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Abstract
The South China tiger (Panthera tigris amoyensis, SCT) is the most critically endangered 
subspecies of tiger due to functional extinction in the wild. Inbreeding depression is 
observed among the captive population descended from six wild ancestors, result-
ing in high juvenile mortality and low reproduction. We assembled and characterized 
the first SCT genome and an improved Amur tiger (P. t. altaica, AT) genome named 
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1  |  INTRODUC TION

The tiger (Panthera tigris) is the largest predatory species on the 
Eurasian continent (Mazák, 1983). It diverged into nine subspecies 
since the last glacial period (Liu et al., 2018), namely Amur or Siberian 
tiger (P.  t.  altaica), South China tiger (P.  t.  amoyensis), Indochinese 
tiger (P. t. corbetti), Bengal tiger (P. t. tigris), Malayan tiger (P. t. jack-
soni), Sumatrian tiger (P. t. sumatrae), Javan tiger (P. t. sondaica), Bali 
tiger (P. t. balica) and Caspian tiger (P. t. virgata) (Luo et al., 2004). The 
populations of all these subspecies have fallen dramatically in the 
last century as a result of habitat loss, fragmentation and poaching, 
with the Bali, Javan and Caspian tigers becoming extinct one after 
the other during the 1940s to 1970s (Seidensticker, 2010). This crisis 
drew widespread attention, and conservation actions were imple-
mented across the world. The demographic decline was slackened 
gradually and reversed by 2016 (WWF, 2016).

However, the South China tiger was not included in the resto-
ration programme because it was declared functionally extinct in the 
wild by the end of the 1990s (Tilson et al., 1996; Tilson et al., 2004). 
The only representatives remained are the 204-captive descen-
dants (by the end of 2019) (Yuan et al., 2021) of six wild founders. 
Superficially, the current population number, age structure and sex 
ratio (Figure S1) are supportive of its sustainability. However, due 
to the small number of founders and unequal founders' contribu-
tions, inbreeding is unavoidable (Xu et al., 2007). This resulted in 
inbreeding depression that progressively degraded the reproduc-
tive capacity of adults and the survival of juveniles despite substan-
tial improvements in captive rearing technology and expertise (Xu 
et al., 2007; Yuan et al., 2021). In addition, pedigree-based estima-
tion showed that the present population represents 65.23% of the 

six ancestors' genetic diversity (Yuan et al., 2020), meaning 34.77% 
has been lost.

Apparently, there is no additional outbred consubspecific in-
dividual from any source to join the population, and no pairing 
scheme within the captive population can avoid further inbreed-
ing. Traditionally, managers have used genealogical records (Tilson 
et al., 1993), microsatellites and mitochondrial (Zhang et al., 2019) 
molecular genetic markers to guide the breeding programme of cap-
tive tigers. This pairing approach can effectively control the rate of 
inbreeding accumulation in a short period of time. However, based 
on the development of a small number of genetic markers this tends 
to ignore the deleterious effects that accumulate on the genome and 
the genetic information carried on genes embodied in inbreeding de-
cline. It is clear that inbreeding, together with consequent genetic 
diversity loss and physiological depression will be exacerbated with 
time, driving the population toward a genetic dead end.

Research projects on tigers have focused on field population sur-
veys (Ronald Tilson et al., 2004; Huang et al., 2004), habitat selec-
tion (Ronald Tilson et al., 1997), tiger pelage colour variations (Luo 
et al., 2019) and population differentiation (Armstrong et al., 2021; 
Cho et al., 2013; Liu et al., 2018; Luo et al., 2004), etc., all of which 
revealed the overall status level of the population. However, the 
genome-wide inbreeding context of the South China tiger popula-
tion and how the consequences of inbreeding can be demonstrated 
at the genome level are largely unknown, which would be necessary 
and helpful for making sound management recommendations.

In this study, we chose captive Amur tiger individuals as a ref-
erence. We investigated whether different tiger subspecies share 
the same inbreeding cumulative expression patterns on their ge-
nomes under the same husbandry conditions. Currently, published 
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AmyTig1.0 and PanTig2.0. The two genomes are the most continuous and compre-
hensive among any tiger genomes yet reported at the chromosomal level. By using the 
two genomes and resequencing data of 15 SCT and 13 AT individuals, we investigated 
the genomic signature of inbreeding depression of the SCT. The results indicated that 
the effective population size of SCT experienced three phases of decline, ~5.0–1.0 
thousand years ago, 100 years ago, and since captive breeding in 1963. We found 
43 long runs of homozygosity fragments that were shared by all individuals in the 
SCT population and covered a total length of 20.63% in the SCT genome. We also 
detected a large proportion of identical-by-descent segments across the genome in 
the SCT population, especially on ChrB4. Deleterious nonsynonymous single nucleo-
tide polymorphic sites and loss-of-function mutations were found across genomes 
with extensive potential influences, despite a proportion of these loads having been 
purged by inbreeding depression. Our research provides an invaluable resource for 
the formulation of genetic management policies for the South China tiger such as 
developing genome-based breeding and genetic rescue strategy.
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PanTig1.0 (Cho et al., 2013) and Maltig1.0 (Armstrong et al., 2021) 
tiger genomes were sequenced based on the Illumina sequencing 
platform. Studies have shown that genomes assembled via short 
fragments would introduce assembly errors, thus affecting the an-
notation of genes (Mittal et al., 2019). Moreover, short fragments 
of assembled genomes are inconvenient in detecting genome-
wide runs of homozygosity (ROH) and identity-by-descent (IBD), 
but this is critically relevant for assessing inbreeding for endan-
gered animals.

Here, we assembled and annotated a South China tiger genome 
and upgraded an Amur tiger genome at the chromosome level by 
combining PacBio long reads sequencing, Hi-C technology, paired-
end short reads sequencing and RNA sequencing (RNA-seq) data. 
We also resequenced 28 tigers of the two subspecies with at least 
15-fold genome coverage per individual to support accurate analysis 
in this study. Notably, we characterized the architecture of the two 
genomes, and for the first time, demonstrate the decline in the ef-
fective population of the South China tiger, the Amur tiger, over the 
last 1000–10,000 years. Furthermore, we investigated the effects of 
inbreeding, patterns of heterozygosity loss, extremely homozygous 
fragments present on chromosomes, and genetic loads. As far as we 
know, this is the first report to evaluate the genome-wide inbreeding 
context of the South China tiger population, which will provide a 
new perspective for developing genetic management policies.

2  |  MATERIAL S AND METHODS

2.1  |  Samples

Thirty tiger samples, including blood and tissue, were collected from 
zoos, including 14 Amur tigers (Panthera tigris altaica, AT) and 16 
South China tigers (P. t. amoyensis, SCT). Blood samples from a male 
AT individual (from the China Hengdaohezi Feline Breeding Center) 
and a male SCT (from the Meihuashan South China Tiger Breeding 
Institute, China) were chosen for genome assembly. Samples from 
the remaining 28 individuals included skins, tissues and blood. Blood 
samples were obtained during physical examination. Skin and tissue 
samples were collected from individuals that died of natural causes 
and were preserved in zoo veterinary hospitals. The 28 samples 
were used for whole-genome resequencing.

2.2  |  DNA extraction, library 
construction and sequencing

For PacBio sequencing, high-molecular-weight genomic DNA was 
extracted from blood samples using the DNeasy Blood and Tissue 
kit (Qiagen). According to the manufacturer’ s instructions, an av-
erage insert size of 20-kb SMRTbell libraries were constructed 
using the SMRTbell Template Prep Kit 1.0 (Pacific Biosciences) and 
Blue Pippin (Labgene Scientific) was then used for fragment size 

selection. Library sequencing was performed by use of single mol-
ecule real-time (SMRT) sequencing (PacBio RSII) technology in the 
Genome Center of Novo Genomics (Tianjin, China).

For Hi-C sequencing, red blood cells were extracted from a 
2-ml blood sample, and fixed with 37% formaldehyde. After incu-
bating for 10 min at room temperature, 2.5 m glycine was added to 
terminate the cross-linking reaction, and the precipitated cells were 
collected. Two Hi-C libraries (Lieberman-Aiden et al.,  2009) were 
prepared for each subspecies, and sequenced on the MGISEQ-2000 
sequencer (MGI).

DNA samples used for short read resequencing (paired-end 
100 bp) were extracted by using the standard phenol–chloroform 
method and quantification was performed by using a Nanodrop 
Spectrophotometer (Thermo). DNA libraries were constructed as 
per the manufacturer's instructions (MGIEasy universal DNA Library 
Preparation Kit, BGI). Libraries were sequenced on a DNBSEQ-T1 
sequencer.

RNA was isolated from blood samples of SCT individuals using 
TRlzol reagent (Invitrogen), and the integrity was verified on an 
Agilent 2100 Bioanalyzer. The cDNA libraries were constructed ac-
cording to the manufacturer's instructions (MGIEasy RNA Library 
Prep Kit, BGI), and finally sequenced on the DIPSEQ-T1 sequencer.

2.3  |  Genome assembly

Genome sizes/characteristics of AT and SCT were estimated based 
on K-mer (17-mer) frequency. The chromosome-scale genome was 
assembled with PacBio long reads, DNBSEQ short reads and Hi-C 
sequencing data. The canu (version 1.7) (Koren et al., 2017) pipeline 
was used for assembly of initial contigs as follows: (i) PacBio long 
reads with the length shorter than 1000 bp were filtered out; (ii) 
remaining long reads (AT: 112.28 times coverage, SCT: 55.55 times 
coverage) were subjected to canu for read correction, read trimming 
and unit construction, with parameters of “maximum thread = 104, 
corOutCoverage = 40”. Short reads derived from paired-end sequenc-
ing (~51×) were used for base correction using nextpolish (version 
1.3.1) software (Hu, Fan, et al., 2020, Hu, Hao, et al., 2020) on the 
draft genomes. Subsequently, Hi-C reads from the two individuals 
were mapped to each of the two genomes by the Burrows–Wheeler 
Aligner (bwa, version 0.7.17) (Li & Durbin, 2010) software with pa-
rameters bwa mem -t 16 -k 19 (−t: number of threads; −k: minimum 
seed length). The bwa mapping results were filtered via the Hi-C-Pro 
pipeline (Servant et al.,  2015). Then, juicer (version 1.5.7) (Durand 
et al., 2016) software was used to manually assist in correcting and 
reviewing the preliminary chromosomal mount results. Finally, the 
chromosome-level genome was generated by the 3d-dna pipeline 
(Dudchenko et al., 2017) and named AmyTig1.0 and PanTig2.0, re-
spectively. We then performed synteny analysis between the tiger 
genomes and the domestic cat (Felis_catus_9.0, GenBank assembly 
accession: GCA_000181335.5) genome downloaded from the NCBI 
website by using minimap2 (version 2.22) (Li, 2018) software with the 
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parameters -cx asm10 (asm10: intra-species asm-to-asm alignment). 
The chromosome IDs of autosomes and sex chromosomes in the 
AmyTig1.0 and PanTig2.0 genomes were then determined according 
to the synteny relationship with the cat genome.

2.4  |  Evaluation of the quality of 
assembled genomes

Statistics of the genome assembly were analysed using quast (ver-
sion 4.0) (Gurevich et al., 2013) (a python script), which gives detailed 
information for contigs and scaffolds of each tiger genome. Busco 
(Seppey et al., 2019) (version 3, mammalia_odb9, 4104 genes) analy-
sis was performed to evaluate the completeness of the genome as-
sembly. To further verify the quality and completeness of our genome 
assemblies, bwa (version 0.7.17) (Li & Durbin, 2010) (bwa mem -t 8 -k 
30 -M) was performed and mapped the paired-end short reads to the 
two genomes, respectively. Genome mapping rate and sequencing 
coverage were obtained by samtools (v1.4) (Li et al., 2009) with the 
parameter -flagstat and bamdeal (https://github.com/BGI-shenz​hen/
BamDeal) with statistical coverage command, respectively.

To further show the improvement in completeness and con-
tiguity of our assembled genome, we investigated how many gaps 
in the PanTig1.0 genome could be filled by our assembled AT ge-
nome. We split the PanTig1.0 (Cho et al., 2013) genome into contigs 
by gaps and then mapped these contigs to our Amur tiger genome 
(PanTig2.0) through blat (version 35.1) software (Kent, 2002). The 
number and size of gaps in the PanTig1.0 genome filled by our as-
sembled genome were calculated by a custom Perl script (https://
github.com/cat1z​hang/split​-the-genom​e-to-conti​gs-by-gaps).

2.5  |  Annotation of repeat elements

Repeat sequences in genomes of the two tigers were identified using 
a combination of homologue-based and ab initio prediction methods. 
Repeatmasker (version 4.0.5) (Tarailo-Graovac & Chen, 2009) was used 
to search against the Repbase library (Jurka et al., 2005), followed by 
execution of repeatproteinmask (version 4.0.5) for homologue predic-
tion. Ab initio prediction was performed using repeatmodeler (version 
1.0.4) (Smit et al.,  2015). Additionally, tandem repeat finder (version 
4.0.7) (Benson, 1999) was used to predict tandem repeats.

2.6  |  Gene prediction and gene 
function annotation

Gene prediction was carried out on the homology-based, RNA-seq 
data and de novo gene prediction using repeat masked genomes. 
Homology-based prediction was performed by alignment of homolo-
gous proteins of five species including domestic dog (Canis lupus famil-
iaris, GCF_000002285.3_CanFam3.1), human (Homo sapiens, GRCh38), 
Canadian lynx (Lynx canadensis, GCA_900661375.1_LYPA1.0), mouse 

(Mus musculus, GRCm38) and leopard (Panthera pardus, PanPar1.0) 
downloaded from “NCBI” and “Ensemble” 97 release to the two assem-
blies using the “TBLASTN” tool (blastall version 2.2.26) (Mount, 2007) 
with an E-value set to 1 × 10−5. The alignment hits were linked to can-
didate gene loci by solar (version 0.9.6) (https://sourc​eforge.net/p/
trees​oft/code/HEAD/tree/branc​hes/lh3/) and low-quality records 
(amino acid <30 bp) were filtered out. Second, genewise (version 2.4.1) 
(Birney et al., 2004) was used to analyse the aligned sequences to pre-
dict gene models. In the de novo predictions, augustus (version 3.2.1) 
(Keller et al., 2011), snap (version 1.0) (Korf, 2004), glimmerhmm (version 
3.02) (Majoros et al., 2004), genescan (Burge & Karlin, 1997) and ge-
neid (Parra et al., 2000) software were used to identify protein-coding 
genes in the two tiger genomes. Additionally, the raw RNA-seq of the 
SCT was filtered by trimmomatic (version 0.30) (Bolger et al., 2014) prior 
to transcript assembly. Since RNA-seq was not performed for the AT 
individual, RNA data used for transcripts assembly were downloaded 
from NCBI (SRR924676). Transcripts were aligned against assemblies 
using pasa (version 2.0.2) (Haas et al., 2008) and effective alignments 
were assembled to gene structures. Finally, all the above three data 
sets were combined to generate a nonredundant and comprehensive 
gene set using maker (version 1.0) (Cantarel et al., 2008).

Protein-coding gene motifs and domains were annotated 
by searching against InterPro (Apweiler et al.,  2001) and KEGG 
(Kanehisa & Goto, 2000) public databases.

2.7  |  Genome collinearity analysis and structural 
variant detection

Genomic structural differences between the newly assembled AT 
and SCT genomes were detected by collinearity analysis using the mc-
scanx package (Wang et al., 2012). Single-nucleotide variants (SNVs) 
and small InDels on the two tiger genomes were called from short-
read alignments by running the sentieon (Kendig et al., 2019) pipe-
line (Sentieon driver -t 48 --algo GVCFtyper). The Genome Analysis 
Toolkit (gatk, versio 4.0.3.0) (DePristo et al., 2011) software was used 
for splitting the SNVs (gatk --java-options “-Xmx5g” SelectVariants 
--select-type-to-include SNP) and InDels (gatk --java-options “-Xmx5g” 
SelectVariants --select-type-to-include INDEL). Structural variants 
were detected by sniffles (version 1.0.6) (Sedlazeck et al.,  2018). 
Briefly, ~30× SCT PacBio reads were mapped to the AT genome 
(PanTig2.0) and ~32× AT PacBio reads were mapped to the SCT ge-
nome (AmyTig1.0) using ngmlr (version 0.2.6) (Sedlazeck et al., 2018) 
with default parameters. After sorting the mapping files generated 
by ngmlr, sniffles (version 0.2.6) was used for the detection of struc-
tural variants (SVs) larger than 50 bp with parameters “-q 20 -l 50.”

2.8  |  Variant calling and SNP filtering

trimmomatic (version 3.20) (Bolger et al.,  2014) software was used 
to filter the low-quality reads and adaptors with parameters “-
phred33 ILLUMINACLIP: adapter. fa: 2:30:4:1: true LEADING:3 
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TRAILING:3 SLIDINGWINDOW: 5:15 MINLEN:50.” Clean reads were 
then mapped to the SCT genome (AmyTig1.0) by bwa-mem (versio 
0.7.17) (Li & Durbin, 2010) with default parameters. Sorting, reor-
dering and read deduplication were performed via picard tools (ver-
sion 2.25.6) (https://github.com/broad​insti​tute/picar​d/relea​ses/
tag/2.25.6). sentieon (Kendig et al., 2019) with parameters “driver -t 
48 --algo GVCFtyper” was finally used to generate the combined raw 
VCF files. To facilitate downstream analysis, we separated single nu-
cleotide polymorphisms (SNPs) from InDels by gatk (version 4.0.3.0) 
(DePristo et al., 2011) software with the parameter “SelectVariants 
--select-type-to-include SNP/INDEL.” The separated raw VCF files 
were filtered by: (i) hard filtration by setting “QD <2.0 || FS > 60.0 || 
MQ < 40.0 || MQRankSum < −12.5 || ReadPosRankSum < −8.0”; (ii) 
removing all non-bi-allelic variants; (iii) variants with a Phred-scaled 
genotype quality score <20 were marked as low-quality; (iv) a vari-
ant with a proportion of low-quality and missing genotype larger 
than 10% were removed; and (v) removing variants with a minor al-
lele frequency (MAF) less than 1%.

To identify and remove duplicate individuals, full siblings, or half-
siblings from the 28 tiger samples, we performed the king (version 
2.2.5) (Manichaikul et al., 2010) software with the parameters “KING 
-b xx.bed -fam xx.fam -bim xx.bim -m xx.map –related” (bed, fam and 
bim files were generated by plink [version 1.09]; Purcell et al., 2007).

2.9  |  Principal component analysis (PCA), 
admixture, phylogenetic tree and population 
differentiation (FST) analysis

PCA was carried out based on 6,289,055 SNPs to evaluate the ge-
netic relationship between two tiger populations by using Genome-
wide Complex Trait Analysis (gcta, version 1.92.2) (Yang et al., 2011) 
software. PCA results were visualized using R (version 3.6.3) (Ihaka 
& Gentleman, 1996). A hierarchical Bayesian model in admixture (ver-
sion 1.23) (Alexander et al.,  2009) was used to examine ancestral 
components of the 28 tiger individuals using the same SNP data 
set as in PCA with K values ranging from 1 to 5. The maximum-
likelihood (ML) phylogenetic tree was constructed by using iq-tree 
(version 1.6.12) (Nguyen et al., 2015) with the following parameters: 
-nt 4 -bb 1000 -alrt 1000 -m TEST -st DNA (−bb: bootstrap). Weir and 
Cockerham's fixation index (FST) was calculated using vcftools (ver-
sion 0.1.13) (Danecek et al., 2011) with parameters “--fst-window-size 
500,000 --fst-window-step 50,000.”

2.10  |  Inference of demographic dynamics and 
divergence time

Estimation of the effective population size and inference of diver-
gence time between the AT and SCT were carried out using msmc2 
(version 2.0.0) (Schiffels & Durbin,  2014) and smc++ (v1.13.1) 
(Terhorst et al., 2017) software. For the inference of Ne by the msmc2 
method, we first phased the whole SNP set using beagle (version 

5.0) (Browning et al., 2018) with default parameters. Then we ran-
domly selected four individuals from each population to infer the 
change of effective population with parameters “-I ‘0,1,2,3,4,5,6,7′ 
-i 20 -t 6 -p ‘1*2 + 15*1 + 1*2′” (-I, −-pairIndice: give a list of phased 
haplotypes, and each number represents a haplotype. Here we rep-
resent four individuals with eight haplotypes; −i, −-maxIterations: 
number of EM-iterations; −t, −-nrThreads: number of threads we 
used; −p, −-timeSegmentPattern: pattern of fixed time segments). 
We randomly selected four individuals from each population for 
the inference of separation time of the two subspecies with fol-
lowing parameters: “--skipAmbiguous -I 0–8,0-9,0-10,0-11,0-12,​
0 -13 , 0 -14 , 0 -1 5 , 1- 8 , 1- 9, 1-10 , ​1-11 , ​1-1 2 , 1-13 , 1-14 , 1-1 5 ,​
2 - 8 , 2 - 9, 2 -1 0 , 2 -11 , 2 -1 2 , 2 -1 3 , ​2 -14 , 2 -1 5 , 3 - 8 , 3 - 9, 3 -1 0 ,​
3 -11 , 3 -1 2 , 3 -13 , 3 -14 , 3 -15 , 4 - 8 , ​4 - 9, 4 -10 , 4 -11 , 4 -1 2 , 4 -13 ,​
4-14,4-15,5-8,5-9,5-10,​5-11,5-12,5-13,5-14,5-15,6-8,​6-9,6-10,6
-11 ,6-12,6-13,6-14,6-15,​7-8,7-9,7-10,7-11,7-12,​7-13,7-14,7–15″ 
(−-skipAmbiguous: skip sites with ambiguous phasing; -I: pairIndices: 
give a list of haplotype pairs. In this case, the program will run with 
only those specified pairs of haplotypes). We performed five inde-
pendent calculations for the inference of both Ne and separation 
time to guarantee the reliability. The generation time and muta-
tion rate we used for scaling the results to the real time (year) were 
g = 5 years and μ = 0.3 × 10−8 per year (Liu et al., 2018), respectively.

To further validate the results from msmc2, we also performed 
smc++ analysis to infer the dynamics of the effective population 
size with parameters “--cores 8 --knots 26 --timepoints 40, 90,000” 
(−-knots: the number of spline knots used in the underlying repre-
sentation of the size history; −-timepoints: this command specifies 
the starting and ending time points of the model [in generations]), 
and the separation time between the two subspecies by using all 28 
individuals.

2.11  |  Genome-wide genetic diversity estimation

vcftools (version 0.1.13) (Danecek et al., 2011) was used to calculate 
the density of SNPs (−-SNPdensity 50,000) and estimate nucleotide 
diversity (π) (−-window-pi 500,000 --window-pi-step 100,000).

2.12  |  Runs of homozygosity (ROH) analysis

plink (version 1.09) (Purcell et al., 2007) was used to prune the SNP 
set with parameters “--indep-pairwise 50 kb 1 0.9” (50 kb: the win-
dow size; 1: step size [variant ct]; 0.9: a pairwise r2 threshold). The 
pruning process removed 3,974,190 of 6,289,055 variants. The re-
maining 2,314,865 SNPs were then used to analyse ROH by plink 
(Purcell et al.,  2007) with parameters from Dobrynin et al.  (2015) 
“--homozyg-window-snp 20 --homozyg-kb 10 --homozyg-density 50.” 
The length of ROH and the expected generations were calculated 
with an average recombination rate of 1.1 cM per Mb which was 
roughly deduced from the domestic cat (Dumont & Payseur, 2008). 
The formula (Thompson, 2013) is:

https://github.com/broadinstitute/picard/releases/tag/2.25.6
https://github.com/broadinstitute/picard/releases/tag/2.25.6
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where g  =  generation interval, r  =  recombination rate and 
L = length of the ROH (Mb).

FROH, the proportion of the autosomal genome in ROH (McQuillan 
et al., 2008), was calculated as:

where LROH = sum of ROH lengths, and LAUTO = length of the ge-
nome covered by the genome-wide SNPs (LAUTO = 2,258,664,721 bp).

2.13  |  Detection of IBD segments

The proportion of pairwise shared IBD for all individuals, including 
intra- and intersubspecific pairs, was calculated using plink (version 
1.09) (Purcell et al., 2007). Refined IBD (refined-ibd.16May19.ad5.jar 
length = 1 window = 5) (Browning & Browning, 2013) was used to 
identify genomic segments containing shared IBD segments among 
individuals with default parameters. The input file was created using 
vcftools (version 0.1.13) (Danecek et al.,  2011) with parameters 
“vcftools --gzvcf --max-missing 1 --maf 0 --recode --recode-INFO-all 
--stdout | tr ‘/’ ‘|’ |.” Here we obtained variants with no missing geno-
types for IBD calculation.

2.14  |  Genetic load estimation

The evaluation of genetic loads focused mainly on deleterious non-
synonymous SNPs (nsSNPs) and the loss of functional (LOF) muta-
tions in this study. All variants were annotated with annovar (Kai 
et al.,  2010) and nonsynonymous missense mutations were rated 
via the Grantham Score (Grantham,  1974) ranging from 5 to 215. 
Mutations with Grantham Scores ≥150 were regarded as deleteri-
ous. LOF mutations in coding regions were identified using snpeff 
(v4.3)(Cingolani et al., 2012) by the following procedures: (i) a data-
base was built with the genome and annotation files of the SCT with 
parameters “java -Xmx40g -jar snpEff.jar build -gff3 -v south_tiger”; (ii) 

we used snpeff to annotate SNPs of each individual with parameters 
“Java -Xmx4g -jar snpEff.jar eff -c snpEff.config -v south_tiger”; and (iii) 
we merged the stop gained, splice acceptor variant, splice donor 
variant as the final LOF mutations for downstream analysis.

To better present the genetic load, we calculated the ratio of ho-
mozygous sites (two per site) to both heterozygous (one per site) 
and homozygous sites (two per site) for both deleterious nsSNPs and 
LOFs for each individual following the method of Feng et al. (2019), 
with the formula: ratio  =  2 * homozygous sites/(2 * homozygous 
sites +1* heterozygous sites). The homozygous sites represent the 
number of homozygous alleles (0/0 or 1/1) per individual, while het-
erozygous sites represent the number of heterozygous alleles (0/1) 
per individual.

3  |  RESULTS

3.1  |  De novo assembly and annotation of tiger 
genomes

One male adult SCT and AT were used for genome assembly 
(Table S1). The final SCT and AT assemblies were 2.45 and 2.46 Gb, 
representing 98.5% and 98.2% of their estimated size, respectively 
(Figure S2). The PacBio subreads were used to assemble the genome 
from scratch and the short paired-end reads were then used for base 
correction of our assembled draft genome. Subsequently, Hi-C data 
were used to locate the assembly sequence and orient the scaffold 
to the genome at the chromosome level. Finally, the scaffold N50 
of two genomes was145.6 Mb (SCT) and 144.6 Mb (AT), suggesting 
that the two assemblies were dominant in terms of long fragments 
(Table 1; Tables S2 and S3, Figure S3).

In the Benchmarking Universal Single-Copy Orthologs (BUSCO) 
(Seppey et al., 2019) analysis, our assembled genomes covered 95.7% 
(SCT) and 95.5% (AT) complete BUSCO genes (Table S4), showing 
the completeness of the two tiger genomes. To further evaluate the 
quality of the genomes, the short reads generated for genome size 
estimation were mapped to their respective genomes, with 99.68% 
(SCT) and 99.77% (AT) of the sequencing reads mapped on the two 
genomes. Compared to the previously published PanTig1.0 (Cho 

g = 100∕
(

2rLROH

)

FROH = ΣLROH ∕LAUTO

TA B L E  1  Statistics of our assembled genomes compared with the PanTig1.0 (Cho et al., 2013) and Maltig1.0 (Armstrong et al., 2021) 
genomes

Parameter AmyTig1.0 PanTig2.0 PanTig1.0 (Cho et al., 2013) Maltig1.0a

Largest scaffold (Mb) 238.2 237.5 41.6 —

Largest contig (Mb) 56.02 60.36 0.29 —

Contig N50 (Mb) 9.47 Mb 9.52 Mb 0.039 1.8

Scaffold Ns (%) 0.046 0.024 2.44 1.31

Scaffold N50 (Mb) 145.6 144.6 8.9 21.3

GC (%) 41.67 41.72 41.39 40.70

Total length (Gb) 2.5 2.5 2.4 2.4

aThe data (Maltig1.0) come from the original article (Armstrong et al., 2021).



336  |    ZHANG et al.

et al., 2013), our newly assembled AT genome filled 109,603 gaps, 
totalling 47.7 Mb, which accounted for 81.9% of the gaps in the 
PanTig1.0 genome (2% of the entire genome, Table S5). These indi-
ces clearly demonstrated the superior contiguity of our assembled 
genomes.

The total length and proportion of the repetitive elements were 
roughly equal between the two genomes, 910.94 Mb in SCT and 
914.45 Mb in AT, accounting for 37.03% and 37.07% of the total 
genome, respectively (Tables S6 and S7). With the combination of 
transcriptome mapping, ab initio predictions and homology-based 
protein alignment approaches, a total of 18,751 and 18,497 protein-
coding genes were predicted from the two genomes (Table  S8, 
Figure S4).

The completeness of protein-coding gene sets was evaluated by 
BUSCO analysis, and the complete BUSCO scores were 95.8% and 
95.7% for SCT and AT, respectively (Table S9). The number of genes 
was 18,751 in the SCT genome and 18,497 in the AT genome, 7.22% 
and 5.95% higher, respectively than that of PanTig1.0, which con-
tains 17,391 annotated protein-coding genes. In the SCT genome, 
95.37% of the protein-coding genes were found to be functional, 
while this was 95.57% in the AT genome (Figure S5, Table S10).

Global collinearity analysis showed ~97.8% of the SCT genome 
matched in one-to-one syntenic blocks to 97.9% of the AT genome 
(Table S11, Figure 1-1), demonstrating extremely high similarity be-
tween them. By mapping the genome survey data to the AT and SCT 
genomes, we found that the number of SNVs and small InDels in the 
SCT genome (1,490,015 and 371,740) were much lower than that 
in the AT genome (2,005,333 and 615,597) (Figure 1-5,6). Putative 
SVs > 50 bp detected in the SCT genome included 7286 deletions, 
253 duplications, 7795 insertions and 73 inversions, while SVs de-
tected in the AT genome included 2050 deletions, 65 duplications, 
2209 insertions and 20 inversions (Figure 1-7,8; Figure S6).

3.2  |  Subspecies separation and inference of recent 
demographic history

Fifteen SCT and 13 AT individuals were resequenced at an average 
depth of 20.34-fold (15.75–25.32-fold) (Table S12). All tigers were 
identified as unrelated individuals by kinship analysis, and their 
sequencing reads could be used for the analysis of downstream 
population genomics (Figure  S7). By mapping resequencing data 
of the 28 tigers to our assembled SCT genome (AmyTig1.0), a total 
of 6,289,055 qualified SNPs and 964,481 INDELs were obtained 
(see Methods). To compare with previously published analysis (Liu 
et al., 2018), we also performed PCA, phylogenetic tree and admix-
ture analysis. As expected, this supported that SCT and AT were two 
distinct groups (Figure  S8) with a Weir and Cockerham's fixation 
index (FST) between SCT and AT populations of 0.29, falling in the 
intersubspecific range of tigers (0.20–0.32) (Armstrong et al., 2021).

Although the demographic history of tigers has been extensively 
explored (Armstrong et al., 2021; Cho et al., 2013; Liu et al., 2018), 
details of the population history within the last 10,000 years are 

largely unknown, especially for the SCT, due to the limitation of sam-
pling and analysis methods. Msmc (Stephan Schiffels & Wang, 2020) 
and smc++ (Terhorst et al., 2017) have been shown to be effective 
at inferring more recent population histories (Guang et al.,  2021; 
Schiffels & Durbin, 2014). Therefore, the recent historical dynam-
ics of effective population size (Ne) and separation time between 
the two subspecies were inferred using msmc2 (Stephan Schiffels & 
Wang, 2020) and smc++ (Terhorst et al., 2017) in this study. The re-
sults indicated that the Ne of SCT and AT experienced a similar evo-
lutionary trend, a dramatic decline followed by a slow and gradual 
reduction until the end of the Holocene optimum (~5000 years ago) 
when the reduction rate in the SCT became sharper than in the AT 
and reached a minimum by ~800 years ago (Figure 2a,b; Table S13). 
The separation between SCT and AT subspecies was inferred around 
7000 years ago according to the results from msmc and smc++ 
(Figure 2c,d). This supports the hypothesis that the AT population 
originated less than 10,000 years ago, based on microsatellite and 
mitochondrial data (Driscoll et al., 2009; Luo et al., 2004). However, 
the separation at 7000 years ago should be further validated with 
ancient tiger samples in the future.

3.3  |  Genetic diversity maintained in the 
current population

The SNP density (number of variants per kb) of the SCT popula-
tion averaged 1.60 ± 1.04, lower than that in the AT population 
(2.60 ± 1.34) (Figure 3a). Nucleotide diversity (π) of the SCT popu-
lation (from 1.33E−07 to 0.002, mean  =  0.00058 ± 0.00029) was 
also lower than that in the AT population (from 2.63E−06 to 0.0023, 
mean = 0.0008 ± 0.0003) (Figure 3b). This result is consistent with 
PCA in which SCT is more concentrated than AT (Figure S8a).

3.4  |  Genomic signature of inbreeding

3.4.1  |  ROH fragments on genomes

ROH was analysed for 18 autosomes. A total of 5407 ROHs were 
identified in the SCT population, and 4262 in the AT population. The 
length of ROH ranged from 47.9 kb to 58.9 Mb in the SCT popula-
tion, and from 42.9 kb to 36.3 Mb in the AT population (Figure S9). 
ROH on SCT genomes were long and continuous, covering a greater 
portion of chromosomes compared to AT (Figure 4a). The propor-
tion of ROH counts ≥1 Mb (resulting from recent inbreeding events; 
Yoshida et al., 2020) in total ROH ranged from 0.361 to 0.599 per 
individual and averaged 0.433 in the SCT population. This was sig-
nificantly greater than that in the AT population, which ranged from 
0.183 to 0.433 per individual and averaged 0.31 at the population 
level (Studentps t test, p = 9.14E–05, Figure 4b; Table S14).

Mean inbreeding coefficient (FROH, proportion of ROH in 
the genome) (Alemu et al.,  2021) was also much higher in SCT 
(FROH  =  0.40 ± 0.077) than in AT (FROH  =  0.21 ± 0.041, Student's t 
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test, p = 1.41E–08) (Table S15). Genomic heterozygosity was nega-
tively correlated with FROH in both SCT (R = −0.99, p = 4.8e–12) and 
AT (R = −0.97, p = 2.9e–08) (Figure 4c). Correspondently, genomic 
heterozygosity was positively correlated with the length of non-
ROH regions in the genome of both SCT (R = 0.99, p = 4.8e–12) and 
AT (R = 0.97, p = 2.9e–08) (Figure S10).

The history of inbreeding was inferred by calculating the num-
ber of generations (g) in which ROH occurred. The proportion of 
ROH <5 Mb was more predominant in AT (0.93 ± 0.33) than SCT 
(0.85 ± 0.05) (p  =  7.01E–05). The proportion of ROH >5 Mb in 
SCT was as high as 15%, while this proportion was only 7% in AT 
(Figure 4d,e; Table S14). It can be estimated that ROH >5 Mb orig-
inated within the recent 9.1 generations (see Methods). The gen-
eration length in the captive SCT is 7.3 years (estimated based on 
studbook). Therefore, such a large ROH should come from the past 

66 years. The first breeding of SCT in captivity took place in 1972. 
It could be expected that inbreeding had started at the beginning 
of captive breeding and contributed to the loss of genetic diversity 
over time.

When the union of individual ROH was obtained by pooling con-
specific genomes and removing redundant fragments, the propor-
tion of total ROH length to the autosomes reached 94.7% in the SCT 
and 88.2% in the AT population (Figure S11). We further observed 
that the tested SCT population contained 323 ROH with an average 
length of 6.6 Mb, while the AT population contained 715 ROH with 
an average length of 2.8 Mb.

Moreover, we did not find any ROH shared by all individuals 
in the AT population, while the SCT population had an intersec-
tion containing 43 of all ROH that were 10.8 Mb in average size 
and 466 Mb in total length (Figure  S12). We even observed eight 

F I G U R E  1  Overview of the two tiger genomes. Components and structural distribution of Amur (upper) and South China (lower) tiger 
genomes. 1. Collinearity of the two tiger genomes. 2. Distribution of genes. 3. Distribution of transposons in repeat elements. 4. Density 
of GC content. 5. SNV distribution in the two genomes. 6. Density of short InDels between the two genomes. 7. Density of large insertions 
(>50 bp). 8. Density of large deletions (> 50 bp). 9. Chromosomes of the two subspecies
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shared ROH segments spanning 91.5 Mb on ChrB4 in the SCT pop-
ulation, and this represented 65.63% of the total ChrB4 length. 
GO categories showed that the genes covered by the ROH inter-
section in the SCT population were involved in sensory perception 

of taste (GO:0050909, p  =  .00308), interleukin-1 receptor bind-
ing (GO:0005149, P  =  0.0106), growth factor receptor binding 
(GO:0070851, p = .0286) and ephrin receptor activity (GO:0005003, 
p = .0196) (Table S16), etc., suggesting ROH may potentially influence 

F I G U R E  2  Demographic history and 
separation of the two tiger subspecies. 
(a) The effective population size of the 
two subspecies estimated using msmc2 
software by five independent calculations 
(four individuals were used in each 
calculation). (b) Effective populations 
estimated by smc++ software using all 28 
individuals. (c) Divergence time between 
the two subspecies estimated using msmc2 
software by relative cross-coalescence 
rate. The grey broken line indicates the 
separation of these two subspecies. 
(d) Time of split of the two subspecies 
inferred by smc++ software. The purple 
broken line and circle is the inferred time 
point of separation of SCT and AT
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the performance of sensory perception, immunity, histogenesis and 
cell viability of the SCT.

3.4.2  |  Homologous IBD segments

A total of 36,569 IBD fragments >1 Mb were identified in the SCT 
population and 4627 in the AT population. As shown in Figure 5(a), 
the proportion of IBD shared by arbitrary pairs of individuals was 
0.28 ± 0.16 for SCT, 0.06 ± 0.08 for AT and 0 for SCT–AT pairs 
(Table S17). We regarded IBD regions shared by more than half of the 
individuals in each subspecies as high-impact regions (HIRs) (Feng 
et al., 2019). A total of 490 HIRs covering 1.98 Gb were identified 
in SCT, while only 179 HIRs were identified in AT, coving 505.6 Mb 

(Figure 5b). As shown in Figure 5(b), the number and continuity of 
HIRs on each putative chromosome were significantly greater in 
SCT than in AT. In particular, a large continuous HIR on ChrB4 of 
SCT (ChrB4: 52,559,777 to ChrB4: 116,658,974) even covered 580 
genes. This indicated that IBD-associated influences are common in 
these chromosomal regions and irreducible for most pairing regimes 
in the present SCT population.

KEGG analysis showed that HIR-covered genes in the SCT 
(Figure 5c) are involved in natural killer cell-mediated cytotoxicity 
(map04650, p = 9.81E–11), primary immunodeficiency (map05340, 
p = 1.95E–10), B cell receptor signalling (map04662, p = 9.60E–05) 
and NF-kappa B signalling pathway (map04064, p  =  1.10E–03). 
These results suggested that the homozygosity of these IBD regions 
may potentially influence the immunity-related performance of SCT.

F I G U R E  5  IBD segments shared in the SCT and AT subspecies. (a) Heat map of shared IBD by pairs of individuals, with PI_HAT 
representing the proportion of IBD. (b) Distribution of IBD regions in SCT and AT populations on 18 autosomes. For each chromosome, AT 
is arranged on the left (IBD shown as green) and SCT on the right (IBD shown as yellow). The orange blocks represent HIRs. (c) The KEGG 
pathway enrichment of genes covered by HIR of the SCT population
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3.4.3  |  Putative genetic loads and distribution

To explore the potential influence of inbreeding on the quantity 
and distribution of genetic loads, we screened deleterious muta-
tions using the population data, including deleterious nsSNPs and 
LOF mutations. The average number of nsSNPs on each genome 
was 6549 ± 671 for SCT and 10,489 ± 135 for AT (p  =  1.06E−17, 
Student's t test) (Table  S18). The number of deleterious nsS-
NPs (Grantham scores ≥150) identified on each genome was 
465 ± 49 for SCT and 712 ± 15 for AT (p  =  1.23E−15, Student's 
t test) (Table  S18). However, the ratio of deleterious nsSNPs to 
total nsSNPs was 0.071 ± 0.002 for SCT and 0.068 ± 0.001 for AT 
(p  =  1.91E−06, Student's t test) (Figure  6a; Table  S18). On aver-
age, the deleterious nsSNPs were distributed on 657 ± 14 genes 
in the AT population and 438 ± 45 genes in the SCT population 
(Table S18). The ratio of deleterious nsSNP in a homozygous state 
was 0.47 ± 0.09 in SCT, significantly lower than that in the AT 
population (0.58 ± 0.029, p  =  1.51E−04) (Figure  6b; Table  S18). 
The deleterious nsSNPs were distributed on 1263 genes in the AT 
population and on 828 genes in the SCT population. For the SCT 
population, 719 genes lay in the ROH >5 Mb, while 630 genes fell 
in ROH ≥5 Mb for the AT population (Figure  6c,d). For the two 
subspecies, the density of deleterious nsSNP in ROH regions 
was significantly lower than in non-ROH regions (Figure  S13), 
but the difference was greater in SCT (p = 2.54E−17) than in AT 
(p = 2.06E−04).

Similarly, three types (Feng et al.,  2019) of LOF mutations 
were identified, including the stop gained mutation, splice accep-
tor variant and splice donor variant. A total of 713 LOF mutations 
were identified in SCT affecting 660 genes, and 519 LOF muta-
tions identified in AT affecting 490 genes (Tables  S19 and S20). 
All affected genes of AT were included in the affected genes of 
SCT. In particular, we examined the 170 SCT-specific affected 
genes and found several of them were related to reproduction, 
growth and development, disease, etc. For instance, the STX2 
(Fujiwara et al.,  2013), NANOS1 (Kusz-Zamelczyk et al.,  2013), 
ATAT1 (Yanai et al., 2020), DNAH8 (Yang et al., 2020), DNAH2 (Li 
et al., 2019) and JMJD1C (Kuroki et al., 2013) genes play import-
ant roles in sperm genesis, maturation and motility. MyH10 (Kim 
et al., 2018), CP (Fleming & Gitlin, 1990), RCOR1 (Yao et al., 2014), 
DENND1A (Shi et al., 2019), RAD51D (Pittman & Schimenti, 2000) 
and PAPPA2 (Fujimoto et al., 2020) were related to fetal growth 
and survival. Deletions or mutations in SKOR2 (Wang et al., 2011), 
GNAO1 (Danti et al., 2017), GFRA1 (Arora et al., 2021), ARHGAP25 
(Lindner et al.,  2020), SALL2 (Kelberman et al.,  2014), ABCB5 
(Bruce et al., 2014) and MYOF (Doherty et al., 2005) would lead to 
abnormal growth of tissues and organs (Table S21).

The proportion of LOF mutations in the homozygous state was 
0.51 ± 0.10 in the SCT population, slightly lower than that in the AT 
population (0.60 ± 0.03, p  =  3.05E–03) (Figure  6b; Table  S22). For 
both subspecies, the density of deleterious LOFs in ROH regions did 
not differ from that in non-ROH regions (Figure S13), but was greater 

in SCT than in AT. Overall mutational loads of nsSNP and LOF (AT/
SCT) in ROH regions was 1.49 times higher than for non-ROH re-
gions (Figure  S14). The lower number of mutational loads in ROH 
regions and higher number in the non-ROH regions for the SCT com-
pared to the AT could, to some extent, reflect the purging effects in 
the SCT.

4  |  DISCUSSION

4.1  |  High-quality genomes of the SCT and AT

Genetics has a long history of application in wildlife conservation 
(Frankham, 1995). Whole-genome sequencing techniques and anal-
ysis of population genetics have provided new insights into the con-
sequences of revealing population history, population structure and 
genetic diversity (Barbosa et al., 2020). In particular, information on 
genome-wide variations is critical for researchers to advance their 
efforts to manage and conserve wildlife populations. In this study, 
we assembled the SCT genome named AmyTig1.0 and an AT ge-
nome named PanTig2.0 using the canu assembler and a combination 
of long-read sequencing (PacBio), Hi-C and short-read (paired-end) 
sequencing technology. Compared to the PanTig1.0 and Maltig1.0 
genomes, our genomes have greater scaffold continuity and com-
pleteness (Table 1; Table S4), fewer gaps (Table S5) and more BUSCO 
genes annotated (Table  S9). The two chromosome-level genomes 
provide a firm basis for current and future studies on tiger biology 
and conservation.

4.2  |  Three phases of effective population decline 
in SCT

Understanding the dynamics of effective population size of a spe-
cies is critical for conservation. Our genomic analysis demonstrated 
that the SCT experienced three phases of effective population de-
clines. The first occurred from ~5.0 to 1.0 thousand years ago when 
Ne reduced gradually from ~14.7 thousand individuals to ~200 indi-
viduals (Figure 2a,b). The second decline was in tha last 100 years. 
In this phase, human activity impacted almost the entire SCT range, 
leading to massive habitat loss (Miao et al., 2013; Yang & He, 2017). 
Together with hunting, the census population size was estimated 
to have fallen from ~4000 to functional extinction by the end of 
1990s (Tilson et al.,  1996; Tilson et al.,  2004). No specimen from 
this period has yet been tested for genetic diversity. Nevertheless, 
this is the initial level of genetic diversity of the captive population. 
ROH with long sizes are associated with recent parental related-
ness (Rosenberg et al., 2013). In the SCT population, 15% ROH were 
>5 Mb (Figure 4d,e; Table S14), suggesting inbreeding in the last nine 
generations, around 66 years ago, had led to a great deal of the loss 
in effective population size. The first breeding of SCT in captivity 
took place in 1963. Therefore, it could be expected that inbreeding 
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had started at the beginning of captive breeding and, as the third 
phase, added to genetic diversity loss throughout history.

4.3  |  Genome consequences of inbreeding 
depression in the SCT population

Two sorts of inbreeding depression have been recognized in the 
current SCT population, high juvenile, especially neonatal mortal-
ity (Yuan et al., 2021) and impaired adult fertility (Yuan et al., 2020; 
Yuan et al., 2021). In contrast, the extent of this inbreeding depres-
sion is slight in AT (Liu et al., 2013). We observed that ROH and IBD 
segments on SCT genomes were greater in number, mean size and 
total length than on AT genomes (Figures 4a,b and 5a,b). The longest 
IBD even spanned 580 genes on chromosome B4. Long ROH are 
probably the result of recent inbreeding, and the long IBD suggests 
that segments coming from common ancestors also accumulated 

progressively on the genome as a result of inbreeding (Hu, Fan, 
et al.,  2020, Hu, Hao, et al.,  2020; Kardos et al.,  2018; Saremi 
et al., 2019).

We further screened two types of genetic load, deleterious 
nsSNPs and LOF mutations. Compared to AT, SCT had a relatively 
small number of deleterious nsSNPs and affected genes on ge-
nomes. However, the ratio of these nsSNPs to total nsSNPs was 
high compared to AT (p = 1.91E–06) (Figure 6a), implying that the 
SCT bears a high genetic load relative to total genetic variation, 
though the absolute quantity of deleterious nsSNPs is low. It 
should also be noted that the small number but low homozygosity 
of deleterious mutations in SCT (Figure 6b) suggest a mild purg-
ing mechanism in this population. In contrast to nsSNP loads, LOF 
loads seemed to be affected extensively in SCT. The number of 
genetic loads and the number of affected genes were 1.6 and 1.3 
times greater than that in AT, respectively. We noticed that a few 
affected genes specific to the SCT were related to reproduction, 

F I G U R E  6  Genetic loads on the 
genomes of the SCT and AT subspecies. 
(a) The ratio of deleterious nsSNPs to total 
nsSNPs in the two tiger populations. Blue 
blocks and vertical lines are the mean and 
median values. (b) Summary of the two 
types of genetic load in the AT (green) and 
SCT (yellow) populations. GS represents 
the Grantham score, which was used for 
estimating deleterious nsSNP mutations, 
and LOF indicates the loss-of-function 
mutations. The box plot represents the 
overall distribution of the data, and the 
lines in the boxes represent the mean 
value. (c) Distribution of deleterious 
nsSNP site within ROHs >5 Mb in the 
AT population (window width 1 Mb). (d) 
Distribution of deleterious nsSNP sites 
within ROHs >5 Mb in the SCT population 
(window width 1 Mb)

0M
b

52
M

b
10

4M
b

15
6M

b
23

4M
b

0 1 2 3 4 5 6 7 8 9

Th
e 

nu
m

be
r o

f d
el

et
er

io
us

 n
sS

N
P

s 

B
1

C
1

D
4

D
1

B
3

E
3

D
3 F2 F1 E
1

E
2

B
4

A
2

D
2

B
2

C
2

A
3

A
10M

b
52

M
b

10
4M

b
15

6M
b

23
1M

b

0 1 2 3 4 5 6 7

A
1

C
1

B
1

A
2

C
2

B
2

B
3

B
4

A
3

D
1

D
3

D
4

D
2 F2 F1 E
2

E
1

E
3

Amur tiger South China tiger

0.068

0.070

0.072

0.074
D

el
et

er
io

us
 n

sS
N

P
s 

/ t
ot

al
 n

sS
N

P
s

(a)

0.2

0.4

0.6

0.8

(b)

1.51E-04
3.05E-03

2*
H

om
 / 
(2

*H
om

+1
*H

et
）

(c) (d)

GS LOFAmur tiger South China tiger 



    |  343ZHANG et al.

growth and development, and disease, etc. (Table S21), and some 
LOF mutations tend to impair sperm genesis, maturation and ac-
tivity, fetal growth, and survival, as well as normality of tissue and 
organ development. This is consistent with the observed low re-
productive rate and high cub mortality in the captive SCT popula-
tion (Xu et al., 2007; Yuan et al., 2021).

Regarding to the interaction between inbreeding and genetic 
loads, comparison showed that, for deleterious nsSNPs, the total 
number in non-ROH regions was significantly greater than in ROH 
regions for both AT and SCT, and the number in ROH was even much 
lower than in non-ROH for SCT (Figure  S13). This suggested that 
this type of genetic load is probably being purged by inbreeding in 
both subspecies, but the purging effect is stronger in SCT. However, 
SCT and AT did not show apparent purging effect as such for LOF 
(Figure S13).

4.4  |  Insights from the genome into the genetic 
management of the SCT

Loss of genetic diversity and inbreeding of small populations are 
major threats to many wildlife populations (Hohenlohe et al., 2021). 
Research confirms that good management of captive populations 
of endangered species can help improve or sustain the gene pool, 
which is the last guarantee against the extinction of a subspecies 
in the wild (Christie, 2010). For conservation of such a problematic 
population, we propose some recommendations based on this study.

Our population genomic analyses indicate that the SCT popula-
tion has many highly shared long ROH and IBD fragments caused by 
inbreeding (Figure S12; Figure 5b). Given that the level of inbreeding 
would incraese progressively without including outbred individu-
als in a breeding programme (Yuan et al., 2021), it is likely that the 
population would have a greater chance to have longer and more 
commonly shared ROHs and IBDs and suffer from consequent del-
eterious effects. Although there is limited operational space to slow 
down this process by the current pedigree-based distant relative 
pairing, it still deserves efforts. With reference to our high-quality 
genome, resequencing and comparison of individual genomes 
would facilitate accurate prediction of outcomes of pairing regimes. 
Practical methods need to be developed for this purpose.

The essential deleterious effects brought by inbreeding is expo-
sure of genetic loads to a homozygous state. From a management 
point of view, it is apparent that recovering the SCT should primar-
ily target genetic loads, either removing them or conceiving them 
in a heterozygous state. We observed that SCT may purge delete-
rious nsSNPs by inbreeding depression. However, the purging ef-
fect was not apparent for LOF. Meanwhile, unlike wild tigers (Khan 
et al., 2021), captive breeding might have relaxed purging strength 
through improvements of husbandry due to diet, feeding, environ-
mental and behavioral enrichment, cub rearing and veterinary care 
(Li et al., 2013; Liu et al., 2014; Ma et al., 2020; Xu et al., 2021). Careful 
distant relative pairing (Yuan et al., 2021) also reduces, though only 

slightly, the chance of expression of deleterious variants as homozy-
gotes. Therefore, purging may not be effective as expected to regain 
population quality. In addition, purging by inbreeding may lead to 
further loss of already low genetic diversity and increase the ex-
tinction risk (Caballero et al., 2017). For these reasons, management 
should not place great expectations on a purging approach.

Genetic rescue is an effective approach to break the negative 
cycle of inbreeding-depression by introducing genes from related 
species, subspecies and populations (Hedrick & Fredrickson, 2010). 
It has been taken into conservation practice for several species/
populations (Fredrickson et al., 2007; Hasselgren et al., 2018; Weeks 
et al.,  2017) and guidelines have been proposed based on the ex-
periences obtained (Hedrick & Fredrickson,  2010). The applicabil-
ity of genetic rescue to SCT has not yet been formally proposed. 
Nevertheless, our study provides some concerns before the strategy 
finally becomes an option.

From our genomic data, we inferred the divergence between AT 
from SCT started ~20,000 years ago and was completed ~7000 years 
ago (Figure 2c,d). Approximately 97.8% of the SCT genome matched 
in one-to-one syntenic blocks to 97.9% of the AT genome (Table S11; 
Figure 1-1), in which similarity even reached 99.2% in coding regions 
(Table S11). High genomic similarity in both sequence and organiza-
tion suggests the potential of AT to be the gene donor. Furthermore, 
most ROH on SCT genomes are normal on AT genomes (Figure 4), 
and no IBDs were shared between the two subspecies (Figure 5a; 
Table S17). Deleterious nsSNPs and LOFs make up a small propor-
tion of the total nsSNPs and LOFs in AT genomes and are distributed 
at low density compared with SCT genomes (Figure 6c). These imply 
that introduction of AT genes into the SCT gene pool would result 
in extensive heterozygosity throughout the genome to mask a great 
proportion of the genetic loads with normal alleles, from which off-
spring may benefit.

However, the presence of genes favouring cold adaptation on 
the genome of AT (Armstrong et al.,  2021; Cho et al.,  2013; Liu 
et al.,  2018) may be functionally contradictory to the adaptation 
of SCT to warm climates. These genes might become novel genetic 
loads for the SCT gene pool given they are introduced. In view of 
these benefits and risks, the choice of donor subspecies for genetic 
rescue needs to consider aspects of genome similarity, ROH/IBD 
reduction, genome heterozygosity (especially for genetic loads) and 
most cautiously the introduction of novel genetic loads. In this re-
gard, another close subspecies, the IndoChinese tiger, should also 
be included in the evaluation, because it inhabits subtropical areas 
south of the SCT and might have similar climate adaptations.

5  |  CONCLUSIONS

This study assembled and characterized the first version of the SCT 
genome and an improved version of the AT genome. Inference from 
the genomes and small population resequencing data showed the 
effective population of SCT declined since its separation from AT 
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~7000 years ago Inbreeding of SCT started before captive breed-
ing and has resulted in extensive distribution of long ROH, IBDs, 
deleterious nsSNPs and LOF mutations throughout the genome. 
Captive breeding has purging effects on genetic loads but can-
not substantially restore the genetic quality. Current distant rela-
tive pairing and genome-based precise pairing would slow but not 
stop the progressive increase in inbreeding. Genetic rescue could 
be taken into consideration for SCT, but genome-based evaluation 
of donor subspecies should be made based on aspects of genome 
similarity, ROH/IBD reduction, genome heterozygosity especially 
for genetic loads, and most cautiously the introduction of novel 
genetic loads.
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