Japanese population was a mixture of 
various genetic backgrounds. This reinforces our hypothesis 
that the Japanese population originated from multiple 
regions of Africa, as illustrated in Fig. 3. Thus, immediate 
genetic management interventions, such as the periodic 
introduction of genetically diverse individuals and the pairing 
of diverse individuals, would potentially help this population 
to avoid future increases in inbreeding and rapid declines in 
genetic diversity.

Overall, sample size differences in this analysis had 
minimal effect on both mtDNA D-loop and STR diversity 
comparison with the extant wild subpopulations, because 
these captive individuals exhibited relatively high mtDNA 
diversity with fewer individuals than the extant wild popula-
tion, which suggests that genetically polymorphic founders 
or different subspecies that were captured from wider natu-
ral habitat ranges in the wild were recruited by chance in the 
establishment of Japanese captive breeding of black rhinoc-
eros. Similarly, slightly high haplotype diversity was also 
reported in the founders of the captive endangered Japanese 
golden eagle (Aquila chrysaetos japonica) (Naito-Liederbach 
et al., 2021), a raptor species in Japan with a wider habitat 
range (Sato et al., 2017). However, nine founding individuals 
of a captive Asian lion (Panthera leo leo) in Europe from the 
restricted home range exhibited low nDNA genetic diversity 
(Atkinson et al., 2017) suggesting that the genetic diversity 
of the captive population can be adversely influenced by the 
founders’ home range distribution.

The Japanese population may have experienced genetic 
rescue as 57% of the captive individuals (mtDNA haplotype 
1J and 2J) showed greater genetic diversity, among all of the 
individual categories surveyed. Moreover, individuals pos-
sessing mtDNA haplotype 1J, which were more polymorphic 
than individuals with the remaining haplotypes (Fig. 1), also 
displayed greater genetic diversity in STR estimations (data 
not shown), potentially being the source of the observed 
greater microsatellite genetic diversity in Japan.

On the other hand, comparable nucleotide diversity 
despite low haplotype diversity (Table 2) illustrates the long-
term effects of past genetic bottlenecks. Such bottlenecks 
often result in reduced genetic variation due to a small num-
ber of contributing individuals, leading to similar maternal 
haplotypes with comparable levels of nucleotide diversity. 
Additionally, the geographical separation of black rhinocer-
oses in Japan from their wild counterparts has restricted 
gene flow, leading to the observed consistent nucleotide 
diversity. The reduced mitochondrial genetic variation in the 
Japanese captive population compared to historical and 
contemporary wild populations is likely due to a historical 
genetic bottleneck affecting the genetic signatures of 
Japanese founding animals. Despite this, the captive black 
rhinoceros population in Japan has maintained good levels 
of mitochondrial D-loop and STR diversity after several 
decades of breeding. This outcome reflects effective captive 
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breeding management in Japan that avoids pairing between 
closely related individuals.

Degree of inbreeding
The negative mean inbreeding coefficient (FIS <  0) pre-

sented in this study (Table 3) may possibly suggest excess 
heterozygosity or non-random mating of inbred individuals 
according to Kardos et al. (2016). Typically, excess heterozy-
gosity in a small population suggests limited relatedness 
among the individuals (Kardos et al., 2016). However, this 
expectation deviates from our findings, as a close familial 
relationship is observed within the Japanese gene pool (see 
Supplementary Table S1).

This may only reflect more on the idea that the founders 
with varying levels of heterozygosity were selected by 
chance from either the same or different wild subpopula-
tions, since a small number of successful breeding events 
occurred to significantly contribute to excess heterozygosity 
or non-random mating system, as substantiated by our data. 
Moreover, it is important to note that STR markers are less 
powerful than whole genome sequences in detecting 
inbreeding (Sato et al., 2023) rendering our STR data not 
able to define the current inbreeding levels clearly. Pedigree-
based inbreeding coefficient offers a precise estimation of 
inbreeding levels (Pemberton, 2008); however, lack of sam-
ples from certain dead individuals within the pedigree hin-
ders its application. Since inbreeding depression is a strong 
fitness parameter for the survival of a small, captive popula-
tion, it is important to harness the benefits of genomic 
assessment through analysis of Runs of Homozygosity 
(ROH) to quantify inbreeding in captive black rhinoceroses 
in Japan.

Geographical origin of captive black rhinoceros in 
Japan

The possible geographical origin of the critically endan-
gered black rhinoceros in Japan was estimated by examin-
ing its genetic differentiation relative to the wild population of 
known origin (Moodley et al., 2017). According to Frankham 
et al. (2002), an Fst value ≥  0.15 indicates significant popu-
lation differentiation whereas an Fst value ≤ 0.15 specifies 
insignificant population differentiation. The Japanese popu-
lation showed low Fst values (0.1–0.14) (see Supplementary 
Table S5B) and strong Bayesian genetic clustering (Fig. 3) 
with subpopulations of natural habitat originating north of the 
Zambezi-Chobe River ecosystem as classified by Moodley 
et al. (2017). The weak population differentiation observed 
between these groups, as estimated using these methods, 
suggests a shared genetic ancestor. African countries with 
individuals that displayed strong genetic affinity to the 
Japanese captive population were identified based on Fst 
values and bar plot at K =  6 (Fig. 3B).

Furthermore, the mtDNA D-loop phylogeny (Fig. 1), sug-
gested a common maternal ancestor between Japanese 
haplotypes and wild samples of known geographical origins. 
The fact that all Japanese haplotypes were detected in both 
historical and modern wild samples (Table 1) further sub-
stantiates this conclusion. A similar approach was used by 
McDonald et al. (2023) in a recent study to trace the geo-
graphic origin of the captive Angolan colobus monkey 
(Colobus angolensis).

By analyzing historical and modern datasets, we identi-
fied the geographical origin of the Japanese samples 
through overlapping results from the genetic markers exam-
ined. Both mtDNA D-loop (Fig. 1) and STR marker (Fig. 3) 
suggested that the founding black rhinoceros in Japan most 
likely originated from Kenya, Tanzania, and the Democratic 
Republic of Congo (as shown in Fig. 4). This result could be 
explained by two factors: first, the genetic variants currently 
found in Japan were once widely distributed in Eastern-
Central African countries but were lost in the Democratic 
Republic of Congo due to rampant illegal poaching (Harley 
et al., 2005; Moodley et al., 2017). Japanese mtDNA haplo-
types 2J, 3J, and 4J still exist in the wild populations of 
Tanzania and Kenya, based on a report by Mellya et al. 
(2023) (see Supplementary Table S2). Second, African 
countries with historically large populations of wild black rhi-
noceros (Kenya and Tanzania) provided valuable breeding 
animals for captivity, likely due to their presumed high 
genetic diversity (Moodley et al., 2017).

On the other hand, our data do not provide overall evi-
dence on classifying the Japanese population into two sub-
species as the mtDNA comparative analysis suggested. 
STR analysis supports the Japanese gene pool as one pop-
ulation north of the Zambezi-Chobe River (Fig. 4). Moreover, 
both mtDNA and STR data suggested haplotypes 2J, 3J, 
and 4J to be of D.b michaeli subspecies, which aligns with 
JAZA studbook records of Japan hosting eastern black rhi-
noceros. In our analysis, we failed to accurately confirm 
mtDNA-based classification of haplotype 1J to D.b nyasae 
due to a lack of STR data for the five sequences (AH 47) 
matching the haplotype 1J (see Supplementary Table S2), 
which are currently absent in the wild (Moodley et al., 2017). 
However, this finding does not rule out the possibility of 
genetic admixture in Japan, but rather warrants further 
investigations based on robust genomic approaches to 
accurately assess the genetic purity of this population.

It is important to note that, scientific discourse surround-
ing the classification of black rhinoceros subspecies pre-
sented by Rookmaaker (2011) has been debated for many 
years, prompting anticipated re-assessment of black rhinoc-
eros taxonomy (Ferreira et al., 2024). Nevertheless, further 
analysis based on the whole genomic data is necessary to 
validate whether this subspecies classification results from 
historical misclassification (D.b nyasae subspecies name is 
dated back to the 18th century as per Moodley et al. [2017]) 
or represents true admixture within the existing population. 
Additionally, genomic analysis could help clarify the genetic 
relationships among individuals sharing the same mtDNA 
haplotype, particularly where microsatellite-based pairwise 
relatedness estimates are inconsistent with historical stud-
book records (Supplementary Table S4).

Moreover, we could not accurately examine the geo-
graphic origin of individuals with haplotype 1J using STR 
genotypes, as nDNA genotypes for the five ancient 
sequences corresponding with haplotype 1J were unavail-
able (Moodley et al., 2017). However, no significant private 
alleles were found for haplotype 1J individuals in the STR 
genotypes, implying that these individuals were indistin-
guishable from others based on STR data (Fig. 3A, B). 
Therefore, further investigation using whole genome data to 
resolve the alignment of haplotype 1J with wild sequences of 
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Zimbabwe origin (SN haplogroup) is recommended.
The PCoA result was excluded from the geographical 

inference analysis due to clear genetic separation from the 
wild datasets. This may be attributed to a sample size dis-
crepancy in our comparative analysis, as the PCoA method 
is sensitive to sample size (Allberry et al., 2024). However, 
reducing the number of samples for each wild subpopulation 
to ~25, corresponding to the Japanese data did not change 
the outcome (data not shown), which limited our ability to 
determine genetic affinity using this method.

STR data limitations in ascertaining the geographical 
origin

The wild genotypes data integrated into this compara-
tive analysis were not calibrated beforehand due to interna-
tional restrictions on the movement of samples between 
countries for species under CITES Appendix I. The lack of 
data calibration may introduce an element of machine-
based and population-specific allele differences between 
the two datasets. It is crucial to recognize that seemingly 
disparate outputs may arise with calibrated genetic data. 
Therefore, the conclusion regarding geographical origin 
using STR data should be approached with a high degree of 
caution.

Future conservation and breeding implications
This study demonstrates that the small captive popula-

tion of black rhinoceros in Japan has higher genetic diversity 

than expected, given the severe demographic decline in the 
wild and its small population size. That is because selective 
breeding strategies coupled with periodic pedigree-assisted 
importation of animals have sustained gene flow and mini-
mized the effects of genetic drift, ultimately restoring genetic 
diversity (Klimova et al., 2022). This supports Lacy’s (1995) 
argument that breeding practices that mitigate inbreeding 
within a particular gene pool often contribute to greater 
genetic diversity. On the other hand, identifying the wild 
counterparts provides critical genetic baseline data to guide 
implementation of in situ and ex situ management strate-
gies, which can support this vulnerable small, ex situ popu-
lation or threatened in-situ population.

Although the current level of genetic diversity in this cap-
tive population is promising, the small population size, 
potential high rate of relatedness, and captive conditions 
could compromise the survival of future generations. 
Therefore, preserving current levels of genetic variations 
and minimizing relatedness is crucial for the conservation of 
the captive black rhinoceros population in Japan. We pro-
pose the following conservation management interventions 
for the Japanese zoo population of black rhinoceros: (1) 
maintain periodic movement of genetically diverse individual 
(s) among local zoo sites to sustain gene flow and prevent 
loss of current diversity. This strategy can be specifically 
implemented to help preserve the rare Japanese haplotypes 
2J and 4J, which are at high risk of disappearing from the 
Japanese gene pool if breeding efforts fail due to low repro-

Fig. 4.  Map of Africa showing Sub-Saharan African countries, with marked countries in red plus sign as the possible natural habitats of the 
captive population of black rhinoceros in Japan.
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ductive success (Edwards et al., 2015) or if the only individ-
ual carrying the haplotype dies; (2) for zoo sites holding 
individuals of the same sex with a single haplotype, a tar-
geted pairing with individuals of different haplotypes from 
other Japanese zoos may improve future breeding success 
and support conservation efforts at these zoos; (3) individu-
als of Haplotype 1J whose genetic purity is doubtful (Fig. 1 
versus Fig. 3 results) shall not be considered for internal or 
external supplementation based on this neutral genetic 
information. However, practical, integrative conservation 
management with other captive populations in Europe and 
North America can be implemented for individuals with hap-
lotypes 2J, 3J, and 4J. Since the genetic background of the 
captive black rhinoceros in Japan has been elucidated in 
this study, collaboration with other global populations can 
further strengthen conservation efforts for the species.

In conclusion, the genetic survey presented in this study 
relied exclusively on putative-neutral genetic markers, insuf-
ficient to capture the adaptive potential of the population. 
Despite that, the current gene pool has the potential for self-
sustainability, even if external supplementation becomes 
unrealistic. Minimal genetic changes suggest retention of 
wild gene variants and limited adaptation in captivity. 
Selective breeding practices in managing this population by 
pairing with genetically different individuals from local zoo 
facilities are likely the most effective strategy for maintaining 
future sustainability. Identified geographical wild origin 
supports informed future conservation and breeding inter-
ventions. This is the first genetic assessment of Japan’s 
critically endangered captive population of black rhinoceros.
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