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E C O L O G Y

Aplf/Dna2 variants drive chromosomal fission and 
accelerate speciation in zokors
Na Wan1†, Qijiao Duan1†, Zhenyuan Cai2†, Zhanwu Zhu1,3†, JingOu Wang4†, Yonghui Tian3,  
Wei Shen1, Bowen Li1, Zhuoran Kuang1, Xiaolong Liang1, Sanyuan Liu1, Xuan An1, Xiaojie Yang1,  
Xi Liu1, Leyan Mao1, Jiaqi Chen1, Yinjia Wang1, Zhilong Feng1, Wenwen Liu5, Yueting Bu1,  
Eviatar Nevo6, Riccardo Papa7,8,9, Axel Meyer10,11,12, Jianquan Liu1*, Kexin Li1*

Chromosomal fissions and fusions are common, yet the molecular mechanisms and implications in speciation re-
main poorly understood. Here, we confirm a fission event in one zokor species through multiple-omics and func-
tional analyses. We traced this event to a mutation in a splicing enhancer of the DNA repair gene Aplf in the 
fission-bearing species, which caused exon skipping and produced a truncated protein that disrupted DNA repair. 
An intronic deletion in Dna2, known to facilitate neo-telomere formation when knocked out, reduced gene activ-
ity. These variants collectively drove chromosomal fission in this zokor species. The newly formed chromosome 
became fixed due to carrying essential genes and strong selective pressure. While geographic isolation likely initi-
ated the divergence of this species and the sister one, the fission event and associated decline at the chromosome 
level in gene flow probably exacerbated the speciation process. Our work elucidates the genetic basis of chromo-
somal fission and underscores its role in speciation dynamics.

INTRODUCTION
Chromosomal rearrangements, including fissions or fusions, are wide-
spread across the animal kingdom (1–7). These changes can be ob-
served from fishes (4) and reptiles (3) to birds (3, 8) to mice (9), and to 
some subterranean mammals such as blind mole rat (1), Fukomys (10), 
and Cryptomys (10). Chromosomal rearrangements have profoundly 
shaped species diversity by altering genomic architecture. However, 
mechanistic drivers of chromosomal fission and their effects on specia-
tion remain poorly understood.

Centric fission, the division of a chromosome at its centromere, 
is rare compared to fusion (11). The centromere, comprising a 
large tandem satellite repeat array, is inherently fragile and prone 
to DNA breaks (12). When double-strand breaks (DSBs) occur, 
and if DNA damage repair fails, telomerase adds telomeric repeats 
to DSBs, leading to interstitial telomeric repeat insertions that can 
serve as seeds for telomere addition (13) or formation of func-
tional neo-telomeres accompanied by terminal deletions (14). 
Aprataxin-and-pnk-like factor (Aplf) is crucial for DNA repair via 
nonhomologous end joining (NHEJ) (15), and it encodes a pro-
tein with two functional domains: a forkhead-associated (FHA) 
domain (exons 1  to 3) that interacts with DNA repair proteins 

x-ray repair cross complementing 4 (XRCC4) and x-ray repair 
cross complementing 1 (XRCC1) and two PAR-binding zinc fin-
ger (PBZ) domains (exons 7  to 9) that recruit APLF protein to 
damage sites (16). The truncation of either domain could impair 
NHEJ (17) and delay DSB repair, which may lead to neo-telomere 
formation (18). Suppressing DNA repair genes such as DNA rep-
lication helicase/nuclease 2 (Dna2) and exonuclease 1 (Exo1) was 
shown to enhance functional neo-telomere formation (14) and 
exacerbate chromosomal fission (8). While chromosomal fissions 
risk deleterious gene loss, their fixation depends on fitness effects, 
driven by selection advantages or genetic drift (19, 20). However, 
how these mutations interact with geographic isolation to catalyze 
speciation remains unclear (20).

Chromosomal fission and fusion may drive population divergence 
by inducing meiotic errors (e.g., aneuploidy and unsynapsed homo-
logs) that decrease hybrid fertility (21, 22). These mismatches can 
reduce recombination and amplify genomic divergence, potentially 
acting as one of the major reproductive barriers (5, 23). While theoreti-
cal models posit that suppressed gene flow near fission/fusion break-
points and/or fused chromosome(s) or neo-chromosomes accelerate 
interspecific differentiation (24, 25), empirical evidence remains con-
flicting: Some sibling species with distinct karyotypes interbreed 
frequently without total reproductive isolation, underscoring unre-
solved complexities in chromosomal speciation (26, 27). Here, we used 
zokors (subfamily Myospalacinae, family Spalacidae), subterranean ro-
dents endemic to North China (28), to address these questions. Their 
hypoxic burrow environments impose strong selective pressures on 
efficient DNA repair-a trait critical for mitigating oxidative damage 
(29, 30). Among zokors, Myospalax aspalax (2n = 62) and Myospalax 
psilurus (2n = 64) are sister species primarily distributed in different 
climatic regions (fig. S1A and data S1) yet with overlapping ranges, con-
trasting with the karyotypically distinct Myospalax myospalax (2n = 44) 
isolated in the Altai Mountains (31) (Fig. 1A). This divergence, coupled 
with their adaptation to hypoxia and variable karyotypes, positions 
M. aspalax and M. psilurus as an ideal model to dissect chromosomal 
speciation mechanisms.
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In this study, we integrated de novo chromosome-level assemblies, 
collinearity mapping, and three-dimensional (3D) genome analyses 
to pinpoint one chromosomal fission event in M. psilurus. Long-read 
sequencing and CRISPR-Cas9 editing reveal how splicing defects in 
Aplf and Dna2 deletions disrupt DNA repair, driving fission in this 
species. Population genomic data further clarify how reduced gene 
flow and selection facilitated fixation of this karyotype, linking chro-
mosomal rearrangement to reproductive isolation between it and the 
sister species in addition to geographic isolation.

RESULTS
De novo genome assembly and annotation
We constructed a phylogenetic tree for all nine Myospalacinae spe-
cies based on the cytochrome b gene, with Rhizomys sumatrensis 
as the outgroup, confirming M. psilurus and M. aspalax as sister 
species (Fig. 1B). To identify chromosomal rearrangements between 
the two sibling species, we conducted de novo genome assemblies 
using 83.87 and 96.01 Gb of PacBio HiFi reads (tables S1 to S3). Final 

genome assembly sizes for M. aspalax and M. psilurus were 3.02 Gb 
(mMyoAsp6.1) and 3.31 Gb (mMyoPsi5.1) (table S4), with heterozy-
gosity of 0.29 and 0.22%, respectively (fig. S1, B and C). The Contig 
N50 sizes were 37.95 and 23.28 Mb for M. aspalax and M. psilurus, 
respectively (table S4). Benchmarking Universal Single-Copy Ortho-
logs (BUSCO) analysis indicated 96.6 and 96.7% completeness for 
M. aspalax and M. psilurus, respectively (fig. S1D and tables S5 and 
S6). The genome-wide guanine-cytosine (GC) content for M. aspalax 
and M. psilurus was 41.49 and 41.72%, respectively (fig. S1E). Using 
high-throughput chromatin conformation (Hi-C) data (~103.13× 
for M. aspalax and ~92.28× for M. psilurus; tables S7 and S8), we an-
chored the contigs onto 31 and 32 pseudo-chromosomes, respec-
tively, consistent with previously reported karyotypes (fig. S1, F and 
G, and tables S9 and S10) (32).

We predicted 21,060 and 21,004 protein-coding genes for M. aspalax 
and M. psilurus respectively, supported by homology searches, tran-
scriptome evidence, and ab initio predictions. BUSCO analyses 
showed 92.4 and 92.6% completeness for the gene annotations 
(tables S11 and S12). Simple repeat sequences accounted for 8.65% 
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Fig. 1. Study species and chromosomal fission. (A) Distribution of M. aspalax, M. psilurus, and M. myospalax. Green and brown circles represent sample locations for 
M. aspalax and M. psilurus, respectively. Gray dots and gray lines shading, respectively, indicate the distribution of the three species based on published literature (31), with 
different color shades representing various climate types. (B) Phylogenetic tree showing the evolutionary relationships among all nine Myospalacinae species based on 
mitochondrial cytochrome b gene sequences. R. sumatrensis was used as the outgroup to root the tree. (C) Top: Chromosomal synteny analysis between the genomes of 
M. aspalax and M. psilurus. Notably, M. aspalax chromosome 1 (MaChr1) shows synteny with both chromosome 1 (MpChr1) and chromosome 32 of M. psilurus (MpChr32). 
Bottom: Syntenic blocks in the local fission region between MaChr1 and MpChr1 and MpChr32. MaChr1a corresponds to Chr1: 1 to 160 Mb of M. aspalax, while MaChr1b 
spans 160 to 193.8 Mb. The collinearity block between MaChr1 and MpChr32 revealed two inversions (green blocks) with breakpoints at 160 Mb (green arrow) and 169 Mb 
(red arrow). (D) Reconstructed ancestral chromosome segments for M. aspalax and M. psilurus. Each colored column represents a distinct protosegment, with the numbers 
below indicating the corresponding ancestral chromosome. (E) Distribution of ancestral chromosome segments in the genome of M. aspalax, showing that segments 
derived from proto-chromosome 1 were retained on chromosome 1. (F) Distribution of ancestral chromosome segments in the genome of M. psilurus, where segments 
originating from proto-chromosome 1 were dispersed across chromosomes 1 and 32. (G) Schematic representation showing that chromosomes 1 and 32 in M. psilurus 
originated from a centromeric fission event, while chromosome 1 in M. aspalax retained the ancestral state. The blue circle represents centromeres, and the blue and green 
triangles indicate centromere and telomere repeat units at the centromere.
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(261.87 Mb) of the M. aspalax genome and 18.47% (611.84 Mb) of 
the M. psilurus genome (tables S13 and S14), contributing to the 
larger genome size of the M. psilurus. Notably, the proportion of 
telomeric sequences in M. psilurus (216.13 Mb, 6.52%) was substan-
tially higher than in M. aspalax (56.78 Mb, 1.87%). In addition, 
transposable elements (TEs) constituted 47.59% of the M. aspalax 
genome and 43.57% of the M. psilurus genome, including 466.76 Mb 
(15.41%) and 425.93 Mb (12.86%) of long interspersed nuclear 
elements in M. aspalax and M. psilurus, respectively, 461.38 Mb 
(15.23%) and 420.74 Mb (12.70%) of short interspersed nuclear ele-
ments, 438.52 Mb (14.48%) and 530.40 Mb (16.01%) of long termi-
nal repeat retrotransposons (LTR-RTs) and 74.78 Mb (2.47%) and 
66.46 Mb (2.01%) of DNA transposons (tables S13 and S14).

Chromosome synteny analysis and identification of 
chromosomal fission
Chromosome synteny analysis indicated collinearity between chro-
mosome 1 of M. aspalax (MaChr1) and chromosomes 1 and 32 
of M. psilurus (MpChr1 and MpChr32) (Fig. 1C). To determine 
whether it is a fission event in M. psilurus or a fusion event in 
M. aspalax, we reconstructed the ancestral karyotype of the two spe-
cies taking Eospalax fontanierii (a closely related species belonging 
to the same subfamily Myospalacinae but a different genus) as an 
outgroup and obtained 31 (2n = 62) proto-chromosomes (Fig. 1D). 
Proto-chromosome 1 segments mapped to MpChr1 and MpChr32 
but only to MaChr1, indicating a fission event in M. psilurus (Fig. 1, 
E and F). To confirm this fission event, we aligned M. aspalax and 
M. psilurus with four outgroup species: E. fontanierii, Eospalax cansus, 
Spalax carmeli (a species from the same family Spalacidae but a dif-
ferent subfamily, Spalacinae), and Rattus norvegicus (a species from 
the same order Rodentia but a different family, Muridae). A phylo-
genetic tree clearly illustrates the relationships among these species 
(fig. S2A). Regardless of the alignments with closely related out-
groups or distant outgroups, MaChr1 exhibited continuous synteny 
with outgroups, without any indications of breakage (fig. S2B) (33). 
This further confirmed that the chromosomal fission occurred in 
the ancestral lineage leading to MpChr1 and MpChr32 (Fig. 1G).

Centric fission and ancestral ITS
To find out the precise breakpoint, we performed chromatin immu-
noprecipitation sequencing (ChIP-Seq) analysis to map the centro-
meres of MaChr1, MpChr1, and MpChr32 (table S15). The results 
revealed peak enrichments at ~169 to 171.5 Mb on MaChr1 and near 
the terminal region of MpChr1 and MpChr32, suggesting a centric 
fission event (fig. S2, C to E). Based on the unexpected bias clustered 
substitutions (UBCS) analysis of weak-to-strong (AT→GC) substi-
tutions (34) flanking the fission breakpoints in both M. aspalax and 
M. psilurus, we estimated that the chromosomal fission event oc-
curred approximately 1.12 million years ago (fig. S2F). The telomere 
repeat unit (TTAGGG)n was enriched at two distinct genomic loca-
tions: (1) near the 169 Mb position of MaChr1, and (2) at the termi-
nal regions of MpChr1 and MpChr32 (fig. S2G). The exceptionally 
large interstitial telomeric sequence (ITS) near the 169-Mb position 
on MaChr1 spanned ~2.7 Mb (fig. S2G). Intriguingly, the location of 
the ITS was conserved across eight Myospalacinae species (Fig. 2A), 
indicating inheritance from a common ancestor of both genera. 
However, diversified nonsyntenic regions around the ITS suggest 
that it is a rearrangement hotspot (Fig. 2A).

Aplf gene disruption, causal mechanism, and DNA 
repair deficiency
The break at the fission breakpoint was observed in eight Myospalaci-
nae species (Fig. 2A), with successful reconnection occurring in sev-
en species except for M. psilurus, which experienced a fission event. 
To investigate the specific failure of reconnection in M. psilurus, we 
adopted a multi-omics approach. First, we conducted differential 
gene expression analysis using bulk RNA sequencing (bulk RNA-seq) 
(table S16), identifying 3933 genes with significant expression differ-
ences between M. psilurus and M. aspalax [log2(fold change) > 1 and 
adjusted P value < 0.005; fig. S3, A and B]. Of these, 87 and 47 genes 
showed consistent up- and down-regulation across multiple tissues 
(lung, heart, muscle, and liver) in M. psilurus (fig. S3, A and B). The 
up-regulated genes were significantly enriched in pathways such as 
DNA repair and homologous chromosome segregation, whereas the 
down-regulated genes were predominantly associated with nonsense-
mediated decay and translation processes (fig. S3C). Among these, 
five genes—Aplf, synaptonemal complex protein 1 (Sycp1), synapto-
nemal complex protein 3 (Sycp3), testis-expressed 15 (Tex15), and 
ring finger protein 169 (Rnf169)—linked to DNA damage repair were 
significantly up-regulated in M. psilurus than M. aspalax (Fig. 2B and 
fig. S3C, D). Second, we performed alternative splicing analysis using 
isoform sequencing data (table S17), revealing 6,157 genes with dis-
tinct splicing patterns in M. psilurus. When intersecting the five genes 
exhibiting differential expression and genes with alternative splicing, 
only Aplf and Tex15 remain. Third, a transcriptome-wide survey of 
gene loss events based on isoform sequencing data uncovered 270 
pseudogenes in M. psilurus and 239 in M. aspalax. By integrating 
these datasets—differential expression, splicing variation, and gene 
loss—we identified Aplf, a gene involved in DNA damage repair, as 
a standout candidate for further investigation. Aplf showed two iso-
forms: isoform 1 containing all 10 exons and isoform 2 with 9 exons 
due to exon 6 skipping (Aplf∆exon 6). Only complete isoform 1 was 
observed in M. aspalax (Fig. 2C).

The presence of the Aplf ∆exon 6 transcript in M. psilurus, absent in 
M. aspalax, was confirmed by reverse transcription polymerase chain 
reaction (RT-PCR) in multiple individuals, generating two PCR prod-
ucts of different lengths (Fig. 2D). To investigate the cause of the exon 6 
skipping splicing in the Aplf gene of M. psilurus, we analyzed splicing 
regulatory elements for exon 6 and identified a single-nucleotide muta-
tion of c.121C>T from M. aspalax to M. psilurus. This mutation disrupts 
an exonic splicing enhancer (ESE) motif (CAGCAGA>CAGTAGA) 
that binds with splicing factor serine and arginine rich splicing factor 2 
(SRSF2) protein (Fig. 2E), leading to the observed alternative splicing. 
Notably, this mutation is unique to M. psilurus among the 173 individu-
als from the eight Myospalacinae species we examined (fig. S3E). To 
validate the role of this mutation in mediating exon 6 skipping, we per-
formed minigenes splicing assay, which contains two cassette exons (SD 
and SA) within an expression system (Fig. 2F). Results from both hu-
man embryonic kidney 293T (HEK293T) cells and HeLa indicated that 
transfection of exon 6 c.121C plasmid produced a complete transcript 
with exonSD, inserted exon 6, and exonSA, whereas transfection of 
exon 6 c.121C>T plasmid additionally generated an exon 6-excluded 
transcript similar to empty vector (Fig. 2G). In addition, we estimated 
the fixation time of the site mutation in Aplf, and it was ~1.87 million 
years ago (see Materials and Methods).

Moreover, the abnormal transcript accounted for 50% or more of 
the total gene expression in four tissues of M. psilurus, especially in 
the heart (Fig. 2H). The exon 6 skipping in Aplf caused a frameshift 
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mutation, introducing a premature termination codon (PTC) of 
TAA in exon 7 (Fig. 2C). This PTC resulted in the absence of PBZ 
domains in the Aplf protein of M. psilurus (Fig. 2I). To assess wheth-
er Aplf gene disruption affected DNA damage repair, we used 
CRISPR-Cas9 to knock out the Aplf gene with single guide RNAs 
(sgRNAs) targeting exon7 to truncate the PBZ domain of the APLF 
protein in mouse embryonic fibroblasts. DNA damage–induced as-
say indicated that under equal treatment times, there were more 
γH2AX signals in the knockout cells compared to the wild-type 
cells, indicating a potential functional deficiency of Aplf due to the 
PTC-induced truncation in M. psilurus (Fig. 2J).

Genomic structural variation and neo-telomere formation
Deficiencies in Atr, Dna2, and Exo1 have been linked to neo-telomere 
formation (14). To investigate the formation of functional terminal 

neo-telomere at the broken ends in M. psilurus, we focused on struc-
tural variants (SVs) that might disrupt genes involved in telomerase 
activity, thereby promoting the addition of TTAGGG repeats at 
DSBs. Using long-read DNA sequencing from two individuals of 
M. aspalax, three individuals of M. psilurus, and integrating 17 pre-
viously published long-read sequencing data from six Eospalax spe-
cies (table S18), we identified 68,679 SVs larger than 50 base pair 
(bp), among which, 868 were specific to and fixed in M. psilurus. We 
annotated the genes closest to these SVs and identified 118 genes, 
which are enriched in DSB repair, DNA damage response, and heart 
morphogenesis (fig. S3F). Notably, 15 of these genes showed signifi-
cant enrichment in DSB repair (Fisher’s exact test: P-value = 0.00182). 
Among these 15, Fanconi-associated nuclease 1 (Fan1), Dna2, and 
minichromosome maintenance domain containing 2 (Mcmdc2) 
emerged as prime candidates due to their critical roles in maintaining 

Fig. 2. Aplf gene disruption and DNA repair deficiency in M. psilurus. (A) Left: Phylogenetic tree of eight Myospalacinae species. Middle: Collinearity between M. aspalax and the 
other seven Myospalacinae species around the fission breakpoint. Right: Species names and corresponding karyotype numbers. Green blocks indicate frequent rearrangement 
regions of the eight Myospalacinae species, and red arrows mark large (~2.7 Mb) interstitial telomeric sequence; red stars indicate ancestral karyotypes. (B) Aplf expression is sig-
nificantly up-regulated in the lung, heart, flesh and liver of M. psilurus compared to M. aspalax. (C) Full-length transcriptome analysis shows alternative splicing in M. psilurus, resulting 
in exon 6 skipping due to the c.121C>T mutation, generating an aberrant isoform (isoform 2) alongside the normal isoform (isoform 1), whereas M. aspalax and Eospalax species 
express only isoform 1. (D) PCR validation reveals a 672-bp product for exon 6 inclusion and a 366-bp product for exclusion, with β-actin as the control. (E) c.121C>T mutation dis-
rupts a predicted ESE. Regulatory factors SRSF6 (orange), SRSF5 (yellow), and SRSF2 (green) are indicated. (F) Schematic of the in vitro minigene assay: exon 6-inclusion transcripts 
(top) and exon 6-exclusion transcripts (bottom). Arrows indicate PCR primer positions. (G) Minigene PCR products in HeLa and HEK293T cells: lanes show marker; NC, empty vector; 
plasmids with wild-type (c.121C) and mutant (c.121C>T) genotypes. (H) Proportion of transcripts with exon 6 skipping among all transcripts of the Aplf gene in four tissues. (I) Dia-
gram of APLF protein domains: FHA (green) and two PBZ (blue) domains. A premature TAA codon between FHA and PBZ results in loss of PBZ domains in M. psilurus. (J) Western blot 
of γH2AX expression in Aplf knockout (Aplf−/−) versus control cells (NC) after DNA damage treatment at 0, 10, 30, and 90 min. β-Actin is the loading control. Statistical significance is 
indicated as *P < 0.05, **P < 0.01, and ***P < 0.001. SNP, single-nucleotide polymorphism; WT, wild type; FPKM, fragments per kilobase of transcript per million mapped reads.
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genomic integrity (Fig. 3, A and D, and figs. S4 and S5A). We veri-
fied these deletions in 173 zokor individuals from eight species of 
subfamily Myospalacinae (14 M. psilurus and 13 M. aspalax indi-
viduals from the genus Myospalax and 146 individuals across six 
Eospalax species from previous studies), confirming that they were 
specific and fixed in M. psilurus (Fig. 3, B and E; fig. S5B; and table S19). 
To confirm the functional impact of these deletions, we conducted 
dual luciferase reporter assays (DLRA) on a 1129-bp deletion in Dna2, 
a 2459-bp deletion in Fan1, and a 731-bp deletion in Mcmdc2. These 
deletions resulted in a significant reduction in luciferase activity, in-
dicating a potential decrease in the activity of these genes (Fig. 3, C 
and F, and fig. S5C).

Reduced intrachromatin interaction and fission
To explore the potential impact of chromatin interactions on chromo-
somal fission, we aligned the Hi-C reads of M. psilurus against the 
M. aspalax genome. The normalized contact maps for MaChr1 sug-
gested two distinct interaction blocks with strong contacts within each 

block but weak interactions between the blocks (fig. S5D). In addition, 
we found significantly fewer intrachromosomal interactions within 
MaChr1 (between MaChr1a and MaChr1b; MaChr1a: Chr1: 1 to 
160 Mb of M. aspalax, MaChr1b: Chr1: 160 to 193.8 Mb of M. aspalax) 
compared to interchromosomal interaction (between MaChr1a or 
MaChr1b and other nonfissioned chromosomes) (Fig. 3G).

Fixation of the chromosomal fission
The broken terminal segment of MaChr1 remained intact and formed 
a small chromosome (MpChr32) in M. psilurus instead of being lost 
after the fission event. To understand why it was retained, we examined 
its gene composition and identified 253 functional genes on Chr32, 
which exhibited higher gene density (mean: 0.869 per 50-kb window) 
than the entire genome (mean: 0.846 per 50-kb window). Notably, 
MpChr32 harbored key genes including housekeeping gene actin beta 
(Actb) and the hypoxia adaptive gene Egl-9 family hypoxia inducible 
factor 1 (Egln1). To investigate how the chromosomal fission became 
fixed in M. psilurus, we investigated selective signals of M. psilurus for 
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Fig. 3. Genomic structural variation of Fan1 and Dna2 in M. psilurus. (A) Schematic exhibiting a 1129-bp intronic deletion in Dna2 gene of M. psilurus. (B) Frequency 
of the Dna2 intronic deletion across 173 Myospalacinae individuals. All 14 M. psilurus individuals exhibited the homozygous deletion, while it was absent in 159 individu-
als of M. aspalax and six Eospalax species. (C) Functional testing of the Dna2 intronic deletion using a DLRA in HEK293T cells, demonstrating decreased regulatory activity. 
The pGL3-basic and pGL3-enhancer plasmids served as negative (Con-N) and positive controls (Con-P), respectively. (D) A 2459-bp intronic deletion in the Fan1 gene in 
M. psilurus. (E) Frequency of the Fan1 intronic deletion across 173 individuals, indicating its fixation in M. psilurus. (F) Functional testing of the Fan1 deletion using DLRA, 
showing decreased gene activity in M. psilurus. (G) Normalized chromatin contact counts between MaChr1a and MaChr1b, between MaChr1a and other nonfissioned 
chromosomes, and between MaChr1b and other nonfissioned chromosomes. Intrachromosomal interactions within MaChr1 (between MaChr1a and MaChr1b) are sig-
nificantly fewer than interchromosomal interactions (between MaChr1a or MaChr1b and other nonfissioned chromosomes). (H) Selective signals of fissioned chromo-
some compared to other nonfissioned chromosomes in M. psilurus. Chr1a: Chr1: 1 to 160 Mb of M. aspalax; Chr1b: 160 to 193.8 Mb of M. aspalax. ***P < 0.001, **P < 0.01, 
and *P < 0.05.



Wan et al., Sci. Adv. 11, eadt2282 (2025)     5 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 15

fissioned and nonfissioned chromosomes. Single-nucleotide polymor-
phisms (SNPs) with normalized cross-population number of segregat-
ing sites by length (XPNSL) value > 2 (see Materials and Methods) 
defined as positively selected sites in M. psilurus while normalized 
XPNSL value < −2 as positively selected sites in M. aspalax. The result 
suggested a higher density of selected SNPs in M. psilurus on MaChr1b 
region (homologous to MpChr32, 6.82 per 100-kb window) compared 
to other chromosomes (0.44 per 100-kb window) (Fig. 3H). In addi-
tion, we analyzed the selection timeline of all the M. psilurus–selective 
SNPs on the MaChr1b region and found that selection occurred from 
~3.39 to 0.66 million years ago (fig. S5, E and F).

Effects of fission on speciation
To assess the impact of chromosomal fission on speciation, we exam-
ined population differentiation (FST, Dxy), genetic admixture, and 
recombination rate between two species in local genomic regions 
surrounding the fission breakpoint (± 1.5 Mb) and in nonfissioned 
chromosomes, respectively. Neither a reduction in genetic admixture 
(mean: 0.147 versus 0.100; Fig. 4A) nor a significant decrease in recom-
bination rate (mean: 0.1419 versus 0.1426, Wilcoxon test: P value = 
0.06709; fig. S5G) was detected around the fission breakpoint compared 
to nonfissioned chromosomes. Similarly, no increase in Dxy (mean: 
0.391 versus 0.431; fig.  S5H) or FST (mean: 0.459 versus 0.500; 
Fig.  4B) was observed near the fission breakpoint. However, when 
comparing the entire fissioned chromosome to all other chromo-
somes, we found significantly higher differentiation (FST: mean: 0.529 
versus 0.500, Wilcoxon test: P value < 2.2 × 10−16; Fig. 4B; Dxy: mean: 
0.446 versus 0.431, Wilcoxon test: P value < 2.2 × 10−16; fig. S5H), 
along with significantly lower genetic admixture (mean: 0.086 versus 

0.100, Wilcoxon test: P value < 2.2 × 10−16; Fig. 4A) and recombina-
tion rates (mean: 0.1415 versus 0.1426, Wilcoxon test: P value < 2.2 × 
10−16; fig. S5G).

Demographic history contributing to population divergence
To assess the roles of geographic barriers and the fission event in the 
speciation of sister species, we examined the demographic histories of 
the fission-bearing M. psilurus and its sister species, M. aspalax. Our 
results indicate that they diverged ~2.8 million years ago [95% confi-
dence interval (CI) at 2.37 to 4.59 million years ago] (Fig. 5A). No gene 
flow was detected during the early stages of divergence; however, re-
cent gene flow has occurred between the two species (Fig. 5A) despite 
their karyotypic differences. This suggests that speciation began with 
geographic isolation, followed by secondary contact that facilitated 
gene flow. STRUCTURE analysis indicated individuals with minor ge-
netic traces from the other species (fig. S5I), supporting the possibility 
of introgression, consistent with their overlapping habitats (Fig. 1A) 
and the limited gene flow observed (Fig. 5A). Although both species 
experienced reduced effective population sizes (Ne) during past glacia-
tion events, they displayed different demographic trajectories (Fig. 5B), 
likely due to their contrasting distribution ranges (Fig. 1).

DISCUSSION
Chromosomal fissions and fusions, although widespread across spe-
cies, remain mechanistically enigmatic, with their evolutionary impli-
cations in speciation poorly resolved (35). While the mechanisms of 
chromosomal fusion have been studied extensively, those of chromo-
somal fission remain largely unexplored. Our study bridges this gap by 
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identifying key genetic drivers of fission and its interplaying with geo-
graphic isolation in speciation dynamics of one zokor species.

Genetic drivers of fission and neo-telomere formation
ITS likely acted as a fragile chromosomal breakage site (14). In 
M. psilurus, a single-nucleotide mutation disrupted an ESE in Aplf, gen-
erating an alternative splice variant that coexists with the wild-type 
transcript (36, 37). This splicing defect introduced a frameshift muta-
tion and PTC in exon 7, truncating the PBZ domain essential for 
recruiting DNA repair proteins to DSBs (38). Consequently, Aplf dys-
function impaired DSB repair (17), as confirmed by cellular assays 
(Fig. 2J), consistent with elevated Aplf expression in M. psilurus (Fig. 2, 
B and C)—a compensatory response to chronic DNA damage possi-
bly due to a mixture of normal and abnormal transcripts. Although 
the truncated transcript leading to DNA repair failure has been vali-
dated at the cellular level, further confirmation of the entire process—
incorporating both the normal and abnormal transcripts—through 
gene editing in mice could provide more definitive evidence.

Failed DSB repair can lead to the formation of neo-chromosomes, 
facilitated by the acquisition of functional neo-telomeres (39, 40). 
Telomeric repeats can act as seed sequences inducing the formation 
of functional neo-telomeres at previously interstitial sites (14, 41, 42). 
In M. psilurus, the ITS not only predisposed the chromosome to 
breaks but also provided telomeric repeats that initiated neo-telomere 
formation (43). Notably, we detected a large intronic SV deletion in 
the gene Dna2, which reduced its activity in M. psilurus. Dna2 is crit-
ical for homology-directed repair (44) and its SV likely amplifies this 
process, consistent with previous findings that Dna2 knockdown in-
creases neo-telomere formation (14). We also identified SVs in other 
genes likely involved in neo-telomere formation in M. psilurus, such 
as Fan1 and Mcmdc2, which also affected their gene activity. Fan1 has 
been reported to compensate for Exo1 in telomere dynamics (45), 
while Mcmdc2 plays a crucial role in meiotic DSB repair through ho-
mologous recombination (46). The precise mechanisms of these SVs 
in the neo-chromosome formation of M. psilurus require further in-
vestigation. In addition, if telomerase generates a functional telomere 
at a DSB, then the small chromosomal segment distal to the break is 

more likely to be lost (14). In the case of M. psilurus, the newly origi-
nated small chromosome-Mpchr32–harbored vital genes, and its loss 
may be lethal to animals. In addition, strong selection signals were 
found in Mpchr32 (Fig. 3H); this suggests that the fission is adaptive, 
potentially facilitating its spread and fixation (20).

Chromosomal fission and speciation dynamics
Genomic studies on the effects of chromosomal number variations 
on gene flow have historically faced limitations due to challenges in 
obtaining high-quality chromosome-level genome assemblies in 
nonmodel systems, accurately identifying fusion and fission break-
points, and lacking genomic evidence for gene flow between ances-
tral chromosomes and neo-chromosomes (24). In this study, the 
two high-quality chromosome-level genome assemblies of sister 
zokor species enabled precise identification of chromosomal num-
ber variations and breakpoints. The reconstruction of ancestral 
karyotypes and synteny analysis provided solid evidence for a fis-
sion event in M. psilurus compared with M. aspalax. Our assessment 
of the impact of chromosomal fission on speciation revealed no evi-
dence of reduced recombination or genetic admixture near the fis-
sion breakpoint. However, we observed decreased genetic admixture 
and elevated genetic differentiation at the chromosomal level be-
tween the ancestral chromosome and the two neo-chromosomes 
when compared with other intact chromosomes. This suggests that 
chromosomal fissions and fusions may drive population divergence 
by inducing meiotic errors through aneuploidy and unsynapsed ho-
mologs, which can reduce hybrid fertility (21, 22).

Despite the karyotypic difference, complete reproductive isolation 
between the two zokor species has not occurred, as we detected recent 
gene flow between M. psilurus and M. aspalax when their distribution 
ranges overlapped. No gene flow was detected during the initial stages 
of divergence (Fig. 5A), indicating that geographic isolation likely ac-
companied this early divergence, while secondary contact in distribu-
tional ranges of the two species led to recent gene flow. Our results 
suggested that the chromosomal fission occurred after the initial 
divergence, which may have contributed to the later gene flow bar-
riers. Thus, while early geographic isolation was a primary driver of 
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divergence between these species, the fission event may have acceler-
ated the latter process. In the absence of geographic isolation, chromo-
somal fissions could also become fixed because of the positive selection 
(Fig. 3 and fig. S5, E and F) and impede gene flow, similarly leading to 
speciation but over a longer timeframe. Overall, by integrating com-
parative genomics, functional assays, and population analyses, this 
study delineates a mechanism for chromosomal fission involving Aplf 
splicing defects and Dna2 dysregulation in one zokor species (Fig. 6) 
and its potential role in speciation, which aligns with the sequence of 
events inferred from time estimates. Our findings highlight the syner-
gistic roles of geographic isolation and chromosomal fission in spe-
ciation dynamics of zokors. Future studies should explore whether 
similar mechanisms underpin fission in diverse taxa, particularly in 
contexts of environmental stress and adaptive radiation.

MATERIALS AND METHODS
Sample collection and DNA sequencing
All procedures applied in sample collection and animal experiments 
were reviewed and approved by Institutional Ethics Committee of the 
College of Ecology, Lanzhou University (approval no. EAF2020003). 
A total of 27 individuals from two species were collected in China’s 
Inner Mongolia Autonomous Region and Hebei Province in 2020, 
which included 14 M. psilurus and 13 M. aspalax individuals. The col-
lection sites were spaced at least 25 km apart between any two indi-
viduals. Latitude and longitude coordinates were recorded for each 
site, and 19 climate variables were retrieved for each site from World-
Clim historical climate data (data S1). Live-captured animals were 
anesthetized using 2% α-chloralose and 10% urethane (8 ml/kg), after 
which tissue samples were collected and immediately preserved in liq-
uid nitrogen. These flesh tissue samples were used for DNA extraction 
and next-generation resequencing across all the individuals (table S1). 
In addition, high–molecular weight DNA was extracted from flesh 

tissues of one male M. aspalax individual and one female M. psilurus 
individual for PacBio HiFi sequencing, enabling de novo genome as-
sembly of each species. In parallel, long-read DNA sequencing was 
performed on flesh tissue samples from two M. aspalax individuals 
and three M. psilurus individuals to identify SVs (table S1). Principal 
components analysis of the 19 climatic variables across the species’ dis-
tribution areas was performed using the prcomp package in R (47).

Estimation of genome size
To estimate the genome size, Jellyfish v2.2.0 (48) was used to gener-
ate a 21-nucleotide oligomer frequency distribution (-m 21) based 
on ~50× next-generation resequencing data (table S19) from the 
same individual used for the PacBio HiFi sequencing. Genome size 
and heterozygosity for the two species were then estimated using 
genome characteristics estimator (GCE) v1.0.2 (https://github.com/
fanagislab/GCE) based on the K-mer frequency distribution.

Draft genome assembly for the two species
The draft genomes of M. aspalax and M. psilurus were assembled using 
HiFi reads (tables S3 and S4). Raw sequencing data were obtained from 
the PacBio Sequel II platform and preprocessed with SMARTlink 
v9.0 (www.pacb.com/support/software-downloads) to obtain sub-
read sequences using the following parameters: minimum subread 
length = 50, maximum subread length = 50,000, minimum number 
of passes = 3, and minimum predicted accuracy = 0.99. CCS v6.3.0 
(https://github.com/PacificBiosciences/ccs) was then used to correct 
subreads sequences with default parameters, generating long (~12 kb) 
and highly accurate (>99%) HiFi reads. The HiFi reads in binary 
alignment/map (BAM) format were converted to FASTQ format 
using the BAM2fastx tool (https://github.com/PacificBiosciences/
bam2fastx). HiFiasm v0.16.1 (49) was subsequently used to assemble 
the HiFi reads with default parameters. The completeness of the 
two draft genome assemblies was assessed using BUSCO (50) v4.1.4 

Fig. 6. Schematic summary of our findings. A point mutation in the splicing enhancer of the Aplf gene induces alternative splicing, producing a truncated transcript 
with a premature stop codon. This truncation likely impairs DNA repair functionality. In addition, a deletion in Dna2 reduces its activity, which may facilitate telomerase 
accumulation at chromosomal breakage sites. The presence of an ITS at the breakpoint serves as a primer for telomere formation, promoting neo-telomere establishment 
and, consequently, chromosomal fission. These two species experienced early geographic isolation and the fission event occurred during secondary contact.
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http://www.pacb.com/support/software-downloads
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https://github.com/PacificBiosciences/bam2fastx
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with the mammalia_odb10 database. In addition, genome sizes, GC 
content, and N50 values for two draft genome assemblies were esti-
mated with QUAST v5.2.0 (51).

Chromosomal-level assembly for two species using 
Hi-C technology
Raw Hi-C reads were filtered using fastp v0.20.1 (52) to remove 
adapter sequences and low-quality reads (tables S7 and S8). Based on 
~300 Gb of Hi-C reads, valid Hi-C pairs for M. aspalax and M. psilurus 
were obtained by aligning the reads to their respective draft genomes us-
ing Burrows-Wheeler Aligner (BWA) v0.7.17 (53). The Juicer v1.6 
pipeline (54) was applied to identify valid chromatin interactions, which 
were subsequently used to anchor contigs to pseudo-chromosomes using 
the 3D DNA v18.9.22 pipeline (55) with default parameters. Last, contig 
misassemblies and scaffold misjoins were manually corrected with Juice-
box v2.13.07 (56) based on chromatin interaction densities, resulting in the 
final high-quality chromosome-level assemblies.

Repeat annotation
We used a combination of de novo and homology-based approaches 
to identify repetitive sequences in the M. aspalax and M. psilurus 
genomes. For de novo prediction, RepeatModeler v1.0.11 (57) was 
used to construct a repeat library for each genome. This was fol-
lowed by RepeatMasker v4.0.7 (58), which searched for repeats us-
ing both the Repbase library (v20181026) and the self-trained repeat 
databases. In addition, RepeatProteinMask (a tool within Repeat-
Masker package) was applied to annotate repeats based on the TE 
protein database. Tandem repeats were further annotated using 
Tandem Repeat Finder v4.0.9 (59). After validating the genome 
coordinates, we generated a final nonredundant annotation of the 
repetitive sequences.

LTR annotation
LTR-RTs were first identified using LTR_FINDER v1.06 (60). To en-
hance the prediction of LTR-RTs in each genome, LTRharvest v1.5.10 
(61) was subsequently used. Last, LTR_retriever v1.9 (62) was used 
to integrate the results from LTR_FINDER and LTRharvest, filtering 
out false positives to ensure accurate LTR-RT annotations.

Gene prediction and annotation
We used a combination of transcriptome-based, homology-based, 
and ab  initio approaches to predict protein-coding genes in the 
M. aspalax and M. psilurus genomes. For transcriptome-based pre-
diction, HISAT v2.0.4 (63) and StringTie v1.2.3 (64) were used for 
reference-guided RNA transcript assembly. Candidate protein-
coding regions within the assembled transcripts were identified using 
TransDecoder v2.0 (https://github.com/TransDecoder/TransDecoder). 
In addition, de novo assembled transcripts generated by Trinity v2.5.1 
(65) were aligned to the genome assemblies for gene prediction using 
PASA v2.0.2 (66).

For ab initio prediction, BUSCO v4.1.4 (50) was initially used to 
train a species-specific gene prediction model for each species based 
on the mammalia_odb10 database. Following this, AUGUSTUS 
v2.5.5 (67) was used to predict genes using both the species-trained 
model and the human model from the database, ensuring compre-
hensive gene prediction.

For homology-based gene prediction, genome sequences and an-
notations from seven species—Mus Musculus (GCA_000001635.9), 
Rattus rattus (GCA_011064425.1), Mesocricetus auratus (GCF_ 

017639785.1), Cricetulus griseus (GCF_000223135.1), Spalax galili 
(GCA_000622305.1), Rhizomys pruinosus (GCA_009823505.1) 
and E. fontanierii (GCA_035773235.1)—were downloaded from 
National Center for Biotechnology Information (NCBI). GeMoMa 
v1.3.1 (68) was applied to infer protein-coding genes based on these 
related species. In addition, Exonerate v2.4.0 (www.animalgenome.
org/bioinfo/resources/manuals/exonerate) was used to align the as-
sembled genomes with high-quality homologous proteins from the 
UniProt database (www.uniprot.org), aiding in gene prediction.

All evidence from transcriptome-based, homology-based, and 
ab initio approaches were integrated using EVidenceMolder v1.1.1 
(66) pipeline to generate a final consensus gene set. Last, untrans-
lated region annotations and spliced isoforms were incorporated us-
ing PASA v2.0.2 (https://github.com/PASApipeline/PASApipeline). 
Gene symbols for the annotated genes were assigned by aligning the 
predicted proteins with the SwissProt database (www.uniprot.org).

Constructing phylogenetic trees using cytochrome b gene
We performed next-generation sequencing on M. myospalax flesh 
tissue (table S20). After assembling and annotating mitochondrial ge-
nomes using MitoHiFi v3.2.1 (https://github.com/marcelauliano/
MitoHiFi), we extracted cytochrome b gene sequences from M. aspalax, 
M. psilurus, and other six Eospalax species using gffread (http://ccb.
jhu.edu/software/stringtie/gff.shtml#gffread). The cytochrome b 
gene sequences of R. sumatrensis (GenBank accession number: NC_ 
039104.1, nucleotide position: 14,148 to 15,287) obtained from the 
NCBI database were used as the outgroup for phylogenetic analysis. 
We aligned the clean reads [filtered by fastp v0.20.1 (52)] to the cyto-
chrome b gene sequence of M. aspalax using BWA v0.7.17 (53). The 
cytochrome b consensus sequence for M. myospalax was generated 
from the BAM file using ANGSD v0.940 (69). Last, the cytochrome 
b gene sequences of the 10 species were input into MEGA v11 (70) to 
construct a neighbor-joining (NJ) tree.

Genome collinearity
Using the M. aspalax genome as a reference, we performed pairwise 
alignments with the M. psilurus genome and six other Eospalax spe-
cies (E. baileyi, E. smithi, E. cansus, E. rufescens, E. rothschildii, and 
E. fontanierii). The alignments were generated using Mummer v4.0.0 
(71) with default parameters, and those shorter than 8 kb were fil-
tered out. JCVI v1.2.7 (72) was then used to visualize the collinear 
blocks through dot plots and synteny plots. In addition, based on 
the dot plots, we adjusted the positive and negative strands, using 
M. aspalax as the reference, to improve the synteny plot visualization.

WGDI analysis and ancestral karyotype reconstruction
E. fontanierii, E. cansus, Spalax carmeli, and R. norvegicus were se-
lected as outgroup species. After obtaining the longest transcripts of 
each gene for the four outgroup species and the two study species, 
Diamond v2.0.13 (73) was used to align M. aspalax and M. psilurus 
with the four outgroups respectively. Subsequently, WGDI v0.6.1 
(33) was used to visualize gene collinear blocks using dot plots. 
Based on these dot plots, we inferred the ancestral karyotype of the 
common ancestor of M. aspalax and M. psilurus.

Identification of telomeric repeat sequences
Based on the common vertebrate telomeric repeat unit (TTAGGG)n, 
tidk v0.2.1 (74) was applied to identify telomeric repeat sequences in 
M. aspalax, M. psilurus, and six other genomes within the Eospalax genus.

https://github.com/TransDecoder/TransDecoder
http://www.animalgenome.org/bioinfo/resources/manuals/exonerate
http://www.animalgenome.org/bioinfo/resources/manuals/exonerate
http://www.uniprot.org
https://github.com/PASApipeline/PASApipeline
http://www.uniprot.org
https://github.com/marcelauliano/MitoHiFi
https://github.com/marcelauliano/MitoHiFi
http://ccb.jhu.edu/software/stringtie/gff.shtml#gffread
http://ccb.jhu.edu/software/stringtie/gff.shtml#gffread


Wan et al., Sci. Adv. 11, eadt2282 (2025)     5 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 15

Genomic localization of centromeres
We performed ChIP-seq using the centromere protein-A (CNEP-A) 
antibody (Cell Signaling Technology, #2047) on frozen liver tissues 
(−80°C) from M. aspalax and M. psilurus. After filtering with fastp 
v0.20.1 (52) (-5 --cut_front_window_size 4 --cut_front_mean_
quality 20–3 --cut_tail_window_size 4 --cut_tail_mean_quality 20 
--cut_right --cut_right_window_size 4 --cut_right_mean_quality 
20 --detect_adapter_for_pe -q 15 -u 40 -e 20 -n 5 -l 30 -p -P 20 -w 
20), we obtained 25,729,787 and 18,960,924 high-quality reads 
for M. aspalax and M. psilurus, respectively. The reads were aligned 
to their respective reference genomes using Bowtie2 v2.4.4 (75), and 
sequence alignment/map (SAM) files were converted to sorted BAM 
files using SAMtools v1.6 (76). Histone mark signals were quanti-
fied using bamCoverage in DeepTools v3.5.1 (77) (--binsize 20000 
--normalizeUsing RPKM).

Different expression analysis
Bulk RNA-seq was performed on flesh, liver, lung, and heart tissues at 
−80°C, with at least two biological replicates for both M. aspalax and 
M. psilurus, using the DNBSEQ-T7 platform (table S16). Raw se-
quencing reads were filtered to remove adapters and low-quality se-
quences using fastp v0.20.1 (52). The clean reads were then mapped to 
the reference genome of M. aspalax and M. psilurus, respectively, us-
ing HISAT v2.2.1 (63) with default parameters. StringTie v2.2.1 (64) 
was used to calculate and quantify the expression levels of all tran-
scripts in each tissue type using fragments per kilobase of transcript 
per million mapped reads (FPKM) with default parameters.

Splicing isoform detection
Nanopore long-read RNA sequencing (Iso-seq), generating 6 Gb of 
data, was conducted on frozen flesh tissue (−80°C) from individual 
M. aspalax and M. psilurus using the Nanopore PromethION plat-
form (table  S17). Raw sequencing reads were quality-filtered using 
Trimmomatic (78). For transcriptome assembly, we used a reference-
guided approach using wf-transcriptomes pipeline v1.1.1 (https://
github.com/epi2me-labs/wf-transcriptomes). Transcripts were an-
notated by assigning labels and corresponding gene identifiers 
based on the reference genome annotation provided in this study.

Identification of gene loss
To generate pairwise alignment chains as input for Tool To Infer Or-
thologs From Genome Alignments (TOGA; v1.1.1) (79), we initially 
used the make_chains.py script (79) to align the assembled full-length 
transcripts of M. aspalax and M. psilurus against the mouse soft-
masked genome (mm10, available at https://hgdownload.cse.ucsc.
edu/goldenpath/mm10/bigZips/mm10.2bit). Subsequently, we ap-
plied TOGA (80) to identify lost genes in M. aspalax and M. psilurus 
using mm10.wgEncodeGencodeCompVM25.bed as the input BED12 
file for mouse annotation and mm10.wgEncodeGencodeCompVM25.
isoforms.txt as the input isoform file for mouse, both provided by the 
TOGA repository. Last, we filtered and selected completely lost genes 
for further downstream analysis.

Identification of SVs
Identification of interspecific SVs based on long-read DNA 
sequencing data
Long-read data from two M. aspalax individuals, three M. psilurus 
individuals (table  S18), and 17 previously published long-read 
sequencing data from six Eospalax species were aligned to the 

M. aspalax reference genome using NGMLR v0.2.7 (81), and SVs for 
each individual were detected using Sniffles v1.0.12 (81). SURVIVOR 
v1.0.7 (82) was then applied to merge SVs from all individuals, gener-
ating a consensus set of SVs. Sniffles v1.0.12 was subsequently rerun to 
identify individual-specific SVs and Implement for Refining Inser-
tion Sequences (IRIS v1.0.4) (https://github.com/mkirsche/Iris) was 
used to correct insertions and deletions.
Identification of interspecific SVs based on short-read DNA 
sequencing data
We also used short-read data from 27 individuals of two species 
(table S19) to identify interspecies SVs. The short-read data were 
first aligned to the M. aspalax reference genome using Burrows-
Wheeler Aligner - Maximal Exact Match (BWA-MEM) v2.21 (53), 
and the resulting BAM files were sorted using SAMtools v1.6 (76), 
with PCR duplicates removed using GATK v4.1.4.1 (83). SVs were 
identified using DELLY2 v1.0.3 (84), LUMPY v0.2.13 (85) and 
MANTA v1.0.1 (86). The SVs identified by all three programs were 
integrated using SVIMMER v0.1 (https://github.com/DecodeGenetics/
svimmer). GRAPHTYPER v2.7.3 (87) was then used to genotype 
the integrated SVs. A series of filtering steps were applied to create a 
high-quality short-read SV dataset: (i) filtering out SVs with a miss-
ing rate greater than 0.05 and (ii) removing SVs shorter than 50 bp. 
This analysis resulted in the identification of 115,366 SVs from the 
short-read data. In addition, we repeated the same pipeline after in-
corporating 146 additional short-read datasets from the Eospalax 
genus, which were obtained from published studies (30, 88) These data-
sets included 55 E. baileyi, 25 E. cansus, 21 E. smithi, 18 E. rothschildi, 
14 E. rufescens, and 13 E. fontanierii individuals. SVs were identified 
using M. aspalax as the reference genome.
Annotating SVs
The identified SVs were annotated using the VCFANNO v0.3.3 (89). 
Gene regions, exon regions, coding sequences (CDSs) start sites, CDS 
stop sites, regions 2-kb upstream and downstream of genes, and 
intergenic regions were first extracted based on the reference ge-
nome annotation. The SVs were then mapped to these regions using 
VCFANNO v0.3.3 (89) to provide detailed functional annotations.
Screening of candidate SVs
A frequency-based approach was used to screen candidate SVs from 
both long-read and short-read datasets by calculating the occur-
rence frequency of each SV within each species using custom in-
house scripts. We focused on identifying SVs that were fixed in 
M. psilurus but completely absent in the other seven species. Func-
tional enrichment analysis for genes closest to these fixed SVs was 
then conducted using Metascape (https://metascape.org/gp).

Hi-C data analysis
Construction of normalized interaction matrices
HiC-Pro v3.1.0 (90) was used to construct contact matrices based 
on the high-quality chromosome-level genomes and Hi-C data. 
Bowtie2 v2.4.4 (75) was first used to align the Hi-C data to the ge-
nome. After removing unmatched read pairs, low-quality read pairs, 
read pairs with multiple alignments, and singleton read pairs, we 
retained uniquely aligned read pairs to match Mbo I restriction en-
zyme. In addition, three invalid pair types (dangling end, self circle, 
and dumped pairs) were filtered out, resulting in 409,605,081 and 
493,301,206 valid pairs, respectively, for constructing raw interac-
tion matrices at various resolutions (1 Mb, 100 kb, 40 kb, 20 kb, and 
10 kb). Raw contact matrices were then normalized using iterative 
correction and eigenvector decomposition (ICE) methods.

https://github.com/epi2me-labs/wf-transcriptomes
https://github.com/epi2me-labs/wf-transcriptomes
https://hgdownload.cse.ucsc.edu/goldenpath/mm10/bigZips/mm10.2bit
https://hgdownload.cse.ucsc.edu/goldenpath/mm10/bigZips/mm10.2bit
https://github.com/mkirsche/Iris
https://github.com/DecodeGenetics/svimmer
https://github.com/DecodeGenetics/svimmer
https://metascape.org/gp


Wan et al., Sci. Adv. 11, eadt2282 (2025)     5 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

11 of 15

Comparison of significant interactions
FitHic v2.0.0 (91) was used to calculate significant interactions from 
20-kb resolution interactions matrices, with a significance threshold 
of P < 0.01 and a false discovery rate < 0.01. Significant interactions 
were required to be supported by at least five valid pairs.

Identification of SNPs
We used BWA-MEM v2.21 (53) to map filtered short-read DNA se-
quencing reads for each individual (table S19) to the M. aspalax refer-
ence genome with default parameters. SAMtools v1.6 (76) was used 
to sort the mapped reads, and MarkDuplicates module in GATK 
v4.1.4.1 (83) was used to remove PCR duplicates. Subsequently, SNPs 
were identified for each individual using GATK HaplotypeCaller. To 
reduce false positives, several filtering steps were applied, including 
the removal of: (i) indels with a quality score < 3, (ii) SNPs with more 
than two alleles, (iii) SNPs located within 5 bp of any indels, (iv) SNPs 
with a genotyping quality score (GQ) < 10, and (v) SNPs with ex-
tremely low (<1/3 average depth) or extremely high (>threefold aver-
age depth) coverage. Afterward, GATK’s GenotypeGVCFs tool was 
used to merge individual results and identify multisample SNPs using 
both modes: (i) with the -all-sites parameter to output all genomic 
sites and (ii) without the parameter to exclusively output SNP sites. 
These multisample SNPs were filtered using the GATK VariantFiltra-
tion module with the following parameters: “QD < 2.0 || FS > 200.0 || 
ReadPosRankSum < −20.0 || QD < 2.0 || FS > 60.0 || MQ < 40.0 || 
MQRankSum < −12.5 || ReadPosRankSum < −8.0”. Last, soft filter-
ing was performed using VCFtools v0.1.16 (92) with the parameters 
“--maf 0.05, --minDP 5, --maxDP 150, --minGQ 20, --hwe 0.001 
--max-missing 0.95”.

Analysis of genetic diversity and population differentiation
We assessed genetic differentiation between the two populations using 
FST and Dxy. FST was calculated using VCFtools v0.1.16 (92), while 
Dxy was estimated using the Python script popgenWindows.py from 
the genomics_general package (https://github.com/simonhmartin/
genomics_general). For recombination rate analysis, the VCF file was 
phased using Beagle v4.0 (https://faculty.washington.edu/browning/
beagle/beagle.html), and recombination rate parameters were 
calculated with ReLERNN v1.0.0 (https://github.com/kr-colab/
ReLERNN). In addition, RFmix (93) was applied to detect signals of 
genetic admixture between M. psilurus and M. aspalax. All these 
parameters were calculated for the local genomic regions surround-
ing the fission breakpoint (± 1.5 Mb), nonfissioned chromosomes, 
and fissioned chromosomes.

Demographic history
For the two species analyzed in this study, paired-end short-read DNA 
sequencing reads with the highest coverage (table S19) were selected 
for demographic analysis using the pairwise sequentially Markovian 
coalescent (PSMC) (94) model (v0.6.5). Initially, the mpileup module 
in SAMtools v1.6 (76) was used to convert the consensus sequences 
from BAM format to binary variant call format (BCF) format, fol-
lowed by conversion to VCF format using BCFtools v1.10 (95). The 
script vcfutils.pl was then used to transform the consensus sequences 
into a fastq-like format, with a minimum read depth (-d) set to one-
third of the average depth, and a maximum read depth (-D) to twice 
the average depth. Next, the fq2psmcfa and splitfa modules in the 
PSMC package were used to generate input files required for the PSMC 
simulation. We ran the PSMC model 100 times to enable random 

sampling of short fragments with the following command: “for i in 
1..100; do psmc -N25 -t15 -r5 -b -p “4+25*2+4+6” -o $i.psmc split.
psmcfa; done.” Last, the output results from all runs were concatenated, 
and the psmc_plot.pl script from the PSMC package was used for 
visualization, with the mutation rate (μ) setting to 3.03 × 10−09 and 
the generation time to 1 year (30). In addition, we evaluated the in-
fluence of climate events on the effective population size of each spe-
cies by incorporating three glacial periods: Naynayxungla [780 to 
500 thousand years (ka)], Penultimate (195 to 135 ka) (96), and Last 
Glacial Maximum (26.5 to 19.0 ka) (97).

We further estimated the population evolutionary history of 
M. aspalax and M. psilurus using the ∂a∂i pipeline (v3.1.6) (98). The 
input file was generated for both species from the final SNP datasets 
(VCF file) using vcf_to_dadi.py script (https://ppp.readthedocs.io/
en/latest/PPP_pages/Input_File_Generators/vcf_to_dadi.html). We 
calculated the likelihood of the observed SFS under 20 different can-
didate demographic models (fig. S6), running 100 independent 
simulations from different starting points for each model. The best-
fitting demographic model was identified on the basis of the lowest 
Akaike information criterion score (data S2).

Estimation of the fission time
Using the M. aspalax soft-masked genome as a reference, we aligned 
the soft-masked genomes of M. psilurus and E. fontanierii (outgroup) 
to the reference using the make_chains.py script (79). Next, the do-
RecipBest.pl script (https://github.com/ucscGenomeBrowser/kent/
blob/master/src/hg/utils/automation/doRecipBest.pl) was used to 
extract reciprocal best alignments from the chain file. The ChainToAxt 
command in the UCSC tools package (99) was then used to convert 
the chain file into an axt file. Subsequently, we applied the Tytus pipe-
line (34) to calculate the values of UBCS.

Specifically, the Tytus pipeline (34) was designed to first identify 
single-nucleotide differences (SNDs) using the reciprocal best align-
ments between M. aspalax and M. psilurus. The reciprocal best chain 
file was used to map M. aspalax genome regions to their homologs 
in the E. fontanierii genome. The SNDs were then filtered and classi-
fied as derived in either the target (M. aspalax genome) or the query 
(M. psilurus genome) based on the criteria suggested by the pipeline. 
Last, the UBCS statistics were calculated as the difference between the 
expected and observed number of bias-clustered substitutions (BCSs) 
in each 1-Mb window. In addition, BCSs were defined as those occur-
ring within a 300-bp window containing at least four substitutions, with 
at least 80% of them being AT-to-GC substitutions. Based on calculated 
UBCS values, we used the following formula to estimate the fission 
time: T = T

DIV
×

(

1−
R1

R2

)

 . In this calculation, TDIV represents the di-
vergence time between M. aspalax and M. psilurus. The parameter R1 
corresponds to the ratio of UBCS values within 2-Mb region flanking 
the fission breakpoint for SNDs derived in M. psilurus relative to that 
derived in M. aspalax. The parameter R2 denotes the ratio of UBCS 
values for SNDs derived in M. psilurus between two specific regions: (i) 
the initial telomeric region and (ii) a corresponding region of identical 
length located several megabases away from the telomere (34).

Time estimation of the site mutation of Aplf and selected 
signals on the MaChr1b segment
We estimated the divergence time for selected SNPs in M. psilurus by 
calculating the statistic Da, which represents the number of mutations 
accumulated since the two species diverged from their most recent 

https://github.com/simonhmartin/genomics_general
https://github.com/simonhmartin/genomics_general
https://faculty.washington.edu/browning/beagle/beagle.html
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https://github.com/kr-colab/ReLERNN
https://github.com/kr-colab/ReLERNN
https://ppp.readthedocs.io/en/latest/PPP_pages/Input_File_Generators/vcf_to_dadi.html
https://ppp.readthedocs.io/en/latest/PPP_pages/Input_File_Generators/vcf_to_dadi.html
https://github.com/ucscGenomeBrowser/kent/blob/master/src/hg/utils/automation/doRecipBest.pl
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common ancestor (100). The formula used was D
a
= Dxy −

π(x)+π(y)

2
 , 

where Dxy is the divergence between the two species and π(x) and π(y) 
are the nucleotide diversities for each species. We calculated Dxy for all 
sites using a 20-kb window with a 20-kb step. The divergence time was 
then estimated in generations using the formula T =

Da

2μ
 (101), where 

μ is the mutation rate (3.03 × 10−09 mutations per site per generation). 
The generation time was assumed to be 1 year per generation.

Dual-Luciferase reporter assay
The reduced regulatory activity caused by the deletion of the Dna2, 
Fan1, and Mcmdc2 genes was validated using a Dual-Luciferase 
Reporter Assay System. Reporter plasmids for the Dna2-nondel and 
Dna2-del were constructed by cloning the amplified Dna2-nondel 
sequence (1129-bp deletion with 400-bp flanking sequence) and 
Dna2-del sequence (400-bp flanking sequence only) into pGL3-
promoter plasmids. Similarly, reporter plasmids for the Fan1 gene 
deletion (2459 bp) and the Mcmdc2 gene deletion (731 bp) were con-
structed. The pGL3-basic and pGL3-enhancer plasmids were used as 
negative and positive controls, respectively. For both the experimen-
tal and control groups, the pRL-TK plasmid was used as an internal 
reference to normalize firefly luciferase activity by dividing it by Re-
nilla luciferase activity. HEK293T cells were cultured with Dulbecco’s 
Modified Eagle’s Medium (DMEM) medium (G4524-500ML) sup-
plemented with 10% fetal bovine serum (AB-FBS-1050S) and 1% 
penicillin-streptomycin solution (C0222). Then, HEK293T cells were 
transfected using transfection using polyJet reagent (SL100688), and 
fluorescence values were measured 48 hours posttransfection using 
the Promega GloMax 20/20 Luminometer. Each group included at 
least three biological replicates.

Experimental validation of isoforms
Flesh tissues from two M. aspalax individuals and three M. psilurus 
individuals were ground thoroughly with liquid nitrogen to ensure 
complete disruption, followed by sonication for 3 min. Total RNA was 
then extracted using the MolPure Cell/Tissue Total RNA Kit (19211ES) 
and reverse-transcribed into cDNA using the Hifair V one-step RT-
gDNA digestion SuperMix for qPCR kit (11142ES10). RT-PCR was 
conducted with a forward primer targeting exon 5 and a reverse prim-
er complementary to exon 7 of the Aplf gene. β-Actin was used as an 
internal control. The primer sequences are provided in table S21.

Exon skipping experiments
In silico splicing assay
Putative ESEs for the DNA sequence of exon 6 of the Aplf gene in the 
two studied species were identified using ESEfinder (https://esefinder.
ahc.umn.edu/cgi-bin/tools/ESE3/esefinder.cgi) with the serine- and 
arginine-rich (SR) protein matrices. Mutations that significantly re-
duced the ESE score were selected for further in vitro assays.
Plasmid construction
The sequences of target exon 6 of Aplf gene, either with or without 
the corresponding site mutations, along with 200-bp nucleotides of 
flanking shortened introns, were synthesized by Tsingke Biotech. Xho 
I (CCGCˆTCGAG) and Nhe I (CTAGˆCTAGC) restriction sites were 
added. The shortened introns were designed by NatGene (https://
services.healthtech.dtu.dk/services/NetGene2-2.42) to avoid activa-
tion of cryptic splicing. The sequences were then cloned into the 
pSPL3 plasmid between exon A and exon B. The pSPL3 plasmid 
(P30680) was from MiaoLing Biology.

In vitro splicing assay
HEK293T and Hela cells were cultured with DMEM medium (G4524-
500ML) supplemented with 10% fetal bovine serum (AB-FBS-1050S) 
and 1% penicillin-streptomycin solution (C0222). Once the cells 
reached 70% confluence in six-well plates, 2 μg of plasmids—either 
with or without the site mutations-were transfected into the HEK293T 
and HeLa cells using 4 μl of polyJet transfection reagent (SL100688). 
The empty pSPL3 plasmid vector was used as a positive control. 
Thirty-six hours after transfection, the total RNA was extracted and 
subsequently reverse-transcribed into cDNA. PCR was subsequently 
performed using a forward primer (TCTGAGTCACCTGGACAACC) 
targeting upstream exon A and a reverse primer (ATCTCAGTGG-
TATTTGTGAGC) targeting downstream exon B (102).

CRISPR-Cas9 editing for Aplf gene
Plasmid construction
To investigate whether truncated Aplf gene in M. psilurus leads to 
functional deficiency, we generated an Aplf knockout model in 
mouse embryonic fibroblasts (3T3) using CRISPR-Cas9 technology. 
First, sgRNAs targeting the Aplf gene in the mm10 genome were 
designed using the CHOPCHOP web tool (https://chopchop.cbu.
uib.no/). To create a knockout model that mimics the Aplf gene 
truncation observed in M. psilurus, six sgRNAs were selected to tar-
get regions near the position of the premature translation termina-
tion in exon 7. A mismatch tolerance of MM1 (mismatch = 1) was 
applied with a cutoff of 0. All sgRNAs were designed to end with the 
NGG sequence, which serves as the protospacer adjacent motif rec-
ognized by the Cas9 protein.

To maximize U6 promoter activity, we added CACCG to the 5′ 
end of the sense guide oligo and added AAAC to the 3′ end of anti-
sense guide oligo (table S22). The sense and antisense guide oligos 
were synthesized by Tsingke Biotech, annealed to form double-
stranded sgRNAs using Nuclease-Free Buffer (NFB) buffer, and 
cloned into the pX459V2.0 plasmid, which contains a puromycin-
resistance gene for selection.

The constructed plasmids were transformed into DH5ɑ compe-
tent cells, followed by the addition of 1-ml LB medium for amplifica-
tion with shaking for 30 min. The remaining 30 μl of the transformation 
precipitate obtained after centrifugation was plated onto solid LB 
medium and cultured overnight. Monoclonal bacterial colonies were 
then picked for PCR amplication, and positive clones were verified 
through sequencing by Tsingke Biotech. The forward primer used 
was TTCTCTGTGTAACCTAGGGTGCCCAGGAAC, and the re-
verse primer was GGTATTTAAGTCTGGATTCCCCAGTATTTG. 
Successfully constructed plasmids were amplified in 20-ml cultures 
of Escherichia coli and extracted using a high-purity plasmid small 
extract medium dose kit (DP107).
Cells transfection and gene knockout
Mouse embryonic fibroblasts (3T3) were obtained from the Cheng Bo 
Laboratory and cultured in DMEM medium (G4524-500ML) supple-
mented with 10% bovine serum (AB-FBS-1050S) and 1% penicillin-
streptomycin solution (C0222). The correctly constructed plasmids, 
along with an empty pX459V2.0 plasmid, were transfected into 3T3 cells 
using polyJet transfection reagent (SL100688). Eight hours after trans-
fection, the medium was replaced with fresh culture medium. Success-
fully transfected cells were selected using puromycin, with wild-type 3T3 
cells serving as a negative control. A portion of the surviving cells was 
collected for genomic DNA extraction. PCR and Sanger sequencing 
were performed to verify whether the sgRNAs had correctly targeted 
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and cut the genome at the intended sites. PCR amplification and Sanger 
sequencing were performed to verify whether the sgRNAs had correctly 
targeted and cut the genome at the intended sites. The forward primer 
used was TTCTCTGTGTAACCTAGGGTGCCCAGGAAC, and the 
reverse primer was GGTATTTAAGTCTGGATTCCCCAGTATTTG. 
The presence of missense mutations was indicated by spurious peaks 
in the sequencing chromatograms. Subsequently, the cells were di-
luted and plated at densities of 1000 and 3000 cells per 10-cm cul-
ture dish. Monoclonal cell colonies were then isolated, and genomic 
DNA was extracted from each colony. PCR amplification and Sanger 
sequencing were again performed to verify whether the sgRNAs had 
accurately targeted the genomic sites and introduced the desired 
mutations. The presence of single peaks in the sequencing results 
confirmed successful editing.
DNA damage–induced assay
Cells with successful Aplf gene knockout, along with control cells, 
were treated with 10 μM camptothecin for 0, 30, 60, and 90 min. 
After treatment, cells were harvested and lysed using radioimmuno-
precipitation assay buffer supplemented with protease inhibitors to 
extract proteins. Following the addition of loading buffer, the sam-
ples were sonicated for 1 min to shear long DNA fragments and then 
boiled at 100°C for 10 min to denature the proteins.

Western blot was subsequently performed to detect the 𝛾H2AX 
signal using a primary antibody (MB0175) from Biogot Biotechnolo-
gy and a secondary antibody from the Cheng Bo Laboratory. β-Actin 
was used as a loading control, with the primary antibody (66009*1) 
and secondary antibody (SA00001-1), both from Proteintech.
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Figs. S1 to S6
Tables S1 to S22
Legends for data S1 and S2

Other Supplementary Material for this manuscript includes the following:
Data S1 and S2

REFERENCES AND NOTES
	 1.	 J. Wahrman, R. Goitein, E. Nevo, Mole rat Spalax: Evolutionary significance of 

chromosome variation. Science 164, 82–84 (1969).
	 2.	 K. Yoshida, C. Rödelsperger, W. Röseler, M. Riebesell, S. Sun, T. Kikuchi, R. J. Sommer, 

Chromosome fusions repatterned recombination rate and facilitated reproductive 
isolation during Pristionchus nematode speciation. Nat. Ecol. Evol. 7, 424–439 (2023).

	 3.	 S. R. Voss, D. K. Kump, S. Putta, N. Pauly, A. Reynolds, R. J. Henry, S. Basa, J. A. Walker,  
J. J. Smith, Origin of amphibian and avian chromosomes by fission, fusion, and retention 
of ancestral chromosomes. Genome Res. 21, 1306–1312 (2011).

	 4.	 A. B. Poletto, I. A. Ferreira, D. C. Cabral-de-Mello, R. T. Nakajima, J. Mazzuchelli,  
H. B. Ribeiro, P. C. Venere, M. Nirchio, T. D. Kocher, C. Martins, Chromosome differentiation 
patterns during cichlid fish evolution. BMC Genet. 11, 50 (2010).

	 5.	 Y. Yin, H. Fan, B. Zhou, Y. Hu, G. Fan, J. Wang, F. Zhou, W. Nie, C. Zhang, L. Liu, Z. Zhong,  
W. Zhu, G. Liu, Z. Lin, C. Liu, J. Zhou, G. Huang, Z. Li, J. Yu, Y. Zhang, Y. Yang, B. Zhuo,  
B. Zhang, J. Chang, H. Qian, Y. Peng, X. Chen, L. Chen, Z. Li, Q. Zhou, W. Wang, F. Wei, 
Molecular mechanisms and topological consequences of drastic chromosomal 
rearrangements of muntjac deer. Nat. Commun. 12, 6858 (2021).

	 6.	L . Carbone, R. A. Harris, S. Gnerre, K. R. Veeramah, B. Lorente-Galdos, J. Huddleston,  
T. J. Meyer, J. Herrero, C. Roos, B. Aken, F. Anaclerio, N. Archidiacono, C. Baker, D. Barrell, 
M. A. Batzer, K. Beal, A. Blancher, C. L. Bohrson, M. Brameier, M. S. Campbell, O. Capozzi,  
C. Casola, G. Chiatante, A. Cree, A. Damert, P. J. de Jong, L. Dumas, M. Fernandez-Callejo, 
P. Flicek, N. V. Fuchs, I. Gut, M. Gut, M. W. Hahn, J. Hernandez-Rodriguez, L. W. Hillier,  
R. Hubley, B. Ianc, Z. Izsvák, N. G. Jablonski, L. M. Johnstone, A. Karimpour-Fard,  
M. K. Konkel, D. Kostka, N. H. Lazar, S. L. Lee, L. R. Lewis, Y. Liu, D. P. Locke, S. Mallick,  
F. L. Mendez, M. Muffato, L. V. Nazareth, K. A. Nevonen, M. O’Bleness, C. Ochis, D. T. Odom, 
K. S. Pollard, J. Quilez, D. Reich, M. Rocchi, G. G. Schumann, S. Searle, J. M. Sikela,  
G. Skollar, A. Smit, K. Sonmez, B. ten Hallers, E. Terhune, G. W. Thomas, B. Ullmer,  

M. Ventura, J. A. Walker, J. D. Wall, L. Walter, M. C. Ward, S. J. Wheelan, C. W. Whelan,  
S. White, L. J. Wilhelm, A. E. Woerner, M. Yandell, B. Zhu, M. F. Hammer, T. Marques-Bonet, 
E. E. Eichler, L. Fulton, C. Fronick, D. M. Muzny, W. C. Warren, K. C. Worley, J. Rogers,  
R. K. Wilson, R. A. Gibbs, Gibbon genome and the fast karyotype evolution of small apes. 
Nature 513, 195–201 (2014).

	 7.	H . Augustijnen, L. Bätscher, M. Cesanek, T. Chkhartishvili, V. Dincă, G. Iankoshvili,  
K. Ogawa, R. Vila, S. Klopfstein, J. M. de Vos, K. Lucek, A macroevolutionary role for 
chromosomal fusion and fission in Erebia butterflies. Sci. Adv. 10, eadl0989 (2024).

	 8.	 Z. Huang, O. F. I. De, J. Liu, V. Peona, A. J. B. Gomes, W. Cen, H. Huang, Y. Zhang, D. Chen,  
T. Xue, Q. Zhang, Z. Yue, Q. Wang, L. Yu, Y. Chen, A. Suh, E. H. C. de Oliveira, L. Xu, 
Recurrent chromosome reshuffling and the evolution of neo-sex chromosomes in 
parrots. Nat. Commun. 13, 944 (2022).

	 9.	 J. Piálek, H. C. Hauffe, J. B. Searle, Chromosomal variation in the house mouse. Biol. J. Linn. 
Soc. 84, 535–563 (2005).

	 10.	 J. Deuve, N. Bennett, J. Britton-Davidian, T. Robinson, Chromosomal phylogeny and 
evolution of the African mole-rats (Bathyergidae). Chromosome Res. 16, 57–74 (2008).

	 11.	 W. J. Murphy, D. M. Larkin, A. Everts-van der Wind, G. Bourque, G. Tesler, L. Auvil,  
J. E. Beever, B. P. Chowdhary, F. Galibert, L. Gatzke, C. Hitte, S. N. Meyers, D. Milan,  
E. A. Ostrander, G. Pape, H. G. Parker, T. Raudsepp, M. B. Rogatcheva, L. B. Schook,  
L. C. Skow, M. Welge, J. E. Womack, J. O’Brien, P. A. Pevzner, H. A. Lewin, Dynamics of 
mammalian chromosome evolution inferred from multispecies comparative maps. 
Science 309, 613–617 (2005).

	 12.	 X. Saayman, E. Graham, W. J. Nathan, A. Nussenzweig, F. Esashi, Centromeres as universal 
hotspots of DNA breakage, driving RAD51-mediated recombination during quiescence. 
Mol. Cell 83, 523–538.e7 (2023).

	 13.	 J. Meyne, R. J. Baker, H. H. Hobart, T. Hsu, O. A. Ryder, O. G. Ward, J. E. Wiley,  
D. H. Wurster-Hill, T. L. Yates, R. K. Moyzis, Distribution of non-telomeric sites of the 
(TTAGGG)n telomeric sequence in vertebrate chromosomes. Chromosoma 99, 3–10 
(1990).

	 14.	C . G. Kinzig, G. Zakusilo, K. K. Takai, L. R. Myler, T. de Lange, ATR blocks telomerase from 
converting DNA breaks into telomeres. Science 383, 763–770 (2024).

	 15.	 S. L. Rulten, A. E. Fisher, I. Robert, M. C. Zuma, M. Rouleau, L. Ju, G. Poirier,  
B. Reina-San-Martin, K. W. Caldecott, PARP-3 and APLF function together to accelerate 
nonhomologous end-joining. Mol. Cell 41, 33–45 (2011).

	 16.	 G.-Y. Li, R. D. McCulloch, A. L. Fenton, M. Cheung, L. Meng, M. Ikura, C. A. Koch, Structure 
and identification of ADP-ribose recognition motifs of APLF and role in the DNA damage 
response. Proc. Natl. Acad. Sci. U.S.A. 107, 9129–9134 (2010).

	 17.	N . Iles, S. Rulten, S. F. El-Khamisy, K. W. Caldecott, APLF (C2orf13) is a novel human 
protein involved in the cellular response to chromosomal DNA strand breaks. Mol. Cell. 
Biol. 27, 3793–3803 (2007).

	 18.	 M. Melek, D. E. Shippen, Chromosome healing: Spontaneous and programmed de novo 
telomere formation by telomerase. Bioessays 18, 301–308 (1996).

	 19.	H . Kato, T. Sagai, T. Yosida, Stable telocentric chromosomes produced by centric fission in 
Chinese hamster cells in vitro. Chromosoma 40, 183–192 (1972).

	 20.	 A. Mackintosh, R. Vila, S. H. Martin, D. Setter, K. Lohse, Do chromosome rearrangements 
fix by genetic drift or natural selection? Insights from Brenthis butterflies. Mol. Ecol. 33, 
e17146 (2023).

	 21.	 J. Forejt, P. Jansa, E. Parvanov, Hybrid sterility genes in mice (Mus musculus): A peculiar 
case of PRDM9 incompatibility. Trends Genet. 37, 1095–1108 (2021).

	 22.	 J. Forejt, P. Jansa, Meiotic recognition of evolutionarily diverged homologs: 
Chromosomal hybrid sterility revisited. Mol. Biol. Evol. 40, msad083 (2023).

	 23.	 A. Arslan, B. Kryštufek, F. Matur, J. Zima, Review of chromosome races in blind mole rats 
(Spalax and Nannospalax). Folia Zool. 65, 249–301 (2016).

	 24.	 R. Faria, A. Navarro, Chromosomal speciation revisited: Rearranging theory with pieces of 
evidence. Trends Ecol. Evol. 25, 660–669 (2010).

	 25.	 K. Wellband, C. Mérot, T. Linnansaari, J. Elliott, R. A. Curry, L. Bernatchez, Chromosomal 
fusion and life history-associated genomic variation contribute to within-river local 
adaptation of Atlantic salmon. Mol. Ecol. 28, 1439–1459 (2019).

	 26.	H . Descimon, J. Mallet, Bad species. Ecol. Butterflies Eur. 500, 219–249 (2009).
	 27.	 M. D. McGee, S. R. Borstein, J. I. Meier, D. A. Marques, S. Mwaiko, A. Taabu, M. A. Kishe,  

B. O’Meara, R. Bruggmann, L. Excoffier, O. Seehausen, The ecological and genomic basis 
of explosive adaptive radiation. Nature 586, 75–79 (2020).

	 28.	 B. Li, F. Chen, Studies on the phylogenetic relationship, the speciation and the place of 
the origin of the subgenus Eospalax, genus Myospalax. J. Northwest Univ. 16, 59–64 
(1986).

	 29.	 X. An, L. Mao, Y. Wang, Q. Xu, X. Liu, S. Zhang, Z. Qiao, B. Li, F. Li, Z. Kuang, N. Wan, X. Liang, 
Q. Duan, Z. Feng, X. Yang, S. Liu, E. Nevo, J. Liu, J. F. Storz, K. Li, Genomic structural 
variation is associated with hypoxia adaptation in high-altitude zokors. Nat. Ecol. Evol. 8, 
339–351 (2024).

	 30.	 X. Liu, S. Zhang, Z. Cai, Z. Kuang, N. Wan, Y. Wang, L. Mao, X. An, F. Li, T. Feng, X. Liang,  
Z. Qiao, E. Nevo, K. Li, Genomic insights into zokors’ phylogeny and speciation in China. 
Proc. Natl. Acad. Sci. U.S.A. 119, e2121819119 (2022).



Wan et al., Sci. Adv. 11, eadt2282 (2025)     5 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

14 of 15

	 31.	 A. Y. Puzachenko, M. V. Pavlenko, V. P. Korablev, M. V. J. Tsvirka, Karyotype, genetic and 
morphological variability in North China zokor, Myospalax psilurus (Rodentia, Spalacidae, 
Myospalacinae). Russ. J. Theriol. 13, 27–46 (2014).

	 32.	D . E. Wilson, D. M. Reeder. Mammal species of the world: A taxonomic and geographic 
reference (Johns Hopkins Univ. Press, ed. 3, 2005).

	 33.	 P. Sun, B. Jiao, Y. Yang, L. Shan, T. Li, X. Li, Z. Xi, X. Wang, J. Liu, WGDI: A user-friendly toolkit 
for evolutionary analyses of whole-genome duplications and ancestral karyotypes. Mol. 
Plant 15, 1841–1851 (2022).

	 34.	 B. Poszewiecka, K. Gogolewski, P. Stankiewicz, A. Gambin, Revised time estimation of the 
ancestral human chromosome 2 fusion. BMC Genomics 23, 616 (2022).

	 35.	 A. Mackintosh, R. Vila, D. R. Laetsch, A. Hayward, S. H. Martin, K. Lohse, Chromosome 
fissions and fusions act as barriers to gene flow between Brenthis fritillary butterflies. 
Mol. Biol. Evol. 40, msad043 (2023).

	 36.	 A. Falanga, O. Stojanović, T. Kiffer-Moreira, S. Pinto, J. L. Millán, K. Vlahoviček, M. Baralle, 
Exonic splicing signals impose constraints upon the evolution of enzymatic activity. 
Nucleic Acids Res. 42, 5790–5798 (2014).

	 37.	 Y. Takeuchi, E. Mishima, H. Shima, Y. Akiyama, C. Suzuki, T. Suzuki, T. Kobayashi, Y. Suzuki, 
T. Nakayama, Y. Takeshima, N. Vazquez, S. Ito, G. Gamba, T. Abe, Exonic mutations in the 
SLC12A3 gene cause exon skipping and premature termination in Gitelman syndrome. J. 
Am. Soc. Nephrol. 26, 271–279 (2015).

	 38.	 K. I. Tong, K. Ota, A. Komuro, T. Ueda, A. Ito, C. Anne Koch, H. Okada, Disease, Attenuated 
DNA damage repair delays therapy-related myeloid neoplasms in a mouse model. Cell 
Death Dis. 7, e2401 (2016).

	 39.	 B. McClintock, The production of homozygous deficient tissues with mutant 
characteristics by means of the aberrant mitotic behavior of ring-shaped chromosomes. 
Genetics 23, 315–376 (1938).

	 40.	 M. Beaucher, X.-F. Zheng, F. Amariei, Y. S. Rong, Multiple pathways suppress telomere 
addition to DNA breaks in the Drosophila germline. Genetics 191, 407–417 (2012).

	 41.	 J. P. Hanish, J. L. Yanowitz, T. de Lange, Stringent sequence requirements for the 
formation of human telomeres. Proc. Natl. Acad. Sci. U.S.A. 91, 8861–8865 (1994).

	 42.	 S. J. Diede, D. E. Gottschling, Telomerase-mediated telomere addition in vivo requires 
DNA primase and DNA polymerases alpha and delta. Cell 99, 723–733 (1999).

	 43.	C . M. Carvalho, J. R. Lupski, Mechanisms underlying structural variant formation in 
genomic disorders. Nat. Rev. Genet. 17, 224–238 (2016).

	 44.	C . D. Yeh, C. D. Richardson, J. E. Corn, Advances in genome editing through control of 
DNA repair pathways. Nat. Cell Biol. 21, 1468–1478 (2019).

	 45.	 P. A. Mason, L. S. Cox, The role of DNA exonucleases in protecting genome stability and 
their impact on ageing. Age 34, 1317–1340 (2012).

	 46.	 F. Finsterbusch, R. Ravindranathan, I. Dereli, M. Stanzione, D. Tränkner, A. Tóth, Alignment 
of homologous chromosomes and effective repair of programmed DNA double-strand 
breaks during mouse meiosis require the minichromosome maintenance domain 
containing 2 (MCMDC2) protein. PLOS Genet. 12, e1006393 (2016).

	 47.	 G. Abraham, M. Inouye, Fast principal component analysis of large-scale genome-wide 
data. PLOS ONE 9, e93766 (2014).

	 48.	 G. Marçais, C. Kingsford, A fast, lock-free approach for efficient parallel counting of 
occurrences of k-mers. Bioinformatics 27, 764–770 (2011).

	 49.	H . Cheng, G. T. Concepcion, X. Feng, H. Zhang, H. Li, Haplotype-resolved de novo assembly 
using phased assembly graphs with hifiasm. Nat. Methods 18, 170–175 (2021).

	 50.	 F. A. Simão, R. M. Waterhouse, P. Ioannidis, E. V. Kriventseva, E. M. Zdobnov, BUSCO: 
Assessing genome assembly and annotation completeness with single-copy orthologs. 
Bioinformatics 31, 3210–3212 (2015).

	 51.	 A. Mikheenko, V. Saveliev, P. Hirsch, A. Gurevich, WebQUAST: Online evaluation of 
genome assemblies. Nucleic Acids Res. 51, W601–W606 (2023).

	 52.	 S. Chen, Y. Zhou, Y. Chen, J. Gu, fastp: An ultra-fast all-in-one FASTQ preprocessor. 
Bioinformatics 34, i884–i890 (2018).

	 53.	H . Li, R. Durbin, Fast and accurate short read alignment with Burrows–Wheeler transform. 
Bioinformatics 25, 1754–1760 (2009).

	 54.	N . C. Durand, M. S. Shamim, I. Machol, S. S. Rao, M. H. Huntley, E. S. Lander, E. L. Aiden, 
Juicer provides a one-click system for analyzing loop-resolution Hi-C experiments. Cell 
Syst. 3, 95–98 (2016).

	 55.	 O. Dudchenko, S. S. Batra, A. D. Omer, S. K. Nyquist, M. Hoeger, N. C. Durand, M. S. Shamim, 
I. Machol, E. S. Lander, A. P. Aiden, E. L. Aiden, De novo assembly of the Aedes aegypti 
genome using Hi-C yields chromosome-length scaffolds. Science 356, 92–95 (2017).

	 56.	N . C. Durand, J. T. Robinson, M. S. Shamim, I. Machol, J. P. Mesirov, E. S. Lander, E. L. Aiden, 
Juicebox provides a visualization system for Hi-C contact maps with unlimited zoom. Cell 
Syst. 3, 99–101 (2016).

	 57.	 A. L. Price, N. C. Jones, P. A. Pevzner, De novo identification of repeat families in large 
genomes. Bioinformatics 21, i351–i358 (2005).

	 58.	N . Chen, Using Repeat Masker to identify repetitive elements in genomic sequences. 
Curr. Protoc. Bioinform. 5, 4.10.11–14.10.14 (2004).

	 59.	 G. Benson, Tandem repeats finder: A program to analyze DNA sequences. Nucleic Acids 
Res. 27, 573–580 (1999).

	 60.	 Z. Xu, H. Wang, LTR_FINDER: An efficient tool for the prediction of full-length LTR 
retrotransposons. Nucleic Acids Res. 35, W265–W268 (2007).

	 61.	D . Ellinghaus, S. Kurtz, U. Willhoeft, LTRharvest, an efficient and flexible software for de 
novo detection of LTR retrotransposons. BMC Bioinform. 9, 18 (2008).

	 62.	 S. Ou, N. Jiang, LTR_retriever: A highly accurate and sensitive program for identification 
of long terminal repeat retrotransposons. Plant Physiol. 176, 1410–1422 (2018).

	 63.	D . Kim, B. Langmead, S. L. Salzberg, HISAT: A fast spliced aligner with low memory 
requirements. Nat. Methods 12, 357–360 (2015).

	 64.	 M. Pertea, G. M. Pertea, C. M. Antonescu, T.-C. Chang, J. T. Mendell, S. L. Salzberg, StringTie 
enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. 
Biotechnol. 33, 290–295 (2015).

	 65.	 M. G. Grabherr, B. J. Haas, M. Yassour, J. Z. Levin, D. A. Thompson, I. Amit, X. Adiconis,  
L. Fan, R. Raychowdhury, Q. Zeng, Z. Chen, E. Mauceli, N. Hacohen, A. Gnirke, N. Rhind,  
F. di Palma, B. W. Birren, C. Nusbaum, K. Lindblad-Toh, N. Friedman, A. Regev, Full-length 
transcriptome assembly from RNA-Seq data without a reference genome. Nat. 
Biotechnol. 29, 644–652 (2011).

	 66.	 B. J. Haas, S. L. Salzberg, W. Zhu, M. Pertea, J. E. Allen, J. Orvis, O. White, C. R. Buell,  
J. R. Wortman, Automated eukaryotic gene structure annotation using EVidenceModeler 
and the Program to Assemble Spliced Alignments. Genome Biol. 9, R7 (2008).

	 67.	 M. Stanke, O. Keller, I. Gunduz, A. Hayes, S. Waack, B. Morgenstern, AUGUSTUS: Ab initio 
prediction of alternative transcripts. Nucleic Acids Res. 34, W435–W439 (2006).

	 68.	 J. Keilwagen, F. Hartung, J. Grau, GeMoMa: Homology-based gene prediction utilizing 
intron position conservation and RNA-seq data. Methods Mol. Biol. 1962, 161–177 
(2019).

	 69.	T . S. Korneliussen, A. Albrechtsen, R. Nielsen, ANGSD: Analysis of next generation 
sequencing data. BMC Bioinform. 15, 356 (2014).

	 70.	 S. Kumar, G. Stecher, K. Tamura, MEGA7: Molecular evolutionary genetics analysis version 
7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874 (2016).

	 71.	 G. Marçais, A. L. Delcher, A. M. Phillippy, R. Coston, S. L. Salzberg, A. Zimin, MUMmer4: A 
fast and versatile genome alignment system. PLOS Comput. Biol. 14, e1005944 (2018).

	 72.	H . Tang, J. E. Bowers, X. Wang, R. Ming, M. Alam, A. H. Paterson, Synteny and collinearity 
in plant genomes. Science 320, 486–488 (2008).

	 73.	 B. Buchfink, K. Reuter, H.-G. Drost, Sensitive protein alignments at tree-of-life scale using 
DIAMOND. Nat. Methods 18, 366–368 (2021).

	 74.	 M. R. Brown, P. M. Gonzalez de La Rosa, M. Blaxter, tidk: A toolkit to rapidly identify 
telomeric repeats from genomic datasets. Bioinformatics 41, btaf049 (2025).

	 75.	 B. Langmead, S. L. Salzberg, Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 
357–359 (2012).

	 76.	H . Li, B. Handsaker, A. Wysoker, T. Fennell, J. Ruan, N. Homer, G. Marth, G. Abecasis,  
R. Durbin, 1000 Genome Project Data Processing Subgroup, The sequence alignment/
map format and SAMtools. Bioinformatics 25, 2078–2079 (2009).

	 77.	 F. Ramírez, F. Dündar, S. Diehl, B. A. Grüning, T. Manke, deepTools: A flexible platform for 
exploring deep-sequencing data. Nucleic Acids Res. 42, W187–W191 (2014).

	 78.	 A. M. Bolger, M. Lohse, B. Usadel, Trimmomatic: A flexible trimmer for Illumina sequence 
data. Bioinformatics 30, 2114–2120 (2014).

	 79.	 B. M. Kirilenko, C. Munegowda, E. Osipova, D. Jebb, V. Sharma, M. Blumer, A. E. Morales,  
A. W. Ahmed, D. G. Kontopoulos, L. Hilgers, K. Lindblad-Toh, E. K. Karlsson, M. Hiller, 
Integrating gene annotation with orthology inference at scale. Science 380, eabn3107 
(2023).

	 80.	 A. O. Wilkie, V. J. Buckle, P. C. Harris, J. Lamb, N. J. Barton, S. T. Reeders, R. H. Lindenbaum, 
R. D. Nicholls, M. Barrow, N. C. Bethlenfalvay, M. H. Hutz, J. L. Tolmie, D. J. Weatherall,  
D. R. Higgs, Clinical features and molecular analysis of the alpha thalassemia/mental 
retardation syndromes. I. Cases due to deletions involving chromosome band 16p13.3. 
Am. J. Hum. Genet. 46, 1112–1126 (1990).

	 81.	 F. J. Sedlazeck, P. Rescheneder, M. Smolka, H. Fang, M. Nattestad, A. Von Haeseler,  
M. C. Schatz, Accurate detection of complex structural variations using single-molecule 
sequencing. Nat. Methods 15, 461–468 (2018).

	 82.	D . C. Jeffares, C. Jolly, M. Hoti, D. Speed, L. Shaw, C. Rallis, F. Balloux, C. Dessimoz, J. Bähler, 
F. J. Sedlazeck, Transient structural variations have strong effects on quantitative traits 
and reproductive isolation in fission yeast. Nat. Commun. 8, 14061 (2017).

	 83.	 A. McKenna, M. Hanna, E. Banks, A. Sivachenko, K. Cibulskis, A. Kernytsky, K. Garimella,  
D. Altshuler, S. Gabriel, M. Daly, The genome analysis toolkit: A MapReduce framework 
for analyzing next-generation DNA sequencing data. Genome Res. 20, 1297–1303 
(2010).

	 84.	T . Rausch, T. Zichner, A. Schlattl, A. M. Stütz, V. Benes, J. O. Korbel, DELLY: Structural variant 
discovery by integrated paired-end and split-read analysis. Bioinformatics 28, i333–i339 
(2012).

	 85.	 R. M. Layer, C. Chiang, A. R. Quinlan, I. M. Hall, LUMPY: A probabilistic framework for 
structural variant discovery. Genome Biol. 15, R84 (2014).

	 86.	 X. Chen, O. Schulz-Trieglaff, R. Shaw, B. Barnes, F. Schlesinger, M. Källberg, A. J. Cox,  
S. Kruglyak, C. T. Saunders, Manta: Rapid detection of structural variants and indels for 
germline and cancer sequencing applications. Bioinformatics 32, 1220–1222 (2016).



Wan et al., Sci. Adv. 11, eadt2282 (2025)     5 September 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

15 of 15

	 87.	H . P. Eggertsson, H. Jonsson, S. Kristmundsdottir, E. Hjartarson, B. Kehr, G. Masson, F. Zink, 
K. E. Hjorleifsson, A. Jonasdottir, A. Jonasdottir, I. Jonsdottir, D. F. Gudbjartsson,  
P. Melsted, K. Stefansson, B. V. Halldorsson, Graphtyper enables population-scale 
genotyping using pangenome graphs. Nat. Genet. 49, 1654–1660 (2017).

	 88.	T . Zhang, M.-L. Lei, H. Zhou, Z.-Z. Chen, P. J. Z. R. Shi, Phylogenetic relationships of the 
zokor genus Eospalax (Mammalia, Rodentia, Spalacidae) inferred from whole-genome 
analyses, with description of a new species endemic to Hengduan Mountains. Zool. Res. 
43, 331–342 (2022).

	 89.	 B. S. Pedersen, R. M. Layer, A. R. Quinlan, Vcfanno: Fast, flexible annotation of genetic 
variants. Genome Biol. 17, 118 (2016).

	 90.	N . Servant, N. Varoquaux, B. R. Lajoie, E. Viara, C.-J. Chen, J.-P. Vert, E. Heard, J. Dekker,  
E. Barillot, HiC-Pro: An optimized and flexible pipeline for Hi-C data processing. Genome 
Biol. 16, 259 (2015).

	 91.	 F. Ay, T. L. Bailey, W. S. Noble, Statistical confidence estimation for Hi-C data reveals 
regulatory chromatin contacts. Genome Res. 24, 999–1011 (2014).

	 92.	 P. Danecek, A. Auton, G. Abecasis, C. A. Albers, E. Banks, M. A. DePristo, R. E. Handsaker,  
G. Lunter, G. T. Marth, S. T. Sherry, G. McVean, R. Durbin, 1000 Genomes Project Analysis 
Group, The variant call format and VCFtools. Bioinformatics 27, 2156–2158 (2011).

	 93.	 B. K. Maples, S. Gravel, E. E. Kenny, C. D. Bustamante, RFMix: A discriminative modeling 
approach for rapid and robust local-ancestry inference. Am. J. Hum. Genet. 93, 278–288 (2013).

	 94.	 S. Liu, M. M. Hansen, PSMC (pairwise sequentially Markovian coalescent) analysis of RAD 
(restriction site associated DNA) sequencing data. Mol. Ecol. Resour. 17, 631–641 (2017).

	 95.	 P. Danecek, S. A. McCarthy, BCFtools/csq: Haplotype-aware variant consequences. 
Bioinformatics 33, 2037–2039 (2017).

	 96.	H . Teng, Y. Zhang, C. Shi, F. Mao, W. Cai, L. Lu, F. Zhao, Z. Sun, J. Zhang, Population 
genomics reveals speciation and introgression between brown norway rats and their 
sibling species. Mol. Biol. Evol. 34, 2214–2228 (2017).

	 97.	 A. Mariotti, P.-H. Blard, J. Charreau, S. Toucanne, S. J. Jorry, S. Molliex, D. L. Bourlès,  
G. Aumaitre, K. Keddadouche, Nonlinear forcing of climate on mountain denudation 
during glaciations. Nat. Geosci. 14, 16–22 (2021).

	 98.	D . M. Portik, A. D. Leaché, D. Rivera, M. F. Barej, M. Burger, M. Hirschfeld, M. O. Rödel,  
D. C. Blackburn, M. K. Fujita, Evaluating mechanisms of diversification in a Guineo-Congolian 
tropical forest frog using demographic model selection. Mol. Ecol. 26, 5245–5263 (2017).

	 99.	 G. Perez, G. P. Barber, A. Benet-Pages, J. Casper, H. Clawson, M. Diekhans, C. Fischer,  
J. N. Gonzalez, A. S. Hinrichs, C. M. Lee, L. R. Nassar, B. J. Raney, M. L. Speir, M. J. van Baren, 
C. J. Vaske, D. Haussler, W. J. Kent, M. Haeussler, The UCSC Genome Browser database: 
2025 Update. Nucleic Acids Res. 53, D1243–D1249 (2025).

	100.	 M. Nei, W. H. Li, Mathematical model for studying genetic variation in terms of restriction 
endonucleases. Proc. Natl. Acad. Sci. U.S.A. 76, 5269–5273 (1979).

	101.	 J. Merondun, C. I. Marques, P. Andrade, S. Meshcheryagina, I. Galván, S. Afonso,  
J. M. Alves, P. M. Araújo, G. Bachurin, J. Balacco, M. Bán, O. Fedrigo, G. Formenti, F. Fossøy, 
A. Fülöp, M. Golovatin, S. Granja, C. Hewson, M. Honza, K. Howe, G. Larson, A. Marton,  
C. Moskát, J. Mountcastle, P. Procházka, Y. Red’kin, Y. Sims, M. Šulc, A. Tracey,  

J. M. D. Wood, E. D. Jarvis, M. E. Hauber, M. Carneiro, J. B. W. Wolf, Evolution and genetic 
architecture of sex-limited polymorphism in cuckoos. Sci. Adv. 10, eadl5255 (2024).

	102.	H . T. T. Tran, Y. Takeshima, A. Surono, M. Yagi, H. Wada, M. Matsuo, A G-to-A transition at 
the fifth position of intron-32 of the dystrophin gene inactivates a splice-donor site both 
in vivo and in vitro. Mol. Genet. Metab. 85, 213–219 (2005).

Acknowledgments: We thank H. A. Lewin and R. ffrench-Constant for the helpful discussion of 
this work. We received support for computational work from the Big Data Computing Platform 
for Western Ecological Environment and Regional Development and Supercomputing Center 
of Lanzhou University. Funding: This work was supported by National Natural Science 
Foundation of China (32271691) to K.L., the Lanzhou University’s “Double First-Class” Guided 
Project-Team Building Funding-Research Startup Funds to K.L., the Fundamental Research 
Funds for Excellent Ph.D students from the Central Universities, LZU (lzujbky-2024-it39) to X.A., 
the Department of Science and Technology of Gansu Province Provincial Science and 
Technology Program (Basic Research Program, Postdoctoral Special Project, Grant 24JRRA514) 
to Z.Z., the China Postdoctoral Science Foundation through the National Postdoctoral 
Researcher Program (category C, Grant GZC20231015) to Z.Z., the Chinese Academy of 
Sciences (2024PAV0054) to A.M., the Fundamental Research Funds for the Central Universities 
(561225004) to Z.Z. and the National Natural Science Foundation of China (32120103007) to 
E.N. and X. Chen (PI). Author contributions: Conceptualization: K.L., N.W., Z.Z., Z.K., S.L., X. Liu, 
and A.M. Methodology: K.L., J.L., N.W., Y.T., Z.K., S.L., X. Liu, J.C., and A.M. Software: K.L., J.L., N.W., 
Z.K., S.L., X. Liu, J.C., and Y.W. Validation: K.L., N.W., Z.C., Z.Z., J.W., Y.T., W.S., X.Lia., X. Liu, L.M., and 
S.L. Formal analysis: K.L., N.W., Q.D., W.S., B.L., Z.K., S.L., X.A., X.Y., X. Liu, L.M., J.C., and Z.F. 
Investigation: K.L., N.W., Z.C., J.W., Z.K., S.L., X.A., and X. Liu Resources: K.L., N.W., Z.C., Z.Z., Y.T., 
X.A., X. Liu, and S.L. Data curation: K.L., N.W., Q.D., W.S., X.A., X.Y., J.C., Y.W., Z.F., W.L., Y.B., and S.L. 
Writing—original draft: N.W., K.L., X.A., R.P., and A.M. Writing—review and editing: N.W., K.L., 
J.L., Z.C., J.W., S.L., E.N., R.P., and A.M. Visualization: K.L., N.W., Q.D., W.S., Z.K., S.L., X.Y., X. Liu, L.M., 
Z.F., and W.L. Supervision: K.L. and A.M. Project administration: K.L. and S.L. Funding 
acquisition: K.L. and Z.Z. Competing interests: The authors declare that they have no 
competing interests. Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials. The 
chromosome-level genomes of M. aspalax and M. psilurus, along with illumina sequences for 
13 M. aspalax individuals and 14 M. psilurus individuals, are deposited in BioProject under 
accession PRJNA982286. ONT sequences for two M. aspalax individuals and three M. psilurus 
individuals are available under BioProject accession PRJNA988024. Illumina sequences and 
ONT sequences for other six species of the genus Eospalax are obtained from previous papers 
(30, 88). In addition, all code used for the analyses is publicly available at Zenodo (https://
zenodo.org/records/15087371).

Submitted 16 October 2024 
Accepted 1 August 2025 
Published 5 September 2025 
10.1126/sciadv.adt2282

https://zenodo.org/records/15087371
https://zenodo.org/records/15087371

	Aplf/Dna2 variants drive chromosomal fission and accelerate speciation in zokors
	INTRODUCTION
	RESULTS
	De novo genome assembly and annotation
	Chromosome synteny analysis and identification of chromosomal fission
	Centric fission and ancestral ITS
	Aplf gene disruption, causal mechanism, and DNA repair deficiency
	Genomic structural variation and neo-telomere formation
	Reduced intrachromatin interaction and fission
	Fixation of the chromosomal fission
	Effects of fission on speciation
	Demographic history contributing to population divergence

	DISCUSSION
	Genetic drivers of fission and neo-telomere formation
	Chromosomal fission and speciation dynamics

	MATERIALS AND METHODS
	Sample collection and DNA sequencing
	Estimation of genome size
	Draft genome assembly for the two species
	Chromosomal-level assembly for two species using Hi-C technology
	Repeat annotation
	LTR annotation
	Gene prediction and annotation
	Constructing phylogenetic trees using cytochrome b gene
	Genome collinearity
	WGDI analysis and ancestral karyotype reconstruction
	Identification of telomeric repeat sequences
	Genomic localization of centromeres
	Different expression analysis
	Splicing isoform detection
	Identification of gene loss
	Identification of SVs
	Identification of interspecific SVs based on long-read DNA sequencing data
	Identification of interspecific SVs based on short-read DNA sequencing data
	Annotating SVs
	Screening of candidate SVs

	Hi-C data analysis
	Construction of normalized interaction matrices
	Comparison of significant interactions

	Identification of SNPs
	Analysis of genetic diversity and population differentiation
	Demographic history
	Estimation of the fission time
	Time estimation of the site mutation of Aplf and selected signals on the MaChr1b segment
	Dual-Luciferase reporter assay
	Experimental validation of isoforms
	Exon skipping experiments
	In silico splicing assay
	Plasmid construction
	In vitro splicing assay

	CRISPR-Cas9 editing for Aplf gene
	Plasmid construction
	Cells transfection and gene knockout
	DNA damage–induced assay


	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments




