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Abstract
Inbreeding leads to a reduction in genetic diversity and an elevated likelihood of expressing recessive defective 
genes, which adversely affect the development of the immune system and render individuals and populations 
more susceptible to carcinogenic factors, consequently heightening the risk of cancer. Through investigating the 
function and extent of immune cell interaction in peripheral blood mononuclear cells (PBMCs) of inbred individual, 
a comprehensive understanding can be gained regarding the impact of inbreeding on various aspects of the 
immune system, including diversity, self-tolerance, immune responsiveness, susceptibility to diseases, and other 
related areas. Currently, the wild Amur tiger population in China exhibits a moderate degree of inbreeding, with 
a probability exceeding 90% that it will be deemed extinct within the forthcoming century. However, the impact 
of inbreeding on the immune system remains ambiguous, presenting numerous challenges for the development 
and implementation of conservation strategies. Here, for the first time, a detailed single-cell sequencing atlas of 
peripheral blood samples obtained from Amur tigers is presented, delineating eight distinct cell types. Our study 
demonstrates that the inbred tiger exhibits a relatively lower proportion of lymphocytes and cDC2 cells, along 
with reduced intercellular interactions. We also observed elevated activity in several signaling pathways (e.g., TGFb, 
APRIL, BAG, GRN, VISFATIN) that have been linked to inflammation and cancer in other species. The WGCNA analysis 
analysis further suggested a candidate regulatory network in inbred tiger, with the cancer-associated gene YTHDC2 
emerging as a hub gene. Together, our exploratory study offers preliminary insights into the immune heterogeneity 
in inbred Amur tigers and can potentially guide future studies aimed at enabling timely health interventions for 
this endangered species.
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Introduction
Global habitat loss and fragmentation have led to the iso-
lation of many wildlife populations, restricting genetic 
exchange and increasing the likelihood of inbreed-
ing [1]. The core genetic hazard of inbreeding is that it 
significantly increases the probability of homozygous 
recessive deleterious alleles [2, 3]. When these originally 
masked harmful genes are expressed, a series of “inbreed-
ing depression” phenomena will be triggered, which will 
seriously damage the survival and reproductive ability 
of individuals [4]. Among them, the significant decline 
in immune system function is considered to be one of 
the most prominent and destructive consequences of 
inbreeding depression. A large number of studies have 
confirmed that inbred individuals often show a decline 
in key immune indicators, such as decreased antibody 
response, inflammatory response disorders, or a decrease 
in the number of specific immune cells [5–7]. These 
immunodeficiencies directly weaken the individual’s abil-
ity to resist the invasion of pathogens. For example, the 
inbreeding of American crows (Corvus brachyrhynchos) 
has been linked to high mortality rates from vector-borne 
diseases such as West Nile virus and avian malaria [8]. 
Similarly, Reid et al. found that the 6-day-old chicks of 
song sparrows (Melospiza melodia) showed decreased 
cell-mediated immune response (CMI) when their moth-
ers had higher inbreeding coefficients, while adult spar-
rows showed decreased CMI related to their inbreeding 
levels [9]. Therefore, inbreeding not only brings about the 
loss of genetic diversity but also directly leads to a sharp 
rise in the overall disease susceptibility of small and iso-
lated populations. The weakening of immune adaptability 
is the core link in this vicious cycle.

As the core defense line for organisms to resist patho-
gen invasion and maintain health, a sound immune sys-
tem is crucial for the survival of individuals and the 
continuation of populations [10, 11]. It removes foreign 
pathogens and forms immune memory to cope with 
future threats through complex cellular and molecu-
lar network recognition [9]. However, inbreeding has 
caused systemic damage to this key barrier, which is 
mainly reflected in: the diversity of immune cell banks is 
reduced, which limits the ability to recognize broad-spec-
trum pathogens [12]; specific antibody responses to new 
pathogens become slow and narrow [13]; more seriously, 
the overall weakening of immune adaptability will dam-
age the function of immune surveillance [14]. Immune 
surveillance is a key mechanism for the immune system 
to recognize and clear cancerous cells in vivo. When this 
function is weakened by inbreeding, the risk of abnormal 
cells escaping from clearance and developing into tumors 
is significantly increased. Accordingly, inbreeding not 
only increases the susceptibility to infectious diseases 
by reducing the anti-infective ability but also indirectly 

increases the risk of cancer by weakening the immune 
surveillance function, posing a dual threat to popula-
tion health. The weakening of immune adaptability is 
the internal driving factor for the increase of disease sus-
ceptibility in inbreeding populations. In order to further 
reveal its molecular mechanism, scientists are actively 
using cutting-edge tools such as single-cell transcriptome 
technology. This technology can not only accurately iden-
tify immune cell subsets and their phenotypic changes 
through gene expression characteristics, but also analyze 
intercellular communication networks (such as cytokine-
receptor interaction) [15], thus revealing the functional 
abnormalities and regulatory mechanisms of immune 
cells in inbred individuals [16], and providing a theoreti-
cal basis for targeted intervention.

The Amur tiger (Panthera tigris altaica), as the apex 
predator in mammalian ecosystems, plays a crucial role 
in maintaining ecological equilibrium and promot-
ing species diversity [17]. Currently, there are currently 
70 wild Amur tigers in China, and an analysis utiliz-
ing mathematical models based on the current popula-
tion status predicts a probability exceeding 90% for their 
extinction within the next century [18, 19]. Simultane-
ously, this population already demonstrates a moderate 
degree of inbreeding, consequently engenders an aug-
mented burden of parasitic infections and an elevated 
abundance of pathogens, as well as profoundly impairing 
the gut microbiota’s biosynthetic, degradative, and utili-
zation functions [20]. However, the impact of inbreeding 
on the immune systems of wildlife remains inadequately 
explored, potentially resulting in a diminished capacity 
for populations to handle sudden ecological challenges, 
which could lead to elevated mortality rates, further 
reducing population sizes and ultimately disrupting the 
ecosystem’s equilibrium. Furthermore, due to a thor-
ough study of wild Amur tiger species is challenging 
due to their limited population size and elusive nature, 
but captive Amur tigers play a crucial role in conserving 
their wild counterparts and offer valuable opportunities 
for extensive research on individuals exhibiting varying 
degrees of inbreeding.

Summing up, we assume that inbreeding among 
Amur tigers may induce immune system dysfunction in 
their progeny, which results in aberrant inflammatory 
responses and subsequently elevates the risk of cancer. 
Hence, to corroborate this hypothesis, we employed 
single-cell transcriptome sequencing to analyze periph-
eral blood mononuclear cells from both inbred and non-
inbred Amur tiger individuals to characterize cell types 
and perform comparative assessments. The objective of 
this research is to (1) construct a comprehensive atlas of 
peripheral blood monocytes in Amur tiger individuals; 
(2) elucidate the effects of inbreeding on the distribution 
of immune cell types, their interactions, and the resultant 
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transcriptomic alterations; (3) identification of critical 
genes in inbred Amur tiger. The purpose of this study was 
to clarify the effect of inbreeding on the immune system 
of the Amur tigers and to provide a reliable database sup-
port for assessing the risk of inbreeding disease in the 
Amur tigers.

Materials and methods
Sample collection and treatment
In this study, we observed two 12-month-old female 
Amur tigers with identical feeding habits in order to 
minimize the influence of extraneous variables, and the 
degree of inbreeding within the individual was assessed 
based on the family pedigree. Venous blood samples were 
collected from one non-inbred and one inbred individual 
at Baoshanqian Wild Animal Park and Changchun Zoo-
logical and Botanical Park, with an inbreeding coefficient 
of 0.25 recorded for the inbred individual. Both individu-
als had not used antibiotics and were in good health for 
three months before sample collection.

Calculation of inbreeding coefficient based on ROH
In order to obtain a more accurate inbreeding level of 
two individuals, 4 mL of whole blood was taken for 
whole genome sequencing and the inbreeding coefficient 
of Amur tigers was evaluated by ROH. FASTP 0.23.1 
[21] software was used to perform quality control on 
the sequencing raw data involved in this experiment to 
remove readings with connections, excess N content, and 
low quality. The clean data were compared with the ref-
erence genome of the Amur tiger (GCF_018350195.1_P.
tigris_Pti1_mat1.1) by BWA 2.2.1 [22] software, and then 
the BAM file was generated after sorting and deduplica-
tion steps. Subsequently, the bcftools 1.21 [23] software 
was used to detect population SNPs in the samples, and 
2,769,364 high-quality SNPs were obtained after filter-
ing and screening. The filtering and screening conditions 
were as follows: the minimum depth of a single SNP in 
a single sample was 4 bp, the maximum deletion rate 
was less than 0.1, and the minimum minor allele fre-
quency was 0.05. Finally, the functional annotation of 
the detected SNPs was performed by ANNOVAR [24] 
software.

The homozyg parameters of PLINK 1.9 software were 
used to determine the ROH of the samples, with the 
parameters set as follows: -homozyg-density 5; -homo-
zyg-window-het 1; -homozyg-window-snp 10-homozyg-
kb 100; -homozyg-snp 5. The number and length of ROH 
fragments and the distribution of ROHs at the genomic 
and chromosomal levels were obtained for each sample. 
At the same time, the obtained ROHs were divided into 
three groups according to the length of ROH: < 1 Mb, 
1–5 Mb, and > 5 Mb. The < 1 Mb ROH fragment was 
defined as a short ROH fragment, the ROH fragment in 

the 1–5 Mb length range was defined as a medium ROH 
fragment, and the ROH fragment > 5 Mb was defined as 
a long ROH fragment. The estimated genomic inbreed-
ing coefficient (FROH) was calculated based on McQuillan 

[25]: FROH = LROH
LAUTO

. Where LROH is the total length of 
ROH for each individual, and LAUTO is the total length 
of the autosomal genome covered by the SNP (about 
2,398,865 kb).

scRNA-seq library preparation and sequencing
About 4 mL of whole blood was collected from the same 
batch of blood of each individual using an EDTA tube. 
Subsequently, the acquired whole blood samples were 
diluted at a ratio of 1:1 with a buffer of 1640 medium 
supplemented with 10% FBS (Fetal Bovine Serum). The 
diluted blood was cautiously injected into the lympho-
cyte separation medium and centrifuged for 40 min at a 
temperature of 20℃. After removing the plasma, trans-
fer the lymphocytes to a washing solution containing 
RPMI 1640 medium with 10% fetal bovine serum, cen-
trifuge the mixture at 20 °C for 5 min, and then monitor 
the number of precipitated red blood cells. The cellular 
morphology was recorded by enumerating and captur-
ing images under a microscope once the supernatant was 
removed and the cells were resuspended in a buffer con-
taining 1640.

Firstly, the cell suspension was placed into Chromium 
microfluidic chips with 3’ chemistry, and a 10x Chro-
mium Controller (10X Genomics) was employed to bar-
code the chips. Afterward, the RNA from barcoded cells 
was reverse-transcribed, and sequencing libraries were 
constructed using the Chromium Single Cell 3’ reagent 
kit (10X Genomics) according to the manufacturer’s 
instructions. Subsequently, high-throughput sequencing 
was conducted on the Illumina NovaSeq platform.

Processing of raw scRNA-seq data
The 10XGenomics Cell Ranger pipeline was utilized with 
default parameters to demultiplex raw data and align it 
to the reference genome of the Amur tiger in the NCBI 
database (GCF_018350195.1_P.tigris_Pti1_mat1.1). Sub-
sequently, each gene’s unique molecule identifiers (UMIs) 
were quantified. Then, the star software of Cell Ranger 
7.0.0 [26] was used for alignment. After the reads were 
aligned to the reference genome, the GTF annotation 
file was used for correction, and the exon region, intron 
region, and intergenic region were distinguished. The dis-
crimination rule is: at least 50% of the reads aligned to 
the exon are recorded as the exon region, and the reads 
aligned to the non-exon region and intersected with the 
intron region are recorded as the intron region, and the 
remaining sequences are non-coding regions. Next, Cell 
Ranger is used to distinguish each cell’s reads by the input 
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data’s barcode, and the number of cells in the sample, 
the number of reads of cell, and the number of detected 
genes are counted by filtering and screening. The spe-
cific steps are as follows: First, a desired number of cells 
(N, default 3000) is specified, and then the barcodes are 
sorted from high to low according to their respective 
UMI totals. The 99% quantile of the first N UMI values is 
taken as the maximum estimated UMI total (m), and the 
barcodes with a UMI number exceeding m/10 are used as 
the final captured cells. Finally, further filtration was per-
formed using Seurat 3.1.0 [27] to remove multiple cells 
from the dataset to ensure the reliability and accuracy of 
the subsequent analysis results; the filtration criterion 
involved removing genes detected in fewer than three 
cells, as well as cells with gene expression below 200, and 
filtering out some of the foreign cells.

Cell classification
The data standardization process in Seurat involves 
applying the “LogNormalize” global normalization 
method to the filtered cell-gene expression matrix, fol-
lowed by dimensionality reduction and clustering for cell 
classification. Meanwhile, to align integrated datasets, the 
canonical correlation analysis (CCA) method [28] was 
employed as an alignment strategy. Then, clustering was 
performed using highly variable genes with pronounced 
expression discrepancy, and a graph was constructed 
based on principal components derived from these genes. 
The default value of 0.6 was used for setting the graph’s 
resolution. It should be noted that immune cell subsets in 
tigers were annotated through comparison with humans 
or mice. Considering the high conservation of core mam-
malian immune genes and the lack of a dedicated tiger 
marker database, this orthology-based approach offers a 
reasonable and practical strategy for cell type identifica-
tion. However, it is also crucial to recognize its inherent 
limitation stemming from potential species specific vari-
ation in gene expression and function.

Differentially Expressed Gene (DEG) enrichment analysis
Leveraging Seurat’s filtered gene expression matrix, 
differential expression analysis between groups was 
performed using the edgeR package [29] to discern clus-
ter-specific marker genes. Subsequently, Gene Ontol-
ogy (GO) [30] and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) [31] enrichment analyses were con-
ducted on these marker genes using the R package clus-
terProfiler 3.14.0 [32] with gene length bias corrected 
via the BH method [33]; a significance threshold of p < 
0.05 was applied for determining significant enrich-
ment. Additionally, the accuracy of these subpopulation 
definitions was confirmed through cell trajectory analysis 
across the entire sample set.

Cell trajectory analysis
Based on the pooled dataset of inbred and non-inbred, 
we performed pseudotime trajectory analysis using the R 
package monocle 2.32.0 [34] to validate the accuracy of 
the cell subpopulation classifications. Through the con-
struction of trajectories that depict temporal changes in 
cells, we aimed to shed light on the dynamic progression 
of cell states and thereby confirm the precision of cellular 
subpopulation classifications.

WGCNA analysis
In this study, we performed WGCNA analysis to further 
elucidate the critical genes influencing immunological 
heterogeneity in inbred individual [35]. Initially, a co-
expression network was established for all genes utiliz-
ing the R package WGCNA 1.72.5, concentrating on the 
top 25% of genes ranked by variance and applying a soft 
threshold parameter set to 18. Construct an adjacency 
matrix based on inter-gene correlations and then trans-
form the adjacency matrix into a topological overlap 
matrix (TOM), and hierarchical clustering was employed 
to generate modules, with each module consisting of 
genes clustered with a minimum size of 30 [36]. By inves-
tigating the relationship between each module and both 
inbred and non-inbred phenotypes, we identified module 
genes most significantly associated with inbreeding. Sub-
sequently, KEGG enrichment analysis was conducted on 
these genes. Additionally, this study employs Cytoscape 
to visualize gene connections within modules, initially 
uses the MCODE plug-in to identify the network with 
the highest score [37], then employs the cytoHubba plug-
in to compute node scores, and finally visualizes the top 
30 genes [38].

Cell communication analysis
To determine the differences in complex cell-cell interac-
tions among multiple cell populations of separate datas-
ets of inbred and non-inbred individuals, we utilized the 
R software package scDiffcom 1.0.0 [39]. This package 
relies on approximately 5,000 selected ligand-receptor 
interactions and performs analysis based on single-cell 
transcriptome data [40].

Results
ROH analysis and inbreeding coefficient evaluation of 
inbred and non-inbred Amur tigers
According to the statistical results, the total number of 
ROH observed in inbred and non-inbred Amur tigers was 
1,629 and 805, respectively, and the corresponding total 
length of ROH detected was 1,182,970 kb and 472,146 kb 
(Table  1). In addition, the data of < 1  Mb, 1–5  Mb, and 
> 5  Mb were counted according to the length of ROH. 
Among them, the FROH values of inbred individual 
were calculated, and the FROH < 1 Mb, FROH 1−5 Mb, 
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and FROH > 5 Mb were 0.174, 0.274, and 0.046, and the 
FROH values of non-inbred individual were 0.081, 0.101, 
and 0.015 (Table  2). Compared with non-inbred Amur 
tiger, inbred individuals had higher inbreeding coeffi-
cients in all length categories of ROH, and ROH in the 
1–5  Mb length category contributed the most to the 
overall FROH. In order to evaluate the overall inbreeding 
level of Amur tigers, the FROH > 1 Mb of each individual 
was evaluated based on the total length of ROH (> 1 Mb). 
The results showed that the FROH > 1 Mb of non-inbred 
individual was 0.116, and that of inbred individual was 
0.319, that is, compared with non-inbred, inbred Amur 
tiger had a higher inbreeding coefficient.

Identification of heterogeneity in peripheral blood 
mononuclear cells between inbred and non-inbred Amur 
tigers
The collection and processing flow of peripheral blood 
samples from Amur tigers was illustrated in Fig. 1A; a 
total of 29,523 cells were harvested, delineating 19 dis-
tinct cell clusters (Fig. 1B). To characterize each cell 
cluster, we utilized well-established marker genes from 
the literature alongside cluster-specific marker genes, 
enabling us to accurately identify eight major cell types, 
mainly including B cells (CD79B, BANK1) [41], plasma 
(JCHAIN, MZB1) [41, 42], T cells (LEF1) [43], monocytes 
(CD14, VCAN) [44, 45], platelets (GP9), neutrophils 
(G0S2, CSF3R), classical dendritic cells type 2 (cDC2) 
(FCER1A), natural killer (NK) cells (GZMA, KLRD1) [46] 
(Fig. 1C). Following that, during the characterization of 
cells from the dataset comprising non-inbred individual 
and the combined dataset encompassing both inbred and 
non-inbred individuals, no discernible systematic differ-
ences were observed in the spatial distribution of distinct 
cell types within the UMAP plots (Fig. 1D, E). However, 
a lower proportion of B cells, cDC2 cells, NK cells, and T 
cells was observed in the inbred individual compared to 
the non-inbred individual (Fig. 1F). The statistical results 
of the number of each cell type are shown in Table 3.

Subdivision and differential analysis of blood cell 
subpopulations in inbred and non-inbred individuals
NK cell
By conducting an unsupervised clustering analysis of 
433 cells in the pooled dataset of inbred and non-inbred 
individuals, three distinct clusters were discerned and 
subsequently classified into two subpopulations, C1 and 
C2, according to specific gene expression signatures. 
Among them, the C1 subpopulation was characterized 
by distinctive expression of the KLRB1 and SELL genes, 
while the C2 subpopulation exhibited specific expression 
of the GZMH gene (Fig. 2A). In analyzing differentially 
expressed genes and KEGG enrichment, we observed 
increased expression of genes, including KLRB1, IKZF2, 
and SATB1 in the C1 subpopulation, while KEGG path-
ways associated with cgmp-pkg signaling pathways, 
pd-l1 expression and pd-1, and other regulatory path-
ways, were shown to be significantly enriched in this 
cluster (Fig. 2B, C left). The C2 subpopulation exhibited 
increased expression of cytotoxic genes, such as GZMH 
and LOC102957957, and KEGG analysis further revealed 
that this subgroup was markedly enriched in pathways 
associated with pathogenic escherichia coli infection and 
viral myocarditis (Fig. 2B, C right). Additionally, pseu-
dotime analysis revealed that the C2 CD56dim NK cell 
subgroup originates from the C1 CD56bright NK cell 
subpopulation, aligning with the evolutionary trajectory 
of NK cell subgroups described in previous research [47] 
(Fig. 2D). Subsequent during the analysis of differentially 
expressed genes and KEGG enrichment in NK cells in 
the separate datasets of inbred and non-inbred individu-
als, we discovered that apart from showing heightened 
expression of cancer-associated genes, such as PDE3B, 
RORA, and IQGAP2 (Fig. S1A), the findings revealed that 
NK cells from inbred individual were exhibited enriched 
in pathways including inflammatory mediator regulation 
of tpr channels, hepatitis b, and human cytomegalovirus 
infection (Fig. S1B).

Table 1  Statistics of ROH of inbred and non-inbred Amur tigers
ROH lengths Inbred Non-inbred

Number Overall length (kb) Length ratio (%) Number Overall length (kb) Length ratio (%)
<1 Mb 1292 417,139 35.26 675 193,778 41.04

1–5 Mb 319 656,312 55.48 125 242,907 51.45

> 5 Mb 18 109,522 9.26 5 35,461 7.51

Total 1629 1,182,973 — 805 472,146 —

Table 2  Inbreeding coefficient derived from ROHs with different lengths
Sample FROH < 1 Mb FROH 1−5 Mb FROH > 5 Mb FROH > 1 Mb

Inbred 0.174 0.274 0.046 0.319

Non-inbred 0.081 0.101 0.015 0.116
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Fig. 1  Single-cell gene expression profiles and cellular composition differences between inbred and non-inbred Amur tiger PBMCs. A Schematic dia-
gram of the experimental workflow. B UMAP describes the outcomes of unsupervised clustering of 29,523 cells from the peripheral blood of two Amur 
tigers. C Violin maps of marker gene expression are utilized to characterize cell populations. D Cluster analysis of all cells, with each point representing a 
cell and colored based on cell type. E UMAP plot of non-inbred individual cell types. F Percentage of each cell type in inbred versus non-inbred individuals
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Monocyte
The unsupervised clustering and subsequent subpopula-
tion delineation of 493 cells in the pooled dataset yielded 
the discovery of five distinct clusters and three separate 
subpopulations. Expression of the genes S100A8, CXCL8, 
and CD14 was uniquely observed in subpopulation C1, 
while genes UST, CENPK, ADAMTS6, and LRMDA 

exhibited specific expression in subpopulation C2 (Fig. 
3A). The analysis of differential gene expression for 
each cluster revealed that the C1 subpopulation showed 
increased expression of the pro-inflammatory cyto-
kine gene IL18 [48], as well as the S100A9 genes, which 
play crucial roles in regulating inflammatory processes 
and immune responses [49]. The C2 subpopulation 

Table 3  Quantitative statistics of various cell types of inbred and non-inbred Amur tigers
Cell type Inbred Non-inbred
B cell 640 1488

cDC2 51 191

Monocytes 232 261

Neutrophil 10802 8610

NK cell 70 363

Plasma cell 94 81

Platelet 655 539

T cell 1953 3493

Fig. 2  Division of NK cell subgroups in peripheral blood of the Amur tiger. A The unsupervised clustering results of 433 NK cells are depicted by UMAP 
on the left side; the violin diagram on the right depicts the typically expressed genes that constitute the natural killer cell subgroup. B The volcano map 
illustrates the differentially expressed genes found when CD56brightNK cell clusters were compared to CD56dimNK cell clusters. C KEGG enrichment results 
of differentially expressed genes in NK cell subsets showed CD56brightNK cells on the left and CD56dimNK cells on the right. D Results of pseudo-timing 
analysis of NK cell subsets
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demonstrated elevated expression of CD74 [50] and 
LOC102961248 genes associated with antigen presenta-
tion (Fig. S2A). Furthermore, KEGG enrichment analy-
sis revealed that the C1 subpopulation had a substantial 
enrichment in pathways such as the nod-like receptor 
signaling pathway, leukocyte transendothelial migration, 

and il-17 signaling pathway. Conversely, the C2 subpop-
ulation demonstrated significant enrichment in the fc 
epsilon ri signaling pathway and the antigen processing 
and presentation (Fig. S2B). Consequently, the C1 and 
C2 subpopulations were identified as Classical Mono 
and Intermediate Mono, respectively. To validate the 

Fig. 3  Peripheral blood mononuclear cells, B cells, and T cell subsets of the Amur tiger were divided. A UMAP on the left depicts the unsupervised clustering 
results of 493 monocytes; the right side is the characteristic expression gene point map for defining monocyte subsets. B Monocyte subsets'pseudotime 
analysis results. C On the left side is the UMAP diagram depicting the unsupervised clustering results of 2128 B cells; the typical expression gene dot map 
for distinguishing B cell subsets is shown on the right. D The UMAP visualization on the left shows the unsupervised clustering outcomes for 5446 T cells; 
the characteristic gene expression dot plot used to define T cell subsets is on the right
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accuracy of these subgroup classifications, we conducted 
pseudotime analysis, which confirmed that the C2 Inter-
mediate Mono definitively originated from the C1 Classi-
cal Mono [51] (Fig. 3B).

During performing differential gene expression and 
KEGG enrichment analyses in monocytes in inbred and 
non-inbred separate datasets, pathways linked to hepati-
tis c, human cytomegalovirus infection, hepatitis b, and 
kaposi sarcoma-associated herpesvirus infection were 
significantly enriched in inbred individual (Fig. S5A).

B cell and T cell
The B cells in the pooled dataset, comprising a total of 
2,128 cells, were classified into six clusters and further 
stratified into four distinct subpopulations. RPL8, RPL11, 
RPS27A, RPS15A, FAU and BACH2 genes were unique 
expression in C1 subpopulation; subpopulation C2 specif-
ically expressed G0S2, NAMPT, C5AR1, AQP9, FNDC3B 
and CLEC7A genes; subpopulation C3 displayed charac-
teristic expression of KCNG3, TRERF1, ITGB1, and PLE-
KHG1genes; in subpopulation C4 specific expression was 
observed for the genes GNG11, YBX3, TUBB1, CAVIN2, 
and DNASE1 (Fig. 3C). Nevertheless, compared to other 
subpopulations, the C2 subpopulation showed significant 
expression of the S100A9 and S100A8 genes, and previ-
ous studies have linked these genes to immune regula-
tion, thus defining the C2 subpopulation as regulatory 
B cells (Fig. S3A). In addition, KEGG analysis findings 
provided additional evidence supporting the functional 
role of C2 as a regulatory B cell due to its high expression 
of immune-related pathways among various pathways, 
including the cytokine-cytokine receptor interaction [52] 
and il-17 signaling pathway [53] (Fig. S3B).

A total of 5,446 T cells were classified into seven sub-
populations distributed across nine clusters. The C1 
subpopulation exclusively expressed the genes ZNF831, 
CD28, SAMHD1, RORA, and ITGB1; IGFBP5, BST2 and 
RGS10 genes were particular expressed in C2 subpopu-
lation; subpopulation C3 exhibited characteristic expres-
sion of the genes SPI1, CLEC7A, RGS2, MARCHF3, and 
AQP9; the genes IGF2BP2, and KLRD1 were uniquely 
expressed in the C4 subpopulation; SH3RF1, SLC24A4, 
RHEX, and PDE7B were observed to be expressed in sub-
population C5; C6 subpopulation specifically expressed 
WDFY4, PAX5, MYO1E, CD79B, MEF2C and HDAC9; 
while particular expression of CD8B and CD8A was 
observed in subpopulation C7 (Fig. 3D). Subsequently, 
we carried out the characterization of cellular subpopula-
tions based on the literature’s uniquely expressed genes 
and marker genes; the C1, C2, and C7 subpopulations 
were identified as CD4 + Treg [54], CD4 + Naive [49], 
and CD8 + T [46] subtypes, respectively. Notably, the 
C3 subset exhibited significantly higher expression of 
inflammation-related genes such as S100A8 and S100A9 

compared to all other subsets (Fig. S4A) [49]. Addition-
ally, our KEGG analysis revealed a significant enrich-
ment of the il-17 signaling pathway in this subset (Fig. 
S4B). Therefore, we defined the C3 subset as CD4 + TEM 
Th17-like. The C5 subset was designated as γδT cells due 
to its elevated expression of the gene LOC102953909 
(WC1.1 antigen) (Table S1), which is characterized as a 
marker for bovine γδT cells [55].

KEGG enrichment analysis was performed on B cells 
and T cells in the separate datasets of inbred and non-
inbred individuals, respectively. We observed that B cells 
were significantly enriched in the following pathways: 
viral carcinogenesis, pathways in cancer, non-small cell 
lung cancer, kaposi sarcoma-associated herpesvirus 
infection, proteoglycans in cancer, human cytomega-
lovirus infection and hepatitis b. Moreover, significant 
enrichment in T cells was observed in the following path-
ways: human T-cell leukemia virus 1 infection, pathways 
in cancer, kaposi sarcoma-associated herpesvirus infec-
tion, non-small cell lung cancer, human cytomegalovirus 
infection and hepatitis b (Fig. S5A).

Remaining cell types
Ultimately, the transcriptomic differences among the 
remaining four cell types, namely cDC2, plasma cells, 
platelets, and neutrophils, were comprehensively ana-
lyzed in the separate datasets of inbred and non-inbred 
individuals. The findings revealed that cDC2 and plasma 
cells in inbred individual did not differ significantly at 
the pathway level compared to non-inbred individual. 
However, both platelets and neutrophils from inbred 
individual exhibited notable enrichment in human cyto-
megalovirus infection, pathways in cancer, and kaposi 
sarcoma-associated herpesvirus infection (Fig. S5B). 
Moreover, platelets demonstrated substantial enrichment 
in the proteoglycans in cancer, and neutrophils exhibited 
significant enrichment in the human immunodeficiency 
virus 1 infection (Fig. S5B).

WGCNA analysis and identification of key genes
The WGCNA analysis discerned 13 gene modules based 
on the TOM matrix, with the MEblue module exhib-
iting a preliminary correlation with inbreeding status 
(p = 0.05) (Fig. 4A, B). Subsequently, we conducted KEGG 
enrichment analysis on the genes within the MEblue 
module, revealing potential associations with several 
cancer-related pathways, including hepatocellular carci-
noma, erbb signaling pathway, hedgehog signaling path-
way, thyroid cancer, and colorectal cancer (Fig.  4C). In 
this preliminary network, YTHDC2 was identified as the 
top-ranking hub gene. Among the highest-scoring candi-
date genes were KMT2A, COMMD10, MCM9, DHX15, 
MED27, and PARP14, which have been previously asso-
ciated with cancer in other species (Fig. 4D).
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Comparative global analysis of cell communication
The results obtained from the analysis of cell communi-
cation of separate datasets of inbred and non-inbred indi-
viduals revealed that the inbred individual exhibited 115 
immune cell interactions, with a strength of 4.718, while 
the non-inbred individual displayed 95 interactions, with 
a strength of 5.198 (Fig. 4E, Fig. S6A). Moreover, inbred 
individual with demonstrated relatively higher inferred 
activity in the signaling pathways of TGFb, VISFATIN, 
APRIL, IL2, BAG, GRN, and IL16; conversely experienc-
ing notable downregulation in the GALECTIN and CD40 
signaling pathways (Fig.  4F, Fig. S6B). Simultaneously, 
we have identified nine pairs of specific ligand receptors 
exclusively present in inbred individual that play a cru-
cial role in immune cell communication. These include 
NAMPT-(ITGA5 + ITGB1), NAMPT-INSR, TGFB1-
(TGFBR1 + TGFBR2), TNFSF13-TNFRSF13B, TNFSF13-
TNFRSF17, MIF-(CD74 + CXCR2), IL7-(IL7R+IL2RG), 
GRN-SORT1, and BAG6-NCR3 (Fig.  4G). Additionally, 
the MIF-(CD74 + CD44) interaction appeared stronger in 
the inbred individual.

Discussion
Inbreeding enhances genetic homogeneity, which ele-
vates the frequency of recessive deleterious alleles in a 
homozygous state and subsequently reduces the diversity 
and adaptability of the immune system [56]. However, at 
present, there is a critical knowledge gap exists in exam-
ining the immune heterogeneity of the moderately inbred 
Amur tiger. The emergence of single-cell RNA sequenc-
ing technology provides a promising avenue to rectify 
this deficiency through high-resolution data. Simulta-
neously, we contemplate the findings of Ammons et al. 
that age may lead to a reduction in canine immune cells 
[54]. Accordingly, this study concentrated on captive 
female Amur tigers aged one year to minimize potential 
age-related influences. We isolation of peripheral blood 
immune cells from whole blood samples of Amur tigers 
was followed by single-cell transcriptome analysis using 
the 10X genomics platform. This analysis aimed to map 
the peripheral blood immune cells of Amur tigers, eluci-
date the transcriptome features of various immune cell 
populations, and examine the immunological heteroge-
neity between inbred and non-inbred individuals.

Cell types and proportion
With in this investigation, a total of eight principal cell 
types were delineated. Nevertheless, there were no 
apparent significant differences in the distribution of cell 
type between inbred and non-inbred individuals, nor 
were there any noticeable shifts in the localization of cell 
type across different samples. These findings suggest that 
inbreeding may not drastically alter the type and distri-
bution of immune cells in blood. Notwithstanding, we 

observed a relative decrease in the proportions of cDC2 
cells and lymphocytes in the inbred individual compared 
to non-inbred individual. Previous studies have shown 
that lower numbers of lymphocytes may affect the body’s 
immune reaction, leading to a reduction in the body’s 
ability to fight viruses. Moreover, zheng et al. noted a 
notable decline in NK cells and CD8 T cells in individuals 
infected with SARS-CoV-2 [57]; similarly, Cui et al. dis-
covered a reduction in the absolute count of lymphocytes 
and the level of lymphocyte subsets in sepsis patients 
who experienced long-term immune decline, potentially 
resulting in an impaired ability to combat pathogens 
effectively [58]. Therefore, our findings raise the possi-
bility that a similar lymphocytic deficit in inbred Amur 
tiger might contribute to diminished antiviral or overall 
immune capacity.

To achieve a more precise peripheral blood mononu-
clear cell atlas of the Amur tigers, we classified subgroups 
within NK cells, monocytes, B cells, and T cells. Based 
on established marker genes, specific expression genes, 
KEGG enrichment and validated pseudo-temporal analy-
sis, we identified distinct cell subpopulations, including 
CD56bright NK (SELL+) [47]; CD56dim NK (GZMH+) 
[59]; Classical Mono (IL18+, S100A9+); Intermedi-
ate Mono (CD74+); Regulatory B (C5AR1+, S100A8+, 
S100A9+); CD4 + Treg (CD28+, ZNF831+); CD4 + 
Naive (RGS10+); CD4 + TEM, Th17-like (S100A8+, 
S100A9+) [54]; CD8 + T (CD8A+, CD8B+) [60]; γδT 
(LOC102953909) [55].

KEGG enrichment analysis of different cell types
Beyond that, the results of KEGG enrichment analy-
sis of each cell type in the separate datasets of inbred 
and non-inbred individuals showed that associations of 
inbred individual with virus infections, inflammation, 
and cancer-related pathways, as demonstrated by human 
cytomegalovirus infection, kaposi sarcoma-associated 
herpesvirus infection, hepatitis b, and pathways in can-
cer. Of these, human cytomegalovirus infection occurs 
primarily in people with weakened immune systems [61], 
and in addition, the virus’ DNA has been found in malig-
nant tissues from patients with prostate [62], colorectal 
[63], and glioblastoma cancers [64]. Moreover, numer-
ous studies have demonstrated that the virus can induce 
transformation and carcinogenesis in glioblastoma cells 
and other cell types in vitro, establishing a link between 
human cytomegalovirus infection and the proliferation 
of cancerous cells [65, 66]. Additionally, kaposi sarcoma-
associated herpesvirus is an infectious etiology of various 
types of KS tumors and an oncogenic gamma herpesvirus 
[67] that is frequently detected in HIV-positive cancer 
patients who are not receiving treatment [68, 69]. Mean-
while, hepatitis b is a severe liver infection caused by the 
hepatitis b virus (HBV), which significantly contributes 
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Fig. 4 (See legend on next page.)
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to cirrhosis and liver cancer globally [70]. However, it 
should be recognized that, given only one sample per 
condition, the observed enrichment of these pathways 
in the inbred individual might reflect individual biologi-
cal variability rather than a conclusive inbreeding effect. 
Combined with the existing literature, these preliminary 
results suggest the possibility that inbred Amur tiger may 
experience immune alterations that could make them 
more susceptible to viruses, chronic inflammation, and, 
in the long run, an increased oncogenic risk.

Screening of key genes in inbred individual
The WGCNA approach enables the identification of gene 
correlation and differentially expressed genes between 
groups [71]. In this study, the MEblue module was iden-
tified as significantly enriched in inbred individual, par-
ticularly in cancer pathways, with thyroid cancer being 
specifically associated with inbreeding. Thomsen et al. 
identified significantly higher inbreeding coefficients in 
thyroid cancer patients compared to controls based on 
genome-wide association studies data [72]. Similarly, 
Dutch German longhaired pointers with thyroid fol-
licular cell cancer exhibited an inbreeding coefficient 
reached 0.25 [73]. Furthermore, a substantial enrich-
ment of the MEblue module was observed in the hedge-
hog signaling pathway, which is intricately associated 
with elevated cancer incidence, malignant development, 
unfavorable prognosis, and even greater death rates [74]. 
Simultaneously, in evidence-based medicine, the hedge-
hog signaling pathway is acknowledged as a crucial cat-
alyst for cancer and malignancy when it deviates from 
regular expression [75]. Additionally, the MEblue mod-
ule was also notably enriched in the erbb signaling path-
way, where the overactivation or abnormal expression of 
receptors within the erbb family can result in unchecked 
cell growth, ultimately leading to cancer development 
[76]. In the gene interaction network diagram, YTHDC2 
exhibits the most significant score in the MEblue mod-
ule of this investigation. In addition, previous studies 
have shown that it is not only linked to the advancement 
of cancer in breast and colorectal malignancies [77, 78] 
but also increased in radiation-resistant nasopharyn-
geal carcinoma, hepatocellular carcinoma, glioblas-
toma, and prostate cancer tumors [79–83]. Besides, 
Yuan et al. identified YTHDC2 as a novel oncogene in 

gastric cancer through investigation utilizing the xeno-
graft tumor model [84]. Meanwhile, beyond YTHDC2, 
six additional genes (KMT2A [85, 86], COMMD10 [87], 
MCM9 [88], DHX15 [89], MED27 [90], PARP14 [91]) 
ranked among the top ten in the scores exhibit signifi-
cant expression patterns across various cancer types 
including breast, colorectal, liver, and gastric cancers. 
Among these genes, aberrant localization of KMT2A 
can result in a potent cancer-causing gene leading to 
highly aggressive acute leukemias [92], DHX15 may be 
an oncogenic gene in the development of Burkitt’s lym-
phoma [93], and MED27 gene has been shown to play an 
oncogenic role in breast and stomach cancer [94]. Col-
lectively, these analyses indicate an enrichment of cancer 
and inflammation-related pathways and genes in inbred 
Amur tiger. Nevertheless, it is crucial to note that given 
the limited sample size (n = 1 per condition in this study), 
the observed disparities in module enrichment and gene 
expression might reflect individual biological variability 
rather than a consistent impact of inbreeding.

Differences in cell communication between inbred and 
non-inbred individuals
Efficient intercellular communication serves as an indi-
cator of immune system homeostasis, with extreme 
variations in cell signaling strength potentially indicating 
immune dysregulation [95, 96]. By employing CellChat 
analysis, Huang et al. revealed that patients with Parkin-
son’s disease exhibited a reduction in overall communi-
cation volume accompanied by amplification in intensity, 
positing that the elevated intensity could offset the 
diminished quantity to reestablish physiological equilib-
rium [97]. Nevertheless, our results revealed that inbred 
individual exhibited an increased number of immune cell 
connections and a simultaneous reduction in the strength 
of these interactions. Based on the observed results, we 
conjecture that the immune system in inbred individual 
may be in a heightened state of activation, potentially as 
a response to persistent infections or underlying disease 
processes. This may lead to an increased recruitment of 
immune cells, and disease associated cells may engage 
mechanisms such as the expression of immune check-
point proteins or the secretion of immune suppressive 
factors, which could dampen specific aspects of intercel-
lular communication [98, 99]. Signaling pathways that 

(See figure on previous page.)
Fig. 4  WGCNA study of peripheral blood cells and differential in contacts between cells of inbred and non-inbred individuals in Amur tigers. A A total of 
13 gene co-expression modules were identified through the dendrogram of co-expression module clustering. B Heatmap of module trait relationships, 
with blue modules most associated with inbred individuals. C Results of KEGG enrichment analysis of genes within the blue module. D Blue module 
gene co-expression network in the scores of the top 30 nodes of the network, the darker the color the higher the score. E Plot of the strength of cellular 
communication between non-inbred and inbred individuals. F Bar charts showing significant signaling pathways ranked according to the difference in 
overall information flow between inbred and non-inbred intersections in the inferred network. The apical signaling pathway colored red is enriched in 
inbred individuals and the apical signaling pathway colored light blue is enriched in non-inbred individuals. The black signal pathway is not significant in 
both. G Dot plot of predicted interactions between inbred and non-inbred immune cell types, the p-value is represented by the size of the dot. The mean 
value of the average expression level of the interaction of each group of ligand pairs is represented by color
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were altered in inbred individual also indicated that it 
had an altered immune reaction. In the highly increased 
immune cell interaction route of individuals with inbred, 
the TGFb signaling pathway plays a crucial role in trig-
gering tumor EndMT (Endothelial-to-Mesenchymal 
Transition), and it has been shown in several types of 
cancer, including melanoma, esophageal cancer, colon 
cancer, and lung cancer [100–103]. Elevated levels of 
TGFb can impact the immune response and alter the 
tumor microenvironment, potentially facilitating disease 
progression [104]. Moreover, VISFATIN a pro-inflamma-
tory cytokine, serves as a serum biomarker and prognos-
tic factor for endometrial cancer [105]. Recently, Shi et al. 
discovered that the interaction between Nampt-Insr and 
Nampt-Itga5 / Itgb1 axis was strengthened in the VIS-
FATIN/Nampt signal transduction in mice infected with 
chronic hepatitis B virus [106]. At the same time, VIS-
FATIN and TGFb were found to be strongly associated 
with EndMT, potentially facilitating glioma angiogenesis 
through the promotion of the EndMT process [107].

Besides, APRIL (TNFSF13) is a constituent of the pro-
inflammatory and pro-apoptotic mediator TNF [108] and 
serves as a functional element for lymphatic malignan-
cies and immuno-related disorders, which can facilitate 
tumor proliferation and induce apoptosis [109]. Through 
its interaction with TACI (TNFRSF13B), APRIL has the 
potential to either preserve or improve the survival of 
leukemia cells, influencing the course of the illness and 
the prognosis of patients [110]. Concurrently, the inter-
actions between the APRIL and BCMA (TNFRSF17) axis 
are enhanced in hepatocellular carcinoma compared to 
normal liver tissue [111]. Furthermore, this study found 
a significant enhancement of the MIF-(CD74 + CD44) 
axis in inbred individual; MIF promoted the binding of 
CD44 to CD74 by increasing the expression of CD44 in 
cells, forming a signal transduction complex, resulting in 
the production of different splicing forms of CD44 v3/
v6 associated with tumors [112]. Therefore, the height-
ened activity of pro-inflammatory and pro-cancer sig-
naling pathways observed in inbred individual implies 
that it might be linked to the activation of inflammatory 
responses and cell damage processes. And the persistent 
activation of relevant signaling pathways might be further 
implicated in the establishment of chronic inflammatory 
states, thereby theoretically creating a microenvironment 
conducive to cancer development.

At the same time, the signaling pathways of both CD40 
and GALECTIN, which govern anti-tumor and immu-
nological activities, exhibited downregulation in inbred 
individual. Activation of CD40 stimulates fatty acid oxi-
dation (FAO) and glutamine metabolism, leading to 
ATP citrate lyase-dependent epigenetic reprogramming, 
which enhances the anti-tumor effects on macrophages 
[113]; GALECTIN can impact immunological activity 

and regulate both innate and adaptive immune cells 
through its interaction with glycans on the surface of 
immune cells [114]. Consequently, we believe that inbred 
individual may have a tendency to exhibit decreased 
immune response activity and impaired anti-tumor func-
tion, thus facing a higher risk of dysregulated inflamma-
tion and tumor development.

Limitations and prospects
The immune heterogeneity between inbred and non-
inbred individuals was investigated using single-cell tran-
scriptome technology in this study. The findings revealed 
that inbreeding exerts a detrimental impact on the 
immune system of the Amur tiger, which may increase 
the risk of inflammation and cancer in their offspring. 
However, there are still some limitations in this study. 
Firstly, in terms of sample selection, in order to control 
variable interference, we only included captive Amur 
tigers with different degrees of inbreeding that matched 
age and gender and had no history of antibiotic use in the 
past three months. Nevertheless, the number of captive 
individuals that met the above conditions was extremely 
limited, resulting in a small final sample size and insuf-
ficient biological repetition, which may affect the robust-
ness and universality of the statistical results. Secondly, 
although single-cell transcriptome sequencing and 
WGCNA analysis jointly suggest that the YTHDC2 gene 
plays a central role in inbreeding-related carcinogenic 
pathways, this study has not yet verified the functional 
level of the gene. The specific mechanism of YTHDC2 in 
the immune regulation and tumorigenesis of the Amur 
tiger remains to be further explored. In addition, this 
study mainly focused on the transcriptome characteris-
tics at the PBMC level and failed to integrate the data at 
the proteome or epigenetic level. Therefore, there is a cer-
tain gap in the association between gene expression and 
functional phenotype. At the same time, due to the dif-
ferences between the captive environment and wild habi-
tat, the potential effects of external factors such as diet, 
space, and behavior management on gene expression and 
inflammatory response have not been included in the 
analysis, which may limit the extrapolation of research 
conclusions to some extent. Accordingly, on the basis of 
expanding the sample size, future research should com-
bine experimental methods such as gene knockout and 
overexpression to explore the functional mechanism of 
key genes and pathways affected by inbreeding in tumori-
genesis, and further consider the impact of environmen-
tal variables on the health of Amur tigers.

In conclusion, we investigated the immune heteroge-
neity between inbred and non-inbred individuals, focus-
ing on cell quantity, gene expression levels, and pathway 
analysis. This work provides a database for finding effec-
tive ways to treat inbred Amur tiger diseases, contributes 
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to the healthy development of wild Amur tiger popula-
tions, and provides a new direction for research on other 
inbred wildlife in order to achieve harmonious develop-
ment of ecosystems. 
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