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ABSTRACT

Inbreeding increases genome homozygosity within populations, which can exacerbate
inbreeding depression by exposing homozygous deleterious alleles that are responsible for
declines in fitness traits. In small populations, genetic purging that occurs under pressure of
natural selection acts as an opposing force, contributing to a reduction of deleterious alleles.
Both inbreeding and genetic purging are paramount in the field of conservation genomics. The
Amur tiger (Panthera tigris altaica) lives in small populations in the forests of Northeast Asia
and is among the most endangered animals on the planet. Using genome-wide assessment and
comparison, we reveal substantially higher and more extensive inbreeding in wild Amur tigers
(Fror= 0.50) than in captive individuals (Fpon= 0.24). However, a relatively reduced number
of loss-of-functiom mutations im wild Amur tigers was observed when compared with captive
individuals, indicating a genetic purging of relatively large-effect inbreeding load. The higher
ratio of homozygous mutation load and number of fixed damaging alleles in the wild population
indicate a less-cfficicnt genetic purging, with purifying selection also contributing to this

process. These findings provide valuable insights for future conservation of Amur tigers.

Keywords
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Introduction

Human-induced habitat fragmentation and environmental changes have resulted in a large proportion of
biodiversity being reduced to small and isolated populations (Haddad et al., 2015; Said et al., 2016; Khan
et al, 2021; Long et al., 2021;). The genetic diversity of a species is of importance for sustaining
evolutionary potential, which could help resist the impact of environmental changes and thereby reduce
the risk of extinction (Spielman et al., 2004; Markert et al., 2010). The genetic variability in a small
population is highly sensitive to genetic drift and inbreeding, which potentially increases genome
homozygosity and exacerbates population decline by increased homozygosity of recessive deleterious
mutations (Bijlsma et al., 2000; Keller and Waller, 2002; Feng et al., 2019; Dussex et al., 2021). Genetic
purging is the pressure from purifying selection against the recessive deleterious mutations due to
homozygosis. The inbreeding could fecilivie the purging of deleterious mutations and serves an
important role in reducing mutatiomal losd (penetsc burdens) in a population { Xue e1 al., 2015; Grossen
et al., 2020).

The Amur tiger { Fastiere fgweis wlfaica) 15 among the most endangered big cats on the planet and has
been prioritized fiar conservation for decades, The wild Amur tiger population has (ragmented into three
subpopulations, and the subpopulation in China, with aboat &0 individuals, lives in northeast China and
is connected te the two Fussian subpopulations (Long <t al., 2021} Previous estimations based on
microsatellite markers showed that the China subpopalation has been moderaicly or highly inbred,
suggesting arisk ol r:|.'|:-i;| lass af gn:u.-,:Li-;.: "I"'"""'-"""!'."' [Hill:.: elal,, M2y Chana has alzo established a captive
population of the Amur tiger as an ex sifi conservalion resource 10 the northeast area (Liu et al., 2013).
This captive population was initially established in 1986, with eight wild-bom founders transported from
several zoos in China, Subsequently, this captive population also infroduced scveral individuals from
other countries, to improve Ut populaion. The wild eriging of these individuals at least include both Far
Eastern Russia and Mortheastern Ching, but more detnibed information fior these eighs tigers is lacking.
Although hybridization ameng tiger subspecics i= common in “fammed”™ Amur tigers in America
(Armstrong et al., 2024}, the hybridization in this captive population in noritheast China has been strictly

managed and recorded for the past 38 years.

Recently, genetic rescue has been proposed to address the issue of inbreeding in wild Amur tigers, with
rescue involving genes from captive tigers, as it is known that introducing genetic variation from large,
healthy populations can effectively improve genetic diversity in small populations ( Weeks et al., 2011;
Whiteley et al., 2015; Weeks et al., 2017). Moreover, despite evidence of moderate inbreeding in captive
Amur tigers, based on genome-wide screening of runs of homozygosity (ROH) (Zhang et al., 2023), this
population seems to be the most suitable source for genetic rescue of wild tigers. Planning genetic rescue
largely depends on the comprehensive investigation of genetic backgrounds, including characterization
of genetic structure, genetic diversity, and inbreeding in both recipient and source populations, as well
as evaluation of the accumulated deleterious mutations across the genome (Xue et al., 2015; Von Seth et
al.,2021; Wang et al., 2021; Kardos et al., 2023;). However, the genomic background of wild populations

is largely unknown.

To precisely reveal the above-mentioned genetic factors in wild Amur tigers for improving their
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protection and conservation, we generated a new representative, high-quality reference genome for the
Amur tiger. We conducted a comparative population genomic analysis between wild and captive Amur
tigers and explored their genetic structure, genome-wide inbreeding, and genetic diversity, along with
the accumulation of mutational load and genetic purging. The insight gained from this study has

implications for the future conservation of this species.

Results
Genome assemblies and comparison of haploid genomes

We generated a high-quality chromosome-scale genome assembly (hereafter PtaHapG) for the Amur
tiger, providing a new represeniative reference genome for tigers (Fig.1A; Table 1) The complete X
chromosome anl & 10T BB % -luinked regron were idemtiNed and validated by multiple lines of evidence
(Figs. 1B, SIA-1I», 52} We also phased seaffolds and obtained two groups of haplotigs for the tiger
genome (hereafier PraHupdiH | and PlaHaplGH2 ) (Figs, 1AL 518, 510, The Mergury k-mer analysis and
BUSCO analysis { Tahle 51 ) both revealed that the teo groups of haplotigs were highly complete, with
a low level of artefactual duplication (Fig. 10 Table 52). Base-level quality evaluation (Tables S2 and
S3) and structural-level accuracy evalustion (Table 54) both supported the high aceuracy of genome

assemblies.

In general, two haploid genomes (PtaHapGH 1 and PraHapGH2 )b weere found 1o be very similar with
clear one-to-one sylenis blocks between the homobogous clromasmme pairs (Fig, 53}, scarce of
haplotype-specilic sequences (Fig, 1), The freguency of sequence diffierences between the two
haploid genomes within |{ibp windows showed one peak in the histogram {Fig. S2A)0, further
indicating the high similarity between the two haploid genomes. Monetheless, we still found some
chromosomal S%s between MalapGH | wnd MallaplGH2, In waal, we fownd 3463 | 2067 deletions, 424
duplications, 34 translecmions, and 1938 inversionsh 5Y= between haplowd genomes (Table S5). All
SVs were supparied by genome mapping of both PacBio long reads and DNBSED short reads (Fig.
S4B). Although 2163 genes were distributed in these SVs, with 1779 genes spanning over breakpoints
(Table S6), we did not find that any gene was pseudogenized by the interruption of SVs.

Wild and captive Amur tigers are genetically distinct

The average sequencing depth and coverage for all sampled individuals (Fig. 2A) are 29.92-fold and
98.18%, respectively, and 26.61-fold and 98.69% for wild tiger, respectively (Tables S3 and S7). For the
first time, we found that wild and captive Amur tigers formed two distinct clades based on the
phylogenetic analysis, which was further supported by Admixture and PCA analysis (Figs. 2B, 2C, S5A),
showing a significant genetic difference between wild and captive Amur tigers. By further inspection,
we found that captive individuals presented a more scattered state in the PCA result, unlike wild tigers,
which exhibited a more aggregate cluster. The genetic diversity calculated from both whole genome
analysis (m and heterozygosity) and mitochondrial genome analysis (haplotype diversity, HD) showed a
much lower diversity in wild Amur tigers than that in captive individuals (Fig. 2D, 2E, S5B; Table S8).

This is in line with the complex but different ancestral origin of the captive tigers from the wild tigers in
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China.
Recent demographic history of the wild Amur tiger

We first inferred and described the dynamics of effective population size (N.) of wild Amur tigers over
its evolutionary history. In general, Ne for the wild Amur tiger has been declining for a long time, since
300 thousand years ago (kya) (Fig. S6), which is consistent with a previous report on the captive Amur
tigers (Zhang et al., 2023). We then explored the population history of Amur tigers during the more
recent Anthropocene (the past 100 generations, ~500 years) by using linkage disequilibrium (LD)-based
estimates for both wild and captive Amur tigers. The result indicated a relatively small and stable Ne of
approximately 600 or less from ~100 to ~70 generations ago of the wild population. Within the most
recent ~70 generations, the wild population experienced a decrease in Ne with less than 50 (Fig. 2F).
Considering the possibly different osigin, we also mferred the histormeal pogalation dynamics for these
captive Amur tigers, Imerestingly, the Ne of the captive population has consistently been higher than that
of the wild population during the most recent 100 generations. Motably, the A of the captive population
was stable, at approximately o mose than 6,000, from 100 10 —H0 generations agoe, which is 10 times
higher than that of the wild tigers, However, the Ne began to rapidly decrense inthe past 40 generations,
before finally renching @ level similar o that of the wild population. This result mdicates that these
captive tigers may have originated from very different wild progenitor populations 300 years ago (~100

generations agol, anid somc of the populations may have been extinct in the wild.
Estimates of inbreeding in wild Amar tigers

Here, we quantified inbresding in both wild and captive Amur tigers by sereening genome-wide ROHs.
In wild Amur tigers, the averape ROH number and length per individual were 1.6%90.15 + 36.41 and
689.01 Kb + 28.04 Kh, respectively, and the longest ROH reached 34.75 Mb. We further found 3457
and 81 ROHs longer than IMb aned 10 Mboan the wild population { Table 59), accounting for 15.73% and
0.37% of the total RLHs, respectively (Fig. 5TA)L The above-mentioned estimates in the captive Amur
tigers were found 1o be lower than that in wild Amur tigers. Interestingly, we did not find ROH fragments
that were shared by all captive individuals, but 625 ROHs were shared by all 13 wild Amur tigers (Fig.
S7B).

We further measured the inbreeding level by ROH-based inbreeding coefficients (Fron). In general, the
Fron was found to be negatively related to genome-wide heterozygosity in both captive and wild Amur
tigers (Fig. 3A), but the overall inbreeding level in the wild Amur tiger is much more severe than in
captive individuals (Fig. 3A-3D). The Frou>100kb, From>1Mmb, and Frons10mp were 0.50 £0.01, 0.32 £0.02,
and 0.04 £+ 0.01 per individual in the wild population, while in captive Amur tigers, we showed 0.24 +
0.01, 0.14 £0.01, and 0.02 £ 0.004 for the same order of Fron (Fig. 3B; Table S10). It is evident that the
wild population is more inbred than captive tigers, up to two times higher, as measured with Fron. The
fraction of ROHs introduced by the recent inbreeding events (the most recent 3 generations) became less
frequent in the wild population, but the Fron=10m» Was still higher than that in captive tigers by two times

(Fig. 3B).

To look into the detailed inbreeding history of wild Amur tigers, we dissected the ROH distribution by
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length according to Saremi et a/ (Saremi et al., 2019). We found that a large proportion of ROH fragments
were restricted to < 1Mb (Fig. 3C). We further observed that the number of ROHs shorter than 10 Mb
was much more in the wild Amur tigers than in captive tigers (Nyie= 1683.92 + 37.67, Neaptive= 992.33
+ 16.26, P = 6.8e—12) (Fig. S8; Table S11), signifying that the wild population may have experienced
severe inbreeding than captive tigers several generations ago. Likewise, the Fron with ROH fragments
longer than 10 Mb in the wild tigers (Frons10mo= 4.14% £ 0.97%) was also significantly higher than that
in captive tigers (Frou=1omb = 2.16% =+ 0.37%). The average Fron-1omp in wild and captive tigers were
both smaller than the small isolated Bengal tiger (P. ¢. tigris) population in India (Frop>1om»= 28%) (Khan
et al., 2021), as well as in the South China tiger (P. t. amoyensis) (16%) (Zhang et al., 2023).

Another superiority of our assembly when compared to the unphased genome is that we partitioned the
diploid chromosaries inti haplodd chromwsmnes, This allowed us fo accurely evaluate the switch error
rate of the imputef phasing of genotypes, which can then be used to predict future genme homozygosity
attributed to inbreeding (Fig. 594 By comparing with the true haploid states phased by the HiFi genome
in this study, we cstimated a high switch error raze (4. 8% for the imputed phasing by BEAGLE software
(Table S12). This result ndiwates the importance of using haplotvpe=resalved genome assembling

technology for seurte genmme phasing, which 15 potentially valuable 1o suppont animal conservation.
Detection of genome-wide mutational load in wild Amur tigers

Mutational load is a kimd of intrinsic threat to reduce the fitness of endangered species. Here, we firstly
investigated the genorme-wide matational load in profein-coding regions for wild Amir tigers by focusing
on deleterious (dns5MPs). missense mutations, and loss-of-function mutations (LOF), which are
expected to potentially affect gene function {Dussex etal., 2021; Von Scthetal, 2021; Yang et al., 2023).
We identified 571 nonsyronyrmous SMP (Grantham Seores = 1300, 9600 missense mutations, and 121
LOF mutations i1 the wild population, which was maich lower than in caplive Anier tigers (Nanssne =
1035, Nissense = 18043, and Myoe = 2E8) (Figs, 44 and S10A; Table 513) We further compared wild
and captive popiilations by using the Rxy method {compare the frequency of derived mutational load in
one population relative 1o the other population) w estimate whether the execsa of deleterious derived
alleles existed in wild Amur tigers. Rxy results showed a relatively balanced relationship between the
wild and captive tigers for intergenic mutations, missense mutations, and dnsSNPs, which presented the
neutral state or small fitness effects (Fig. 4B). For LOF mutations, however, we found obviously reduced
frequency in wild Amur tigers relative to captive Amur tigers, which suggests that repeated inbreeding
in the wild population might facilitate a more efficient purging of large-effect LOF mutations than in
captive tigers. Interestingly, the frequency of LOF mutations inside ROH regions was much lower than
in non-ROH regions in the wild population but was comparable to captive Amur tigers (Figs. 4C, S10B—
S10D). This seems to contradict the results from Rxy analysis, because a more efficient purging should
result in a relatively small difference in the frequency of mutational load between ROH and non-ROH
regions (Xue et al., 2015; Dussex et al., 2021). We inferred that this may result from the relaxed purifying
selection in the captive environment, because tigers with even large-effect deleterious mutations exposed
by inbreeding might still survive under human breeding management. In addition, we observed a higher

proportion of both derived LOF mutations and dnsSNPs in the homozygous state in wild populations
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than in captive Amur tigers (Fig. 4D), indicating that the fitness cost of individual inbreeding in the wild

population may be higher than in captive tigers, despite genetic purging.

We further found that the frequency of fixed alleles was much higher in the wild tigers than in captive
tigers, and the frequency of derived neutral alleles fixed in the wild tigers (11.03%) was greater than in
damaging alleles (8.32%) (Fig. S11; Table S14). This finding indicates that a stronger bottleneck may
have occurred in the wild population compared with the captive individuals, which have drifted the rare
mutations to a high frequency, here include both the deleterious and neutral mutations. Furthermore, it
could be expected that the deleterious alleles in a population should be at a lower frequency than neutral
alleles under purifying selection. In this study, we found that, in both wild and captive populations, the
average frequency of putatively damaging alleles was lower than that of neutral alleles. We infer that
both pressures friasi pusrafvang selectuon sl the genctie drft are playving foles i the accumulation of

mutational load & Amur tijrers

Discussion

Currently, the commbnnation of HiF resds and HiFi=specific assembler can generate haplotype-resolved
de novo genomes, representing ong of the most promising stridegies for genome assembly by far (Cheng
et al., 2021; Fermenti <t al., 2022} The genome we report here provides a new representative high-
quality reference geminme for the Aumar tiger, which has much higher contiguity and less contig number
than that of the previmesly reported A Hger gemome asseniblics, with the conlig M50 being of ~692-
fold and ~3-fold longer than that of the PanTig 1.0 (X 50 (0,039 Mbjand PanTig2 0 {M50: 9.52 Mb) (Cho
et al., 2013; Mitial ¢1 al.. 201%) {Table 5151, This significant improvement in contiguity will greatly
improve the evaluation of inbreeding in tigers. In panicular, by companing this genome to the previously
published chromosome=scale gemmme of a captive Amur liger (Shang ¢t al,, 20231, we found 37.72 Mb
wild Amur tiger-specific sequences harboring the gens (5843, which was missing in the captive
genome. The wild Amur figer-specific genomic regions were well validated by the population data (Fig.
S12). Combined with the estimation of the swiich error rate across the genome, we demonstrate the

necessity of the HiFi genome in conservation genomics.

Considering the highly inbred Amur tiger population in northeast China (Long et al., 2021; Ning et al.,
2022) and the moderately inbred captive Amur tiger population (Liu et al., 2013; Zhang et al., 2023), the
captive individuals seem to be a valuable ex sifu resource for the future conservation of wild Amur tigers.
The better inbreeding situation in captive tigers may result from both the complex progenitor populations
and a better population management over decades. Here, we found an overwhelming proportion (~99%)
of ROHs (>100 Kb) distributed in IBD regions in the wild population, suggested that the majority of
ROHs have resulted from inbreeding. Furthermore, ~87% of ROH fragments were restricted to < 1 Mb
in the wild population, suggesting inbreeding could be dated back to 26 generations ago (estimated based
on a recombination rate of 1.9 cM/Mb from the domestic cat (Li et al., 2016)). The number of ROHs <
5 Mb and ROHs < 10 Mb in wild tiger genomes were both significantly greater than that in captive
genomes, signifying that the wild population experienced more extensive inbreeding three to five

generations ago. Generally, we showed that the Fron calculated from ROHs longer than 100 Kb, 1 Mb,
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5 Mb, and 10 Mb were all higher in wild tigers than in captive tigers by 2.12, 2.24,2.15, and 1.92 times,
and the number of ROHs shared among wild Amur tigers was much higher than that in captive Amur
tigers, both suggesting more intensive inbreeding in wild Amur tigers over the most recent ~260
generations (>100Kb ROH). Fortunately, the overall inbreeding in both wild and captive Amur tigers
has been becoming less frequent over the most recent 130 years (5 years per generation) when compared
with other tiger subspecies (Fig. S13). In particular, the average Fron> 10 Mb was only ~4% in the wild
Amur tiger population, which is much lower than that of the South China tiger (P. t. amoyensis) (Fron =
16%) (Zhang et al., 2023) and the small isolated Bengal tiger (P. . tigris) population in India (Fron =
28%) (Khan et al., 2021). This suggests that the negative effects of recent inbreeding may not be very
serious yet, potentially because of recent protection and management efforts. However, this high
inbreeding level im the smatl tiger population will usdowiedly lead 1o a boss of population-level adaptive

potential and even L extinection without timely conservation

Although overall mbreeding im wild Amur tigers was much higher than incaptive Amur tigers, we found
that the mutational load in wild tigers is much lower tham im capiive tigers (Fig. 4A). Expectedly, this
might be result froan genetic purging promoted by inbreeding and maintained by the purifying selection
(Dussex et al., 2021; Khan et al., 202 1; Klenman-Fuoiz e al., 20025 Lhang e al,, 2023}, In this study, we
found a relatively reduced number of LOF mutations (Fig. 4H) but not dre5MPs and missense mutations
in wild Amur tiges=. This may be explained by more efficient gepetic purging of relatively large-effect
deleterious mutatioma in wikd A ngers, relative 1o captive indivaduals, However, we still found a much
higher ratio of hwsmory rows LOF muttions i the wild popubation than the captive population, indicating
that genetic purging is wet sufficicnt 1o keep a lower fitness cost in wild tigers. The more fixed putatively

damaging alleles in the wild Amur tigers also supponed a less efficient genctic purging (Fig. S11).

Although the population number of wild Amur tigers has been suceesafully resiored in the past decade
(National Forestry and Cirassland Admunistration, Chima, 20220, their secunity is still a cause for concern.
The next phase of conservation efforts should focus on reducing inbreeding, which is a major threat to
the long-term surwival of the specics. One immediate and necessary approach is fo build ecological
corridors to connect population patches within China and Russia. This would help to eliminate landscape
resistance of migration and improve gene flow between different populations (Long et al., 2021) and will
serve as key infrastructure supporting their long-term survival (Curéi¢ and Purdi¢, 2013). The second
and parallel approach is genetic rescue using a healthier captive population (Ralls et al., 2020). We found
that captive tigers are genetically distant from the wild tigers and higher in genetic diversity (Figs. 2B—
2E, S5). This different genetic background between the captive tigers and wild tigers may result from
the captive population having been established via collections from multiple ancestor populations,
including from sites that no longer have wild populations, potentially making these animals a very
valuable genetic resource. However, captive Amur tigers carry a greater mutational load (Fig. 4A), a
considerable proportion of which is absent in the wild population (Fig. S14; Table S13). By simply
simulating reintroduction of captive tigers to the wild population for genetic rescue, we predicted that
411 derived dnsSNPs and 119 LOF mutations are likely to be introduced into the wild population (Fig.
S15). This suggests that introducing captive individuals into the wild population may be risky, since it

can simultaneously introduce a novel mutational load that may have further negative impacts. Fortunately,
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the introduced mutations vary depending on gene donors, leaving more possibilities for selecting the
optimal candidate tiger. In this study, we established a partial list of the deleterious mutations for Amur
tigers. With the aim of real genetic rescue, the list of mutational load should be completed by sampling

more wild tigers and potential captive gene donors.

Materials and methods
Samples and genome sequencing

We collected a blood sample from a rescued wild male Amur tiger from Heilongjiang Province, China,
for high-molecular-weight DNA isolation and genome assembly. Thirteen more wild Amur tiger samples
(12 feces and 1 blood) and 17 captive Aomur tigers {feces samples) from Heilongjiang Siberian Tiger
Park were collected for regular IINA izolation for whole genome re-sequencing. Blood samples were
collected by anticoagulation tube from rescued individuals m the wild after anesthesia treatment and
were immediately trunsfiermed to liguid nitrogen. Samples were stored al —-80°C, Feces samples were
collected from the ficld work and stored at —S0°C wntil DA isolation, Inaddition, we downloaded whole
genome sequencing dita of 13 captive Amur tigers for genomic amalvsis (Zhang ¢ al., 2023). DNA
isolation and library preparation for Blood and feces samples were conducted according to the
manufacturer’s instructions of commercial kits (Supplementary materials). Poired-end sequencing of

100bp reads was performed on a DMNBSEQ T1 sequencer (MG], Shenzhen, China),
Genome assembly, assessment and annolalion

The genome size was gstimated by kmerfreg (v2.4) (https:githubocom/fanagislab’/kmerfreq) with ~50-
fold short reads for the Amur tiger (Fig. 51A L The chromosome-level genomse was assembled by hifiasm
(Cheng et al., 2021} (vl 16,1} with PacBio and Hi-C sequencing data, Benchmarking Universal Single-
Copy Orthologs (BUSCEN) (Manni et al, 2021y {v5.2.2) analysis was performed to evaluate the
completeness of thi tiger genome with mammalin_odb] ik database, The penome assembly accuracy was
evaluated by bath Merqury {Fhie et al., 20200 (release 202004300 k-mer analysis and PacBio long reads
alignments. For the genome annotation, we firstly used the de novo and homolog-based methods to
annotate repeat elements. Protein-coding genes were further annotated with de novo, homology-based
and transcript-based evidence after masking repeat elements across the genome. The final gene set
representing RNA-seq, homology, and de novo-predicted genes was generated by via the MAKER
pipeline (Campbell et al., 2014) (v3.01.03). For functional annotation, we performed a BLAST search
against the SwissProt, TTEMBL, and Kyoto Encyclopedia of Genes and Genomes (KEGG) database,

with an E-value cut-off of 1e-5 (see Supplementary information).
Genome-wide variants calling and quality control

For wild feces samples, we first performed species identification using BLAST alignment of sequencing
reads to the nucleotide database of NCBI and confirmed that all feces samples we collected are from the
Amur tiger. Then, the BWA mem algorithm (Li, 2013) was used to map the whole genome resequencing
data of all Amur tiger individuals to the PtaHapG genome with default parameters. Sentieon (Freed et

al., 2017) (v202010.01) was used for sorting, reordering, and deduplication of alignment files for the
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following variants calling. Variants were first identified by Sentieon (Freed et al., 2017) (v202010.01)
DNAseq HaplotypeCaller pipeline for each individual, and the following joint calling was carried out by
Senticon DNAseq GVCFtyper with gVCF files to create a common VCF file. To facilitate downstream
analysis, we only retained the bi-allelic single nucleotide polymorphism (SNP) in the variant set. For
SNP quality control, we firstly performed hard filtration with parameters of “QD <2.0 || FS>60.0 ||
MQ <40.0 || MQRankSum <-12.5 || ReadPosRankSum < -8.0” (DePristo et al., 2011). Then, we removed
the SNPs with the top and bottom 0.5% sequencing depth and SNPs with a missing rate greater than 20%.

In addition, we removed all SNPs in both X and Y chromosomes for downstream analysis.
Population structure analysis and genomic diversity

Before population genomic analysis, we first identify the kinship coefficient by the KING (Manichaikul
et al., 2010) (v2.2.4) soflware o remove recaplured feces amples of closely related individuals. We
found three feces samples that were duplicated and subsequently removed from the analysis. We finally
retained 13 unrelated wild tiger individuals for the downstream analysis. For PCA analysis, we used the
PLINK (Purcell et al., 2067} (v 1.90b4, 10 software to convert Y'OF file to PLINK format file, and then
PCA was performied using Gienome=wide Complex Trait Analysis {GCTA) (Yang cral, 2011) (v1.92.2)
with default paramsters. For the construction of a phybogenetic tree, we first wsed vel2phylip (Ortiz, 2019)
(v2.7) to convert the YCF file imte PHYLIP format. Then, we sclected the best substitution model to
construct the maximum likelihood { ML) phylogenctic tree using 10-TREE {Nouyen ct al., 2015) (v1.6.12)
with default parwmeters. ADMINTURE (Alexander et al,, 2009 (v1.3.0) was uséd to determine the
ancestry proportion of tiger individieals from a specified mumber of clusters (K from | to 10. The best K
value we estimated was I by UV crror analysis. We used veftools (Danceek et ol 2011) (v0.1.16) with
parameters of “weftoals —gevel vel gz ——window-pi DOO0O00 -out result”™ for gerome-wide m analysis and

“vcftools --gzvel wel ge ==het =oul result”™ for genome-wide heterarygosity calculation.
ROH and IBD detection

Before ROH detection, we firstly converied the multi-individual YCF file into PLIMNK bfile format by
the PLINK (Purcell et al., 2007) {v1.9066.10) software. Then, ROH regions n captive and wild Amur
tigers were detected using the PLINK (Purcell et al., 2007) (v1.90b6.10) software with parameters of “-
-homozyg --homozyg-window-snp 20 --homozyg-kb 10 --homozyg-density 50” (Dobrynin et al., 2015).
ROH fragments shorter than 100 kb were dropped in this study. The Fron was calculated by formula
Frou = Lrow/Lavutosome. Lron Was the total length of ROHs across the autosomes in each individual,
Laurosome was the total length of the autosomes. We used the formula g = 100/ 2rLrog to infer the time
(by generation) of ROH generated, where the g = generation interval, r = recombination rate (here we
used 1.9 cM/Mb from the domestic cat (Li et al., 2016)), and the Lron = length of the ROH in Mb. We
detected the IBD blocks of all individuals by using Refined IBD (Browning and Browning, 2013)
(v17Jan20.102) with default settings.

Population demography inference

SMC++ (Terhorst et al., 2017) (v1.5.1) was performed to infer the change of effective population size

along evolutionary history with all wild Amur tiger individuals. We visualized the SMC++ results by
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scaling the time to the real years by using the generation time of 5 years and mutation rate of Pamur tiger =
3 x 107° for the Amur tiger (Liu et al., 2018; Paijmans et al., 2021). The recent change of effective
population size (Ne) of wild and captive Amur tigers was analyzed using GONE (Santiago et al., 2020)
software (available at https://github.com/esrud/GONE), following the parameters set by Kardos et al
(Kardos et al., 2023) and adjusted the hc parameter to 0.02 to mitigate potential bias in the recent
population substructure. We ensured the robustness of our results by replicating the analysis 500 times,

each iteration varying the set of 10,000 SNPs per chromosome.
Mutational load and site-frequency spectrum (SFS) analysis

For screening mutational load in protein-coding genes, we annotated variants with ANNOVAR (Wang
et al., 2010) (v20191024) and SnpEff (Cingolani et al., 2012) (v.5.0e) software. Variants annotated as
stop gained, splice acceptor, arkl splice donar by SapET (Cingolans et al,, 2002} were predicted as LOF.
Meanwhile, SNPs annotated s missense varmni, synonymous_variant, and intergenic by SnpEff were
identified as missense, synonymows, and inlergenic vanants, respectivelv. Non-synonymous SNPs with
Grantham Scores =150 were reganded as dnsSMP (Grantham, [974) The freguency of mutational load
in ROH and nom=ROH regions for cach imdividusl genome was caleulated by dividing the total number
of deleterious mistations within ROH or non-ROH regions by the number of synonymous mutations in
the corresponding regions. For the SF5 analysis, the infergenic varants were defined as neutral mutation,
while LOF and missense varianis were prodicied as putatively damaging mutaiions, according to the
previous study { Kk et al, 20214, We randomly selected 10 individuals froamn exch population for SFS
analysis and performied three replicates, Then, we estimated the derived newtral and derived putatively
damaging allele frequencies at cach locus in each population (Khan et al., 2021} {sce Supplementary

information).
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Data Availability
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(CNSA) (Guo et al., 2020) of China National GeneBank DataBase (CNGBdb) (Chen et al., 2020) with
accession number CNP0003803. The raw sequencing data has also been deposited in the Genome
Sequence Archive under the accession number CRA020608
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559  Table 1. Statistics of the sequencing data, assembly, and annotation of the Amur tiger genome.
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Item Category PtaHapG
PacBio (Gb) 75.79
Sequencing data WGS (Gb) 216.11
Hi-C (Gb) 220.45
RNA-seq (Gb) 62.67
Estimated genome size (Gb) 2.47
Assembled genome size (Gb) 2.44
Genome Contig N50 (Mb) 26.97
assembly Scaffold N50 (Mb) 147.84
Longest scaffold (Mb) 239.60
GC content (%) 41.82
Repeat sequences (%) 35.46
Adbaas "*-:U|11|:u:r of protei n--.'fh;}i N Fenes 19,786
Mumber  of  functionally  annotated 19.771
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561
562



563
564

565
566
567
568
569
570

571

572
573
574
575
576
577
578
579

580

581
582
583
584
585
586
587

588

589
590
591
592
593
594
595
596
597

Figure legends.

Fig. 1. Genomic landscapes and haploid genome characteristics of the Amur tiger. A: The genomic
landscape of the Amur tiger genome. B: Averaged depth ratios of re-sequenced male and female
individuals for all scaffolds in the PtaHapG. Each blue plot represents an autosome. C: K-mer spectra
plot for the two haploid genomes of Amur tiger produced by Merqury. Almost all haploid-specific k-
mers presented as single-copy (~24X) in the genome, but the shared k-mers by the two haploid genomes

presented two-copy (~49X) in the genomes.

Fig. 2. Genetic structure, genetic diversity, and population demography of Amur tigers. A: The current
distribution area and sarmpling sibes of wild Amur tigers i this study, This image 15 based on the standard
map with the T[3 G5 202115452 that was taken from the websie of the Matonal Flaiform for Common
Geospatial Inforsmution Services B ]’I:.:..'l-:_:-_g_.,-m,:!:-.,: Iree comstructed by whole genome sequencing data of
captive and wild Amur tigers, € PCA clustenng of wild and captive Amur tigers. D: Comparison of
genome-wide heteroeyposity between captive and wild Amur tigers. E: Network analysis of
mitochondrial haploaypes of Anmer tigers. F: The dynamic of effective population sixe in the evolutionary

history of wild and caplive Amur ligers,

Fig. 3. Genome-wide inbreeding estimation of Amur tigers. A: A negative relationship between the
heterozygosity and Fuon in Amur tiger. Wikl Arur tigers are represented in light green, and captive
tigers are in green. B: The companson of averaged Faos in wild and captive Amur tigers. C: The length
distribution of R{IH fragments in Amur tigers. The wild Amur tiger had a high number of ROH fragments
shorter than 10 &b the corresponding relationship between BOH length and occurrence time scaled by
generations is shwwn, I The distribwnon of ROH fragments larger than 1 Mb across the genome in wild

and captive Amur figers

Fig. 4. Characteristics of mutational load in captive and wild Amur tigers. A: Comparisons of the number
of derived mutation load (LOF and dnsSNP) in captive and wild Amur tiger populations. B: The Rxy
ratio between derived alleles in wild (x) and captive (y) Amur tigers for intergenic, dnsSNP, missense,
and LOF mutations. The Rxy <1 indicates that population x has fewer derived alleles than population y.
C: The comparison of frequency of derived LOF variants (LOF number / total number of synonymous
in ROH or non-ROH genomic regions) between inside and outside ROH regions. D: The proportion of
homozygous LOF mutations and dnsSNPs in wild and captive Amur tigers. The proportion of
homozygous mutations was calculated with the formula: 2 X homozygous sites / (2 X homozygous sites

+ heterozygous site).



SBLIOSOW UOIBI0|SURI) (AS :/ ‘UOISIBAUI (AS :9 ‘uoneoldnp :AS G

3_0__&_:3:._ JOWY 'SJUBJU0D OO
B (9¥ 006 Jod) X001~ :yidep Buiousnbses :¢
m_N_‘ OO L m_N O_m m_N O (9 005 18d) 0g~0 :Aususp auab :g
_ = lo {(zHOdeHe1d :usalb (| HHdeHeld :8)ym) Sauwosowolyd jo welbelp oiewayos :|
\ Lz muu
] C
y =
.f- ._... M
paJjeys| 5_.. - Y Q
Ajuo-zHodeHeyd . =
Auo-LHodeHerd [
Ajuo-pea. | | o
Jaw-y 9

(yibue ployeos)” b0
GZ8 008 GLL 09L SZTL 00

™
|

N
|

—
|

X e

o

(sjunod peas |\:4 ueaw)°Bo

~




uonelauan)

oo_‘_ o_w _ o_@ _ o_v_ o_N. 0
-0

- 000€
i =
D

- 0009

PIM 1D %S6 i
annded |0 %56
Ao
S+ o006
(%¥8'02)10d
¢0 00 ¢'0- ¥’ 0-

MOI
uonendod pjIm =)
O
N
00
<
S

G0

uonjendod aande)

J

- de
9 CEH uone[ndod plipn
uonejndod annde) @
/ deH _
¢deH @ ——@ | dey
G deH
@ + * HitHHH
_ ~de
+ dey A H
& i i
3
10 cEEaE aadl

i d

PIA annden
- 00
qn_. 4 =
L 900 &
o
N
<
_ e
n
[ feood
_ 3
_ | —
GL-8gZz=d - 0L°0
000 000 Lt:L /

BUI| UOIEOIBWBP AUIBH|IN 44+ + it

Aepunoq |euoibey ——————

A1epunoq [euonBUIBIU 5, 75 ——
Kiepunoq [eyusunuo)

Ao J58y30 le)

ended @

sayis Bujidwes [ ]
sabuel Jabny unwy

I\ [fELDER]

A

V P
Jsaoseqeyy|
|

i |

VISSNY

NoG¥

- \w -

3.5€1



<_§z A ST s | st eg [ | I i
- * F %EEE%E%




407 dNSSUp

. N

A -0 =

o

3

G0 2

N

=

e} ()

90 3

(o]

+

-0 3

m

Go-egg=d I )

ll-agg=d
uopeindod aAnded @
uoneindod pim )
HOYuou HOY HOYuou HOY

-

2000 o

)

=

. (4a]

000 2

b
5% 9000 =

: 3

L | n
9001t =d 8
8000 £

L ] w
S9|9||e paAle( 4

4071

Gc'lL

L G.0

uone|ndod aAnde)

uone|ndod pjipn

4071 dNSSsup

AXY

4071

asuassI|\

dNSsup

oluabliau|

- 0G¢

- 00G

- 06/

sjuelIeA Jo JaquinN

- 0001

S9|9||e paAla(

g



