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Zokors, an Asiatic group of subterranean rodents, originated in lowlands
and colonized high-elevational zones following the uplift of the Qinghai-
Tibet plateau about 3.6 million years ago. Zokors live at high elevation
insubterranean burrows and experience hypobaric hypoxia, including
both hypoxia (low oxygen concentration) and hypercapnia (elevated
partial pressure of CO,). Here we report a genomic analysis of six zokor
species (genus Fospalax) with different elevational ranges to identify
structural variants (deletions and inversions) that may have contributed to
high-elevation adaptation. Based on an assembly of achromosome-level
genome of the high-elevation species, Fospalax baileyi, we identified 18
large inversions that distinguished this species from congeners native to
lower elevations. Small-scale structural variants in the introns of EGLNI,
HIFIA, HSF1and SFTPD of E. baileyi were associated with the upregulated
expression of those genes. A rearrangement on chromosome 1 was
associated with altered chromatin accessibility, leading to modified gene
expression profiles of key genes involved in the physiological response

to hypoxia. Multigene families that underwent copy-number expansions
in E. baileyi were enriched for autophagy, HIF1 signalling and immune
response. E. baileyi show a significantly larger lung mass than those of other
Eospalax species. These findings highlight the key role of structural variants
underlying hypoxia adaptation of high-elevation species in Fospalax.

Animals native to high elevations are forced to cope with major envi-
ronmental stressors, including low temperature, strong ultraviolet
exposureand reduced oxygen availability’. Genomicstudies of highland
humans and non-human mammals have suggested candidate genes for
hypoxia adaptation'™, and experimental physiological studies have

identified specific mechanisms of adaptation' ¢, However, much less
isknown about the extent to which structural variationin the genome
has contributed to high-altitude adaptation.

Structural variants (SVs) can affect the orientation and linkage
arrangements of genes, thereby potentially altering patterns of gene
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Fig.1|Phylogenetic relationships, elevational distributions and patterns of
phenotypic variationamong Eospalax. a, Phylogenetic trees show the
relationship and elevation ranges of Fospalax. The bar shows the partial
pressures of oxygen (po,) at each elevation. b, Primary subject of this study,

E. baileyi (plateau zokor). Credit: Xuan An, Lanzhou University. ¢, Comparison of
the relationship between lung mass and body mass among Fospalax. The linear
regression line is shown as a solid red line and the 95% confidence intervals are
shown as pink shadows. d,e, Difference in RBC counts (10"I™) (d) and blood Hb
(g1™) (e) amongE. baileyi, E. rufescens and E. cansus. There are also differences in
E. baileyi populations at different elevations. The numbers in parentheses are

sample sizes. In the box plots, the lower and higher hinges correspond to the first
and third quartiles, respectively. The median is represented by the line inside the
box. The whisker extends from the hinge to at most 1.5 x interquartile range
(IQR). The other points are outliers. The difference in RBC and Hb supporting
different populations was tested using a two-sided ¢-test. f, Functional
enrichment of expanded-family genes (pink) and PSGs (green) in high-altitude

E. baileyi. The size of the round shape represents the number of genesin this
enrichment term. The PSGs (likelihood ratio test, P < 0.05, FDR < 0.05) and
expanded family genes (likelihood ratio test, P < 0.05, FDR < 0.05) were identified
with multiple corrections.

expression”. Structural changes can also affect gene expression by
altering the distance between cis-acting regulators and their targets
and by modifying chromatin accessibility to nuclear macromole-
cules’™?. Moreover, SVs can affect gene expression and regulation by

altering three-dimensional (3D) genomic structures, including active
(A) or inactive (B) compartments, topologically associating domain
(TAD) boundaries and chromatin loops. Large chromosome inversions,
mediated mainly through non-homologous end joining and non-allelic
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homologousrecombination (NAHR), are known to contribute to adap-
tive phenotypic change®**, and they can suppress recombination,
thereby helping to maintain co-adapted combinations of alleles at
linked loci (supergenes)® . Recent studies have documented that
SVs contribute to variation in physiological responses to hypoxia,
thereby affecting susceptibility to altitude-related pathologies such
as pulmonary oedema and cerebral hypoxia®.

Zokors (genus Eospalax, Spalacidae: Rodentia) live most of their
livesunderground, where they have to cope with hypoxiaand hypercap-
niain closed burrow systems. O, and CO, levels in sealed tunnels have
been recorded at 7.2% and 6.1%, respectively, during the rainy season
when wet soil further impedes gas exchange with the outside air*.
Eospalax comprises six East Asian species that have well-documented
phylogenetic relationships? (Fig. 1a,b). With the uplift of the Qing-
hai-Tibet Plateau (-3.6 million years ago (Ma)), Eospalax split into
the high-altitude (including E. baileyi, 2,800-4,600 m, and E. smithi,
2,500-3,300 m) and low-altitude clades at ~3.22 Ma. E. baileyi and
E. smithi split from their ancestor at ~1.18 Ma and 0.75 Ma, respec-
tively, due to the generation of the Yellow River and a glaciation.
For the low-altitude lineage, four Fospalax species have elevational
ranges under 2,700 m. E. fontanierii speciated first, E. cansus diverged
northwards from the ancestor at -1.43 Ma, whereas E. roths-
childi speciated southwards because of a later glaciation (Fig. 1a).
Comparisons between highland and lowland species provide an
opportunitytoexploregeneticchangesthatmayhavecontributedtohigh-
elevation adaptation.

Here we investigated the role of SVs (deletion and inversion) in
hypoxia adaptation of high-elevation species in Eospalax. We used
a long-read sequencing approach to obtain a chromosome-level
genome assembly of £. baileyi, and we assessed species-level varia-
tion using a long-read resequencing approach. The effects of SVs on
hypoxia-related genes were examined using RNA sequencing (RNA-seq)
andreporter assays. We also investigated TAD rearrangements and A/B
compartment transitions to assess how evolved changesin 3D genomic
architecture may have contributed to hypoxia adaptation.

Results

Phenotypic variation among zokors native to different
elevations

We measured several phenotypes of relevance to high-altitude accli-
matization and/or adaptation: the relationship between lung mass
and body mass, red blood cell (RBC) counts, and blood haemoglobin
concentration ([Hb]). The high-elevation E. baileyi showed a larger
lung mass compared with other Eospalaxspecies (Fig.1c), which canbe
expected to enhance pulmonary diffusing capacity for gas exchange'.
RBC counts and [Hb] were also higher in E. baileyirelative to E. cansus
and E. rufescens, suggesting a higher O,-transport capacity per unit of
cardiac output. In £. baileyi, RBC counts and [Hb] increased as a posi-
tive function of native elevation (Fig. 1d,e), consistent with expected
acclimatization responses to chronic hypoxia®.

Genome assembly, scaffolding and annotation

We generated the first chromosome-level genome assembly of
E. baileyi. The initial assembly consisted of ~209.0 Gb of long reads
and was subsequently corrected using ~255.1 Gb of lllumina paired-
end reads (Extended Data Table 1). About 99.8% of corrected contigs
were anchored onto 31 pseudochromosomes (2n = 62) through Hi-C
data (Supplementary Table 1). This is consistent with the fibroblast
karyotype analysis (Extended Data Fig. 1a,b,e). The finally assembled
genome size was 2.47 Gb. Compared with the previously published
scaffold-level assembly of the plateau zokor (v.2.1)?, the contig N50
increased from 323 kb to 38.0 Mb, the scaffold N50 increased from
6.7 t0 82.3 Mb, and gaps decreased from 1.64% to 0.01% (Table 1). The
completeness of the assembly, tested using Benchmarking Universal
Single-Copy Orthologs (BUSCO), was 96.8%, indicating high precision,

Table 1| Comparison of assembly statistics between Plateau
zokor v.2.1 and Plateau zokor v.3.0

Plateau zokor Plateau zokorv.2.1 Plateau zokor v.3.0

Sequencing platform Illumina, Pacbio ONT, Hi-C
(10x)

Assembly size (bp) 2,569,336,452 2,471,808,144

Total length of chromosome (bp) - 2,385,578,628

Number of contigs 42,044 758

Contig N50 (bp) 322,513 37,952,775

Number of scaffolds 14,401 465

Scaffold N50 (bp) 6,701,949 82,317,615

Number of gaps 102,445 293

Total gap length (bp) 42,024,904 124,000

Ratio of gap (%) 1.64 0.01

GC content (%) 41.20 41.26

BUSCO (%) 93.30 96.80

continuity and integrity. The proportion of genomic sequence consist-
ing of repeats was 44.4%, where short interspersed nuclear elements
(SINEs) and longinterspersed nuclear elements (LINEs) accounted for
18.1% and 22.2%, respectively (Supplementary Table 2). We annotated
21,642 protein-coding genes, consistent with the annotation results for
the genome of the closely related species E. fontanierii”’. The BUSCO
evaluation of the annotation completeness showed that 95.6% of genes
were predicted in this E. baileyi assembly (Extended Data Fig. 1c,d).

Genome evolution and possible mechanisms of hypoxia
adaptation

We estimated a phylogenetic tree and species divergence time of 9
rodent species based on 9,258 single-copy orthologues (Extended Data
Fig. 1f). Compared with the other 8 rodents, we identified 469 gene
familiesinthe E. baileyilineage that underwent significant expansions
relative to the expectations of a null model of birth-and-death evolu-
tion (likelihood ratio test, P < 0.05). Functional enrichment analysis
of the expanded gene families revealed an over-representation of the
following terms: hypoxia-inducible factor (HIF) signalling pathway,
DNA damage repair, autophagy, cell cycle, selenocysteine synthesis,
purine and retinol metabolism, recruitment of nuclear mitotic appara-
tus (NuMA) to mitotic centrosomes, immune responses and nutrition
functions (Fig. 1fand Supplementary Table 3). We also identified a total
of1,609 gene families that underwent significant contractionsin the
E. baileyilineage. These genes wererelated to cell cycle, signalling by
WNT, metabolism and meiotic recombination. Using the adaptive
branch-site random effects likelihood (aBSREL) model, we tested for
accelerated rates of non-synonymous substitution across all genes
in the branch leading to £. baileyi and identified 71 lineage-specific
positively selected genes (PSGs) (omega > 1, likelihood ratio test,
P<0.05, false discovery rate (FDR) < 0.05; Fig. 1f and Supplementary
Tables 3 and 4). These PSGs were enriched for the following terms:
double-strand break repair, circadian rhythm and ubiquitin-dependent
protein catabolic functions.

SVidentification, validation and distribution

Distribution of <1Mb SVs in Fospalax genomes. Using long-read
sequencing, we identified 398,087 uniquely located SVs in a sample
of 2 or 3 individuals from each Eospalax species, including 218,607
deletions (DEL), 168,333 insertions (INS), 5,183 duplications (DUP),
5,062 inversions (INV) and 902 translocations (TRA) (Fig. 2a and Sup-
plementary Table 5). The frequencies of these SVs were estimated
from146individuals, including 55 E. baileyi, 25 E. cansus, 21 E. smithi, 18
E. rothschildi, 14 E. rufescens and 13 E. fontanierii (Extended Data
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Fig.2|Identification and distribution of large inversions (>1 Mb) and SVs
(<1 Mb, INS, DEL, INV, TRA and DUP). a, Stacked bar graph showing uniquely
located SV (<1 Mb) types and numbers for 17 individuals from six Fospalax
species. b, Species-specific and shared SVs of six species in Fospalax. The
high-altitude branch of £. baileyi and E. smithi showed the highest number of
shared SVs. ¢, Chromosomal synteny between E. fontanierii and E. baileyi at
chromosome-level genome. Syntenic blocks are linked by shaded bands. The

Map of inversion polymorphisms in E. fontanierii (ref) and E. baileyi

blue lines show the 18 inversion positions. d, Distribution of all inversions across
E. baileyi, annotated with predicted telomeres (black asterisks). The colour
gradient represents the number of inversions (<1 Mb) in a1l Mb window based
onthelong-read-SV dataset. The black box indicated 18 inversions (>1 Mb)
positions between E. fontanierii (reference genome, ref) and E. baileyi genomes.
The chromosomal rearrangement (21.6 and 28.4 Mb) located in chromosome 1is
highlighted.

Fig. 2a). We investigated the phylogenetic distribution of SVs across
Eospalax and identified those that were species specific (Fig. 2b).
Most ofthe INDELs wereless than 300 bp, and there was another small
peakat~400 bp, whichwas mainly influenced by SINEs (Extended Data
Fig. 2b,c). The majority of SVs (53.63%, 296,873) overlapped with

simple repetitive elements and transposable elements. For transpos-
ableelements, SVs were enriched in regions with SINEs (35%) and long
terminal repeats (LTRs, 22.8%). Most SVs (69.16%, 275,307) were dis-
tributed inintergenic regions. Meanwhile, 122,780 (30.84%) SVs were
found within 68.15% (14,758 out 0f 21,656) of the genic regions (thatis, in
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exons, introns, and 5’and 3’flanking regions within 2 kb of start and stop
codons, respectively). Intronic SVs accounted for 28.25% of all SVs, and
only 5.11% of SVs affected coding sequences (Extended Data Fig. 2d,e).

Large inversions (>1Mb) in the E. baileyi genome. We identified
18 inversions longer than 1 Mb in £. baileyi (Fig. 2c,d and Extended
DataFig.3) based onthe chromosome-level genome assembly. These
large inversions were validated by aligning the breakpoint-spanning
contigs of E. baileyi to the genome of E. fontanierii (Extended Data
Fig.4). Accurate breakpoints (Supplementary Table 6) were identified
inthree ways (Methods). Weidentified 81 telomere-enriched regions,
with 60 appearing at expected chromosome ends. We found 11 inver-
sions located at or near the chromosome termini (Fig. 2¢), with most
ofthebreakpoints near the telomere-enriched regions. Seven of these
inversions contained telomericregions, suggesting that the inversions
probably altered the position of the telomeres.

Possible functional effects of SVs

Differentially expressed genes associated with SVs (<1Mb). To
evaluate whether fixed SVs could potentially affect the expression
of associated genes, we estimated the expression of all 3,748 fixed
SV-associated genes using RNA-seq from animals after common gar-
den experiments (Methods). Compared with E. fontanierii, we found
253,187 and 122 differentially expressed genes (DEGs) in the lung,
liver and heart of the high-altitude E. baileyi, respectively, account-
ing for 6.75%,5.00% and 3.26% of all fixed SV-associated genes (Sup-
plementary Tables 12-14). The DEGs in the lung were associated with
immunity, inflammatory response, cell adhesion and cell develop-
mental cycle (/LDR2, IL20, CDON, LAMB3, IL2RB, OPCM, RAB3C and
NEK10). The DEGs of TBX20 and KCND2in the lung contained intronic
SVs and were involved in cardiac development, conduction and dis-
eases. Intheliver, differentially expressed SV-associated genes were
involved in haematopoiesis, vascular development, platelet activa-
tion and vascular endothelial growth factor (GLRXS, CD109, NRP1
and ADTRP). Notably, immunity-related genes of SFTPD and NRPI1,
both of which contained intronic SVs, were significantly upregu-
lated in the livers of E. baileyi. We found a number of differentially
expressed SV-associated genes in the heart significantly enriched for
the HIF1 pathway function (NVOS1, NQOI, HIPK2 and BMP7), and genes
related to cell adhesion and leucocyte proliferation (CDID, NCAM2
and CDC26) were also upregulated in the high-altitude E. baileyi
(Extended Data Fig. 5a-d).

Functional effects of SVs (<1Mb). SVs specific to the two species with
the highest range limits, E. smithi and E. baileyi, were located in 345
genes (thatis, inexons, introns, or 5’and 3'flanking regions within 2 kb
of start and stop codons), which were enriched in cellular response to
hypoxia, DNA damage and repair, autophagy, heart morphogenesis
and contraction, lung epithelium development, response to viruses,

and regulation of vascular-associated smooth muscle cell migration.
These same pathways have been implicated in hypoxia adaptationin
other highland mammals***° (Extended Data Fig. 5e and Supplemen-
tary Table 7).

We detected an intronic SV in EGLNI with both heterozygous
inversion (NI) and homologousinversion (Il) existing only in . baileyi
(1,442 bp, LGO1:1,889,355-1,890,797). Frequencies of inversion were
100% present at afrequency of 100% in animals above 4,300 m (n = 6)
and 84.7% in those from <4,300 m (n = 49) (Fig. 3a). DEGs analyses
showed that the E. baileyi EGLNI allele with intronic inversion had a
significantly higher expression compared with low-altitude species
in Fospalax (Fig. 3b), and the dual-luciferase reporter assay (DLRA)
confirmed thattheinversionsignificantly increased luciferase activity
(Fig.3cand Extended Data Table 2).

A homozygous intronic inversion (2,212 bp, LG13: 44,667,409~
44,669,626) inside HIFIA was fixed in E. smithi and E. baileyi (Fig. 3d
and Extended Data Fig. 6a). The inversion allele in E. baileyi showed
upregulated gene expression (Fig. 3e). As with EGLNI, the inversion
withinthe HIFIAintronalso resulted in significantly higher expression
using DLRA (Fig. 3fand Extended Data Table 2). Anintronic deletionin
the HSF1 was identified (1,849 bp, LG09: 81,333,952-81,335,801)
(Fig. 3g) and confirmed by polymerase chain reaction (PCR; Fig. 3h).
DLRA suggested that the presence of this deletion significantly
increased the HSFI1 expression (Fig. 3i).

SVs were also detected in three genes related to DNA repair and
immunity. A homozygous 12,732 bp deletion that included an intron
and the second exon of SFTPD in E. baileyi resulted in a deletion of 55
amino acids from the N terminus of the protein. Protein structure
predictions of E. fontanierii and E. baileyi suggested that the dele-
tionresulted in missing a-helix and B-fold in £. baileyi (Extended Data
Fig. 6b). We also detected a 9,280 bp intronic deletion in XRCC4 in
E. baileyi and a 1,984-bp intronic deletion in UVRAG of E. smithi and
E. baileyi, which were validated through read coverage and long-
read sequence alignment (Extended Data Fig. 6¢,d).

Limited deleterious effects of large inversions. We found that 7 of
the 36 large inversion breakpoints occurred in genic regions, with
possible consequences for gene function and gene expression. For
example, the breakpoints of LGO1.1disrupted the SPSIgene, which has
beenreported tobeinvolvedinselenocysteine synthesis. Breakpoints
for LG02.1, LG06.1, LG11.1 and LG17.1 disrupted the P2R2B, CBO16,
CFA91 and DLGS5 genes, respectively. Breakpoints may also affect
gene expression by disrupting regulatory elements (Fig. 4a). Inver-
sions were not disproportionately associated with loss-of-function
single nucleotide polymorphism (LOF SNP) (Fig. 4b and Supple-
mentary Table 8). Some large inversions potentially rearranged TAD
boundaries, which could alter interactions between genes/regula-
tors. We found that most inversion breakpoints occurred near TAD
boundaries (Fig. 4c).

Fig.3|Intronic SVs upregulated gene expression and facilitated hypoxia
adaptation. a-c,A1,442-bpintronicinversion was detected in EGLNI, as well
asits effect on RNA expressionin E. baileyi. a, Schematic inversion located
inanintron of EGLNI of the high-altitude £. baileyi. The inversion frequency

was estimated from 146 individuals of all Eospalax species, and thisinversion
tended to be fixed in E. baileyi but absent in others. b, The number of mMRNA
reads of EGLNI was significantly higher in the lung of £. baileyi (n = 3) than those
of E. rothschildi and E. cansus (n = 3). The analysis utilizing a two-sided ¢-test. In
the box plots, the centre line represents the median, whereas box boundaries
represent the upper and lower quartiles. The whisker reaches no farther than

1.5 xIQR. ¢, The DLRA showed that the fluorescence content was significantly
higher in the HEK293T cells containing the inversion that occurred in . baileyi.
Values are shown as means + s.d. from three biological replicates (n = 3); Exact
Pvalues are shown (two-sided t-test). d-f, A 2,212-bp intronicinversion in HIFIA is
shared by the high-altitude E. baileyi and E. smithi. d, Schematic inversion located

inanintron of HIFIA of the high-altitude E. baileyi and E. smithi. e, Expression
differences of the HIFIA gene (two-sided t-test) in the lung (n = 3). In the box plots,
the centre line represents the median, whereas the box boundaries represent

the upper and lower quartiles. The whisker reaches no farther than 1.5 x IQR.

f, Luciferase signals and expression of two SV-haplotypes of HIFIA. Values are
shown as means + s.d. from three biological replicates (n = 3); Exact Pvalues are
shown (two-sided ¢-test). g-i, Schematic of an 1849 bp intronic deletion located
at HSF1in E. baileyi compared with other species in Fospalax. g, Sequence
comparison with other species in Myospalacinae showed a deletion specific

to £. baileyi. The horizontal coordinate shows the length of the gene (kb).

h, Agarose gel electrophoresis of PCR amplification supports the deletion in
HSF1.i, Results of reporter assays suggest that the deletion in the intronic regions
of the HSFI gene leads to the upregulation of gene expression. Values are shown
asmeans + s.d. from three biological replicates (n = 3). Exact Pvalues are shown
(two-sided t-test). Source data are provided in Extended Data Table 2.
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Rearrangement on chromosome 1 in Eospalax. Compared with
the E. fontanierii genome, we noticed a 50 Mb chromosomal rear-
rangement involving two parts with lengths of 21.6 Mb and 28.4 Mb.
The chromosomal rearrangement was observed in each of the four
possible homozygous or heterozygous genotypic combinations
(Fig.2d). The two lowest-altitude species of E. fontanierii and E. cansus
showed the same genotype I. Although very close to E. rufescens, the
humid-region species of E. rothschildi showed a specific genotypelIl.
Thethird highest-altitude species of E. rufescens showed a unique geno-
typelll, and the two highest-elevation species showed the same geno-
typelV (Fig. 4d). Notably, repeated elements were present around their
breakpoints. Remarkably, the hypoxia-relevant EGLNI genelocatedin
thisregion shifted from the chromosome terminal to the middle of the
chromosome arm through inversions in all three variant genotypes
(genotypesll, llland V) inspecies from the top four highest elevations
(Fig. 4d). To further verify the frequency of the rearrangement, we
identified the breakpoint in three unrelated individuals per species
on chromosome 1 (Supplementary Fig. 2). Interestingly, the species
correspondingto genotypes II-1Vlived in more hypoxic environments
caused by higher elevation or greater soil humidity. Remarkably, most
geneslocated inlargeinversions, such as EGLNI, have beenreported to
beinvolved in hypoxiaadaptation, DNA damage repair, inflammation,
immunity, apoptosis, platelets and vascular development (Fig. 4f). The
number of geneslocated in the remaining 17 inversion regions ranged
from 35to384.

To further clarify the potentialimpact of SV on the 3D chromatin
architecture at compartment A/B, TADs and significant interaction
levels (loop), we constructed a chromosome interaction matrix at
different resolutions with homologous bins across two genomes. The
GC content and gene density in compartment A were significantly
higher than in compartment B (Extended Data Fig. 7a). Although the
compartmenttypes (A or B) were consistent between the high-altitude
E. baileyi and low-altitude E. fontanierii across most of the genome,
those within the rearrangements in chromosome 1 were less con-
sistent (Fig. 4e). Within the chromosome 1 rearrangement, many
homologous bins were identified as compartment B in E. fontanierii
butascompartmentAinE. baileyi,indicating altered gene expression.
In E. baileyi, the breakpoints of this SV were located at TAD bounda-
ries with significantly lower insulation scores than those of other
nearby TAD boundaries, indicating that interactions were weakest at
the inversion breakpoints (Extended Data Fig. 7b). There were more
species-specific TADs inthe rearrangement region than foundin other
regions of chromosome 1 (Extended Data Fig. 7c). We examined the
genesinthe£. baileyi-specific TADs and found that six genes (AKRICI,
AKRIC18,AKR1C13,AKRICS, AKRIC6 and AKRICIS) of the AKRI family
were in the same TAD. These genes were reported to be related to
apoptosis and autophagy™. Five genes (CYP3A25, CYP3A1, CYP3All,
CYP3A6 and CYP3A9) in the CYP3A subfamily were also located in the

same TAD, and these reportedly catalyse cholesterol and lipid syn-
thesis reactions®** (Extended Data Fig. 7d). Three consecutive TADs
withintherearrangement of E. fontanieriifusedinto asingle TAD in £.
baileyi,and multiple genes within this TAD, including EGLN1, GNPAT,
EXOC8,SPRTN, DISCland TSNAX, are known to play arolein the cellular
response to hypoxia**~, The DISC1, TSNAX and GSK3B complex was
reportedly associated with DNA repair. After TAD fusion, DISCI and
TSNAX entered the same TAD (Fig. 4f).

We also compared the significant chromatin interactions of £.
baileyi and E. fontanierii in the rearrangement region. The results
showed that there were few significant interaction regions shared by
two species (Extended Data Fig. 7e). Consistent with the TAD fusion
event in the rearrangement region, some TADs in the region of E. bai-
leyi were expanded and interaction regions extended significantly
(Fig.4g).Insummary, the chromosome rearrangementin £. fontanierii
and E. baileyi showed differencesin compartment type, TAD boundary
and significantinteraction.

Mechanisms of inversion formation

Mechanism of short inversion (<1Mb) formation by LINE-1. LINE-1
insertions can result in genomic inversions generated during retro-
transposition via‘twin priming’”. Of all transposable elements identi-
fiedinshortinversions, 31%, 25%,25% and 19% were SINE, LINE, LTR and
DNA elements, respectively. Almost all LINEs belonged to the LINE-1
superfamily (Extended DataFig. 8a,b). More than200 inversions were
found to consist almost entirely of LINE-1retrotransposon sequences,
suggesting that the retrotransposition of LINE-1elementsis animpor-
tant mechanism of chromosomal evolution in Fospalax.

Mechanism of large inversion (>1Mb) formation by NAHR. To deter-
mine the mechanism of inversion formationin E. baileyi, we identified
inverted repeats near each breakpoint. At least one repeat ranging from
200 bpto 70 kbinlengthwasidentified near bothbreakpointsin17 of
the18inversions (Extended DataFig. 8c,d), suggesting that mostinver-
sions were mediated by NAHR, consistent with patterns documentedin
deer mice”. To explore whether breakpoints were in repetitive regions,
weidentified segmental duplications across the genome, and we found
significant enrichment of segmental duplications (75%) (Extended
DataFig.8e) near theinversion breakpoints (1 Mb) compared with the
whole genome (Kolmogorov-Smirnov test: P<0.0001). In conclusion,
segmental duplication-enriched regions may be particularly prone to
structural change viaNAHR in Fospalax.

Discussion

Genome-wide scan of nucleotide variation has been used extensively
to identify candidate genes for hypoxia adaptation in high-altitude
humans and other animals'>">*>**%* but therole of structural genomic
variation has not been assessed systematically. Here we capitalized on

Fig. 4 | Possible functional effects of large inversions (>1 Mb) and
rearrangement. a, Distance from inversion breakpoints to the transcriptional
start sites of the nearest genes. Seven (19%) of these breakpoints disrupted genes.
b, Proportion of LOF SNP ininversion/non-inversion regions compared with
thatin the respective genome-wide regions. A one-sample two-sided ¢-test was
used (n =18 inversions). Inthe box plots, the centre line represents the median,
whereas box boundaries represent the upper and lower quartiles. The whisker
reaches no fartherthan1.5 x IQR. ¢, Distance from the nearest TAD boundary to
eachinversionbreakpointin the E. fontanierii genome. d, Phylogenetic trees

are constructed based on the long-read-SV dataset. The previously reported
divergence time of species was plotted on phylogenetic trees. The synteny
comparison showed that the rearrangement types on chromosome 1(0-50 Mb)
of E. cansus, E. rothschildi, E. rufescens, E. baileyi and E. smithi aligned with that of
E. fontanierii, respectively. The terminal region with the EGLNI gene (red arrow)
wasinverted to the middle of the chromosome arm in the three high-altitude
species and the humid-region species. e, Comparison of A/B compartments

between E. fontanierii and E. baileyi on chromosome 1. The background
represents the regions of chromosome 1, excluding the area of rearrangement.
‘A-B’ means the homologous bins were compartment A in E. fontanierii

but compartment Bin £. baileyi. B-A’ was the opposite. ‘Stable’ means the
homologous bins in two genomes had the same compartment type. f, TAD
distribution in the 21.6 Mb region of chromosome 1. Distribution of genes
associated with adaptation to hypoxiain the inversion region of chromosome 1
inthe E. fontanierii genome. The shaded area contains three consecutive TADs
inthe E. fontanierii genome, and the homologous bin appears as a single TAD
inthe E. baileyi genome. After TAD fusion, TSNAX and DISCI were located in the
same TAD. g, Comparison of the significant cis interaction distance between

E. fontanierii (n=1,002) and E. baileyi (n=1,771) in the rearrangement region.
Atwo-sided t-test was used. In the box plots, the centre line represents the
median, whereas box boundaries represent the upper and lower quartiles. The
whisker reaches no farther than 1.5 x IQR.
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technologicaladvancesinlong-read sequencing toinvestigate how SVs
may contribute to hypoxia adaptation in Fospalax.

The high-quality, chromosome-level genome assembly of E. bai-
leyi enabled us to identify SVs, gene family expansions and PSGs. The
genes we identified (Fig. 1f and Supplementary Tables 3 and 4) have
been reported to play important roles in hypoxia adaption®**°. In
E. baileyi, significantly expanded lungs were suggested to maximize
the pulmonary diffusing capacity for respiratory gases with prolifer-
ated alveolar and increased surface area’, suggesting more efficient
oxygen absorption™**,

EGLNI and HIFIA are known to play important roles in cellular
responses to hypoxia, and mutations within these genes (even in
introns) are reported to have functional significance***. Intronic
inversions in EGLNI and HIF1A in high-altitude Fospalax were associ-
ated with significant upregulation in the lung. Increased EGLNI gene
expression could result in increased PHD2 expression, which could
blunt the expression of HIFIA in conditions of chronic hypoxia*®. HSF1
was a key transactivator of stress-inducible genes, regulating cellular
and oxidative stress, immune, autophagy and other suchresponses to
hypoxia**®, Moreover, E. baileyi-specificintronic deletion of the SFTPD
genes was possibly involved in response to hypoxia. XRCC4and UVRAG
genes were associated with DNA damage. Thus, these results suggested
thatSVs could affect gene expression and take partin hypoxiaresponse.
Additionally, E. baileyi has been divided into two lineages. E. baileyi2
split from E. baileyil at ~1.18 Ma earlier than the split of £. smithi at
~0.75 Ma. We speculate that the shared SVs may account for the same
phenotypeinE. baileyi and E smithi. We think the adaptations evolved
inthe ancestry of the two highland species.

We speculate that the rearrangement in chromosome 1 occurred
to avoid silencing by telomeres*~°, thereby maintaining the required
gene expression under hypoxia. Heterochromatin has been reported
tobe dynamic at telomeres®, which could alter adjacent nucleosomal
chromatintosilence the expression of some nearby genes. The 3D chro-
mosome model of chromosome 1suggested that rearrangement was
moretightly structuredin E. fontanieriithan E. baileyi (Supplementary
Fig. 3). More compartment transformation from B to A in E. baileyi in
therearrangement suggested that genes within these regions might be
more highly expressed than that in E. fontanierii®®. This rearrangement
contributed to afusion of TADs and expansions of interacting regions
inE. baileyi (Fig. 4f,g), suggesting changes could alter patterns of some
gene expression. Although we speculate that large rearrangements
harbouring important genes such as EGLNI should have functions
facilitating hypoxiaadaptation, functional tests of even whether they
were fixed require further investigation.

Long-read sequencing enabled us to identify SVs and breakpoint
regions, which were mainly distributed in repeated regions. A large
proportion of short SVs and 56% (10 out of 18) of large SVs occurred
at chromosomal ends (Fig. 2¢), possibly because telomeric concen-
trations of repetitive elements facilitated NAHR?*2, Alternatively,
inversions with breakpoints near telomeres could be less likely to be
removed by purifying selection because these regions are relatively
sparse in genes®** Large inversions mainly originated via inverted
repeats through NAHR in Eospalax, similar to other mammals®*>,

Inthis study, the patterns of genomic structural variationin £. bai-
leyiand the documented effects on the expression of hypoxia-relevant
genes suggest numerous hypotheses about possible mechanisms
of hypoxia adaptation. Such hypotheses can now be tested using
genome-editing tools in conjunction with experimental studies of
organismal physiology.

Methods

Sample information

We collected 17 specimens of EFospalaxin northern China: 3 £. baileyi,
3 E.fontanierii, 3 E. cansus, 3 E. rufescens, 3 E. rothschildi and 2 E. smithi
(Supplementary Table 9). Live zokors were caught and euthanized

using chloral hydrate. Tissues were collected and preserved in
liquid nitrogen.

Phenotypicdata of Eospalax

We measured the mass of the body and tissues for all specimens. We did
alinear regression analysis of the body and lung mass for all samples.
Blood was collected with EDTA as anticoagulant. RBC and Hb were
measured using Mindray BC-2800Vet. Three replicates were measured
for eachindividual. The data for E. baileyi came fromref. 3.

Fibroblast culture and karyotype analysis

Skin fibroblast culture. The skin of zokor was sterilized with 75%
alcohol, washed with PBS, clipped by adding a DMEM/F12 medium
and digested with collagenase at 37 °C for 1 h. After centrifugation at
3,700gfor 10 min, the supernatant was poured off and the precipitate
was mixed with DMEM/F12 medium using 10% FBS, and it was spread
out flatin a Petri dish.

Cellular chromosome karyotype analysis. Vigorous growing cells
with 70-80% confluence were selected and treated with 0.1 pg ml™ of
colchicine for 1 h and 0.075 mol I of KCl solution at low osmolality.
Trypsin was used to digest the cells and then added with a newly con-
figured fixative (methanol:glacial acetic acid = 3:1), and the fixation
was repeated three times to make the slides, which were placed in the
oven for ageing. The slides were stained with Giemsa stain for 15 min,
and the intermediate schizogony phases with high sorting index and
well-dispersed chromosomes were selected for karyotyping through
microscopic examination.

DNA extraction and library construction

Genomic DNA was extracted from muscle using SDS-based methods.
The purity, concentrations and integrity of genomic DNA were meas-
ured usingaNanodrop spectrophotometer and Qubit 3.0 fluorometer.
After the samples passed quality control, a BluePippin automated
nucleic acid recovery instrument (Sage Sciences) was used to collect
the target fragments (10-50 kb). AMPure XP bead purification, DNA
damagerepair, DNA end-repair and adaptor ligation (SQK-LSL109 Liga-
tion SequencingKit) were performed to construct sequencinglibraries.
The Qubit fluorometer was used to quantify the sequencing-ready
DNA libraries.

Datageneration

Long-read sequencing of E. baileyi using Oxford Nanopore Technolo-
gies (ONT, 209 Gb) was performed to assemble contigs; a 51x cover-
age of short paired-end sequencing was performed on the lllumina
platform for subsequent read correction and polishing. The assem-
bled contigs were anchored to chromosomes using Hi-C data (315 Gb,
Extended Data Table1).

Standard operating procedures were followed to load the
long-read sequencing libraries onto PromethION R9.4.1 flow cells for
the long-read-SV dataset (Supplementary Table 10). The number of
reads and N50 length for raw long-read data were calculated using
NanoPlot v.1.38.0.

Short reads from 146 Fospalax individuals were utilized for SV
frequency estimation (Supplementary Table 11), and 143 of the 146
were downloaded from public databases®*”**, including 55 E. baileyi. Of
these, 40 belonged to E. baileyil and 15 belonged to E. baileyi2.

De novo genome assembly and annotation

Genome assembly. The NextCorrect module of NextDenovo v.2.3.0
was used to obtain the consistency sequence using clean long reads
from the ONT platform. NextGraph was used for the initial assembly
of the genome. NextPolish was then used to subject the assembly to
two rounds of corrections using Illumina reads and three rounds of
self-polish corrections using ONT data. Mitochondrial sequences

Nature Ecology & Evolution | Volume 8 | February 2024 | 339-351

347

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Article

https://doi.org/10.1038/s41559-023-02275-7

identified using blastn (blast v.2.2.29) were removed. BUSCO v.5.2.2
was used to assess the genome integrity.

The paired-end Hi-C reads were mapped to the assembled con-
tigs using BWA-MEM v.0.7.17-r1188. Chromosomes were organized,
ordered and oriented using automated 3D-DNA v.180922 and Juicer
v.1.6 processes. Juicebox v.1.5.1was used to correct the chromosomal-
level genome.

Repetitive DNA annotation. LTR_FINDER, Tandem Repeat Finder (TRF)
v.4.07b, RepeatModeler v.4.07b, RepeatMasker v.1.331 and Repeat-
ProteinMask v.4.1.0 were used to identify repetitive sequences. The
overlapping transposable elements belonging to the same repeat class
within the genome’s repetitive sequences were sorted and merged.

Gene annotation. Combiningab initio predictions and homology and
transcript evidence, we generated models for zokors' protein-coding
genes. AUGUSTUS v.3.3.1 and Genscan gene models based on
repeat-masked genomes were annotated for ab initio prediction. The
protein sequences of Mesocricetus auratus, Rattus norvegicus, Micro-
tus ochrogaster, E. fontanierii and E. baileyi were used as templates in
GeMoMa v.1.6.1. Exonerate v.2.4.0 (http://www.ebi.ac.uk/-guy/exon-
erate/) was utilized to align homologous protein sequences from the
UniProt database to the E. baileyi genome. RNA-seq reads were mapped
to genomes using HiSAT2 v.2.1.0 and re-assembled using StringTie
v.2.2.1.Program Assemble Spliced Alignment v.2.3.3 was subsequently
used to generate transcript predictions. TransDecoder v.2.0 (http://
transdecoder.github.io) was then used to predict the genes. Evidence
Modelerv.1.1.1was used tointegrate all predictions. Using BUSCO, the
completeness of gene annotations was assessed.

Analysis of gene family expansions and contractions

We downloaded the genome and annotation files of E. fontanierii,
Rhizomys pruinosus, Spalax galili, Rattus norvegicus, Mus musculus,
Peromyscus maniculatus, Mesocricetus auratus and Jaculus jaculus
from the database of NCBI. Together with the E. bailey assembly, nine
species were used to examine lineage-specific changes in gene family
size. Orthofinderv.2.5.4 was used to identify orthogroups among nine
species based on the longest transcripts extracted with a custom Perl
script. We generated a tree with divergence times based on the spe-
cies tree and single-copy gene sequences using MCMCTree in PAML
v.4.10.3. The species tree was calibrated using TIMETREE (http://www.
timetree.org/) fossiltimes. The contracted and expanded gene families
were identified using CAFE v.4.2.1 with orthogroup counts and a tree
containing divergence time as input files. The likelihood approach
modelled the evolution of gene family size using a stochastic birth and
death process in CAFE v.4.2.1. We performed a multiple correction of
Pvalue (FDR < 0.05; Extended Data Table 1).

Identification of genes subject to selection

We identified PSGs in E. baileyi based on homologous single-copy
genes from nine species. The codon sequences of each homologous
single-copy gene were extracted for subsequent analysis using a Perl
script (Epal2nal.pl, https://github.com/wonaya/ParaAT) based on the
amino acid and CDS sequences. The selected genes were identified
using the ‘aBSREL parameter of HyPhy (https://www.hyphy.org/), with
anomegavalue greater thanlindicating PSGs and an omega value less
than lindicating negatively selected genes. P values were multiples
corrected by FDR values (<0.05).

SV (<1 Mb) calling, description and verification

Illumina SV calling. Quality control was conducted on the sequencing
data using FastQC. The clean short reads were mapped against the E.
fontanieriigenome using BWA-MEM v.0.7.17-r1188. PCR duplicates were
removed using Picard (https://broadinstitute.github.io/picard) with
default parameters. Three SV-detecting tools (DELLY v.0.7.6, LUMPY

v.0.2.13 and Manta v.1.6.0) with respective default parameters were
usedtocallSVsineachindividual. Only SVs with the ‘PASS’ and ‘PRECISE’
flags using all three approaches were kept and merged in svimmer
(https://github.com/DecodeGenetics/svimmer). GraphTyper2 was
used torefine the genotyperesults based on the alignmentinformation
in BAM files. Sites with a high ratio of missing data across all samples
(--max missing 0.90) were filtered out using VCFtools v.0.1.16.

Nanopore SV calling. We mapped raw long reads to the E. fontanierii
genome using NGM-LR v.0.2.7 with default parameters. SAMtools v.1.7
was used tosortand convert alignments into BAM format and calculate
depth and coverage. SVs longer than 50 bp were first called in each
sample using Sniffles v.1.0.12 with the option -[ 50’. After merging using
surpyvor v.0.10.0, genotypes at each SV across all samples were iden-
tified again using Sniffles. The sequences of insertions and deletions
were added and polished usingIris v.1.0.5. We merged SVs using surpy-
vor again, which was based on the comparison algorithm of SURVIVOR
v.1.0.3. Complex SVs (that is, SVs with multiple types, overlapping
SVs and SVs longer than 1 Mb) were considered as false negatives and
removed. SVs with a missing rate greater than 0.15 across all samples
were also removed for carrying insufficient genotype information.

Genomic region and repeat annotation for SVs. The VCF format file
with SVinformation was converted to bed format to get the genomic
coordinates of each SV. The intersection betweenrepetitive elements
and SVs was then calculated using the intersect method in BEDtools
v.2.29.2. The VCF formatfile of the long-read-SV dataset contained 17
individuals. The VCF format file of the SR-SV dataset had 146 individuals
(55 E. baileyi, 25 E. cansus, 21 E. smithi, 18 E. rothschildi, 14 E. rufescens
and 13 E. fontanierii).

Gene function of associated SVs. Using a custom Python script, the
frequencies of each SV were calculated amongall species. SVs fixed in
onespecies andnotidentified in others were defined as species-specific
SVs. Notably, E. fontanierii was used as the reference genome; thus, £.
fontanierii-specific SVs were identified as those SVs that were fixed
in all other samples except those from E. fontanierii. We focused on
species-specificand species-shared SV-associated genesin this study.
Genes associated with these SVs were then extracted from the annota-
tion filesin each species. The functional enrichments of genes associ-
ated with species-specific SVs were performed using Metascape.

PCR validation of SVs. Genomic DNA was extracted from the muscles
of E. fontanieriiand E. baileyi. PCR reactions were performed using a 2x
Taq PCR Master mix (TIANGEN). The HSFI gene deletion was confirmed
viaPCR genotyping using the following primer pairs: (F: CCTGCCCTCT-
CACTGAGTTG, R: TCCGGGTCTTCTGTTCTGTC).

Largeinversion (>1 Mb)

Identification and verification of large SVs. The chromosome-level
genome of E. baileyi was compared with that of E. fontanierii using the
nucmer model of MUMmer v.4.0.0 with default parameters. Align-
ments shorter than100 bp were filtered using the delta-filter, and their
coordinates were obtained using the show-coords module. SyRIv.1.5.6
was used to identify large inversions (>1 Mb).

We aligned the contig-level assemblies of E. baileyi to the E. fon-
tanierii genome using nucmer with default parameters. Inversion
breakpoints were identifiable if (1) a contig contains the entire inver-
sion, with the inversion sequence aligned in reverse to the reference
genome, and (2) a contigincludes only a partial region of the inversion,
withasequence fromoneend of the contig to the inversion breakpoint
alignedinthe samedirection as the reference genome and asequence
from the other end of the contig to the inversion breakpoint aligned
inreverse to the reference genome. The breakpoints of eachinversion
were identified based on the alignments at the contig level.

Nature Ecology & Evolution | Volume 8 | February 2024 | 339-351

348

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Article

https://doi.org/10.1038/s41559-023-02275-7

Genomes from two additional individuals of E. baileyi were de novo
assembled, and one public scaffold-level genome’ was used to verify the
SVonchromosome 1. First, we used NextDenovo to de novo assemble
the ONT sequencing data to obtain contig-level genomes. Then, we
used the'correct' module of Ragtag v.2.0.1to scaffold the contigs using
the chromosome-level E. baileyi genome as reference. Then, the same
method was used to identify the presence of SV on chromosome 1in
bothgenomes.

Predicting telomere locations. We used tolkit v.0.2.2 (https://github.
com/tolkit/telomeric-identifier) to identify telomeres in the E. font-
anierii genome.

Inverted repeat and segmental duplications at inversion break-
points. We identified segmental duplications near inversion break-
points using SEDEF with the soft-masked repeat sequence as input.
Segmental duplications were then screened for length >1 kb and
soft-masked repeat sequences <70%. We calculated the segmental
duplication density around 500 kb of each inversion breakpoint. To
compare the density at the breakpoints with the density in random
regions of the whole genome, we randomly selected 1,000 sites from
the genome and calculated the segmental duplication density in the
region 500 kb upstream and downstream from each site. Inverted
repeats were identified in three ways: (1) segmental duplications
(>1kb) located near two breakpointregions of an SV that were inverted
and highly similar were regarded as inverted repeats; (2) IRF v.3.05
was used to identify inverted repeats longer than 500 bp; (3) short
(>100 bp) inverted repeats were obtained by aligning each chromo-
some toitself.

Potential effect of large inversions. We checked whether any inver-
sion breakpoints were located within the genes. We calculated the
distance between each inversion breakpoint and the nearest tran-
scriptional start site. LOF SNPs were utilized to represent geneticload.
SnpEffv.5.1was used to identify LOF SNPs (stop gained, startlost, splice
acceptor variant and splice donor variant). We calculated the number
of LOF SNPs in each inverted region of E. fontanierii and E. baileyi, in
addition to the overall number of LOF SNPs found in their genomes.

Construction of homologous bin pairs. Toidentify homologous bins
between E. fontanierii and E. baileyi, we used LAST v.885 to align the
query E. baileyisequence to the target E. fontanierii sequence. Accord-
ing to published pipelines®, the MAF file obtained from LAST was
converted into abin pairs file. Using the University of California, Santa
Cruzgenome browser, the MAF file was converted to PSL format using
mafToPsland then converted to a chain file using axtChain (-linearGap
=medium). TheliftOver tool (-minMatch = 0.85) was used to construct
homologous bin pairs of varying sizes.

Comparison of 3D chromatin architecture. We compared the 3D chro-
matinarchitecture in different regions (within the chromosome rear-
rangement region and in other regions) of E. baileyi and E. fontanierii,
including the A/B compartments, TADs and significantinteractionbins.
Principal component analysis was performed using the reciprocal
matrixat150 kb resolution. The Aand Bcompartments were separated
along PC1, with positive and negative values for Aand Bcompartments,
respectively. The gene density was higher in the Acompartment than
in the B compartment. The homologous bins of the two species were
aligned, and the counterpart A/B compartmentsin each genome were
identified. The homologous bins were identified as switched regionsif
the two bins showed different compartments, whereas the remaining
binswereregarded as stableregions. The ratio of the tworegion types
was counted (A to B: Ain £. fontanieriibut Bin E. baileyi; Bto A:Bin E.
fontanieriibut A in E. baileyi; stable: bins in both genomes contained
the same compartment type).

We used cworld-dekker (https://github.com/dekkerlab/
cworld-dekker/releases) to identify TAD boundaries based on the
40 kb resolution matrix and obtained an insulation score. For a given
TADinonegenome, weidentified allbins that showed overlap with this
TAD. Counterpart TADs between the two species with more than 70%
overlap were defined as shared TADs, and all other TADs were classified
as species-specific TADs.

Finally, the significance of genome-wide interactions between
each pair of loci (at 20 kb resolution) was determined using FitHic
v.L.1.3.Interactions with P< 0.01, g < 0.01,and >9 reads supporting the
interactions were significant interactions. We limited our analysis to
significant interaction regions within the same chromosomes. The bins
of significantinteraction regions were determined according to their
coordinates. We then tallied the number of shared and species-specific
bins between the two genomes and calculated the distance between
theinteraction bins.

RNA-seq analysis

The transcriptomes of the hearts, livers and lungs of E. baileyi, E.
cansus and E. rothschildi from common garden experiments were
sequenced. We collected the zokors on the way from our university to
our field station located at Guoluo, Qinghai Province, with an altitude
of ~3800 m. All the male adults were in the same environment there
for atleast 1 week. We anaesthetized the zokor with chloral hydrate,
collected tissue and frozeitinliquid nitrogen and stored itina-80 °C
refrigerator. We extracted RNA using RNAprep pure Tissue Kit (TIAN-
GEN). NanoPhotometer (IMPLEN) was used to detect RNA purity. The
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies) was used to assess RNA integrity and concentration.
Then1-2 pg of RNA per sample was used to construct the cDNA library.
Qubit3.0 was used for preliminary quantification. Agilent Bioanalyzer
2100 wasused to detect thelibraryinsert size. StepOnePlus Real-Time
PCR System was used to accurately quantitate the insert size (library
valid concentration >10 nM). E. baileyi was used as the high-altitude
species, whereas E. cansus and E. rothschildi were the low-altitude
species. The raw reads were filtered using Trim Galore to remove
low-quality reads, and the filtered data were assessed using FastQC.
HISAT2 was used to align clean reads to the genome. We calculated
the number of transcripts of each gene mapped against the genome
using Stringtie v.2.0.4.

DESeqv.2 was used to identify DEGs (adjusted P < 0.05). We used
the result of multiple corrections (Benjamini-Hochberg model). We
corrected RNA-seq data using phylogenetic comparative methods,
such as phylogenetic generalized least squares. We increased statisti-
cal power and controlled the FDR using mashr (https://github.com/
stephenslab/mashr; Extended Data Table 2). Metascape was used for
functional enrichments.

Dual-luciferase assay

HEK293T cells were cultured using an RPM11640 medium supple-
mented with penicillin, streptomycin and horse serum. The synthe-
sized sequences of HIFIA (Ensembl: Chr13: 44667409-44669626),
EGLNI (Ensembl: Chrl:1889355-1890797) and HSF1 (Ensembl: Chr9:
81333952-81335801) were inserted into pGL13-Promoter (Promega).
We prepared and transformed competent cells and then extracted
plasmid DNA. Both the plasmid with the target gene (pGL13) and
the control plasmid (pRL-TK) were transfected into HEK293T cells
using Lipofectamine 2000 (Thermo Fisher Scientific) and OPTI-MEM
medium (GIBCO, Invitrogen). Then 24 h after transfection, cellular
lysates were collected. The ratio of FLUC and RLUC values (that is,
luciferase activity) was calculated per well. All datawere presented as
means with standard deviations, and statistical differences between
groups were examined using one-way analysis of variance and Tukey’s
test, with a Pvalueless than 0.05indicating significance, and we used
atwo-sided t-test.
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Prediction of SFTPD protein structure

We used RoseTTAFold with default parameters to predict the protein
structure of SFTPD of E. fontanierii and E. baileyi. PyMOL (https://pymol.
org) was used to visualize the predicted results.

3D model reconstruction of genomes

The ‘LorDG’ module of Genomeflow (https://github.com/jianlin-cheng/
GenomeFlow) was used to build 3D chromosomes and genome models.
Thenwe viewed the 3D structure using PyMOL.

Ethics statement

The Ethics Committee of the College of Ecology, Lanzhou University
(ethical approval form no. EAF2022007) authorized all experimental
methods and sample collection protocols. China’s Ministry of Science
and Technology developed the ‘Guidelines on the Ethical Treatment of
Experimental Animals’, which governed all sample operations.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

DNA sequence data are available from NCBI SRA under BioProject
accession PRINA947478. The RNA sequence datareported in this paper
are deposited in the Genome Sequence Archive in National Genom-
ics Data Center, China National Center for Bioinformation/Beijing
Institute of Genomics, Chinese Academy of Sciences (PRJCA019941:
CRA012698), which are publicly accessible at https://ngdc.cncb.ac.cn/
gsa. The chromosomallevel genome assembly and annotation reported
in this paper are deposited in the China National GeneBank DataBase
(https://db.cngb.org) with BioProject ID CNPO005002 and uploaded
in figshare (https://doi.org/10.6084/m9.figshare.24085119). Source
dataare provided with this paper.

Code availability
The codeused for the analysesis available from GitHub (https://github.
com/anxuan-web/Structural-variants-in-Eospalax).
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above. (b) The Synteny comparison between the genomes of E. fontanierii and
E. baileyi showed that part of the contig of E. baileyi was reversed and the other
contig was positive.

Extended DataFig. 4 |SV (<1 Mb) dataset summary (LR-SV and SR-SV).
(a) Contigs from de novo genome assemblies (‘query’, y-axis) were aligned to
the E. fontanierii reference genome (‘reference’, x-axis). Contigs (blue) and
those identifying inversion breakpoints (red) are shown. Predicted inversion
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Hochberg model (padj < 0.05). (d) GO enrichment terms of fixed SV-related
genestypically in E. baileyi. (e) Enrichment of genes associated with E. baileyi-
specific SVs, E. smithi-specific SVs and the shared SVs between the two species
(Hypergeometric test, p < 0.05; Benjamini-Hochberg model, g < 0.05).

Extended DataFig. 5| SV (<1 Mb) dataset summary (LR-SV and SR-SV). The
fixed-SV related differentially expressed genes in the lung (a) liver (b), and heart

(c) of E. baileyi. Negative binomial distribution model and generalized linear
model were used to identify DEGs, and we multiple-corrected using Benjamini-
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Extended Data Fig. 7 | Three-dimensional genomics and divergence time of insulation score of chromosome 1in E. fontanierii and E. baileyi. (c) Venn diagram
the rearrangement on chromosome 1. (a) Compartment A/B, gene density and showing species-specific and shared TADs in SV regions and background regions.
GC content of chromosomelin E. fontanierii and E. baileyi. A/B compartments (d) Two E. baileyi-specific TADs associated hypoxia adaptation. (e) The number of
are determined by the PC1value, the red bar indicates compartment A and the shared/species-specific significant interaction regions between E. fontanierii and
blue bar indicates compartment B. (b) Topologically associating domains (TAD) E. baileyiin the rearrangement region.
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Extended Data Fig. 8 | See next page for caption.
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Extended DataFig. 8| Three-dimensional genomics and divergence time of
therearrangement on chromosome 1. (a) The overlap of inversions (<1 Mb)
with different types of repeats. Different colors represent different repeat
sequence types. The X-axis of each figure represents the percentage of the
length of the inverted sequence overlapped with different types of repeats
asapercentage of the length of the inverted sequence. The Y-axis represents
the number of inversions. (b) The type and proportion of repeated sequences
ininversion (<1 Mb). The x-coordinate represents the ratio of LINE1 to each
inversion sequence. (c) Examples of inversions with inverted repeats at both
breakpoints on chromosomes1,2,3,6,8,9,11,17,21, 23,24, 27 and 31. Dotplot

depicts the inverted repeats near each inversion breakpoint. Locations of
breakpoints are denoted by orange arrows, and only alignments longer than
100 bp and within1 Mb of the breakpoints are displayed. Inverted repeats
located within 1 Mb of both breakpoints are depicted (red) and highlighted
(purple box). (d) The pie shows the number of inversions (>1 Mb) that have
atleast one pair of inverted repeats at both inversion breakpoints. The
histogram shows the length of inverted repeats near breakpoints. (e) Segmental
duplication (SD) percentage of randomly selected 1 Mb regions across the
genome and inversion (>1 Mb) regions.
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Extended Data Table. 1| Genome assembly data

Sequencing Platform Data Size Sequencing Depth
Oxford Nanopore Technologies, ONT 209.0 Gb 84x
ngh—throu.gh Chromosome Conformation 314.53 Gb 139x
Capture, Hi-C

Tllumina 255.1 Gb 51x
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Extended Data Table. 2 | Dual-luciferase assay of EGLN1, HIF1A, and HSF1

EGLNI1 HIFIA HSFI1
pGL3-
pGL3- pGL3- pGL3- pGL3- pGL3-
pGL3- pGL3- promoter+Z pGL3-
promoter+ZH- promoter+GY- promoter+GY promoter+ZH promoter+GY
promoter+Luc promoter+Luc H- promoter+Luc
EGLNI+Luc EGLNI+Luc -HIF1A+Luc -HSFI+Luc -HSF1+Luc
HIFIA+Luc

48,059 81,987 130,256 50,468 99,549 140,249 44,768 112,628 173,763
Luc 46,509 65,681 128,695 58,783 87,829 135,135 51,810 87,089 147,634
56,059 98,063 125,254 59,134 94,763 149,959 55,337 104,957 150,417
Average 50,209 81,910.33333 128,068.3333 56,128.33333 94,047 141,781 50,638.33333 101,558 157,271.3333
SD 5,125.182924 16,191.13613 2,559.205801 4905.13306 5,892.715164 7,529.808231 5,381.035433 13,104.38976 14,349.82837
67,107 68,754 64,518 71,279 70,420 68,874 64,869 62,900 66,264
RLuc 57,873 54,668 56,741 75,354 74,283 124729 68,988 64,160 67,168
60,176 65,452 66,808 69,098 67,994 72,581 66,022 65,603 69,318
Average  61,718.66667 62,958 62,689 71,910.33333 70,899 71,394.66667 66,626.33333 64,221 67,583.33333
SD 4,806.407633 7,366.741206 5,276.841195 3,175.424434  3,171.744157 2,184.215267 2,124.959843 1,352.53207 1,568.791042

continue Extended Data Table 2

EGLN1 HIFIA HSF1
pGL3-
pGL3- pGL3- pGL3- pGL3- pGL3- pGL3-
pGL3- promoter+Z pGL3-
promoter+Lu  pr ter+ZH pr ter+GY promoter+GY promoter+ZH promoter+GY
promoter+Luc H- promoter+Luc
c -EGLNI+Luc -EGLNI+Luc -HIF14+Luc -HSFI+Luc -HSF1+Luc
HIF1Aat+Luc
0.7162 1.1925 2.0189 0.708 1.4136 2.0363 0.6901 1.7906 2.6223
Luc/RLuc 0.8036 1.2015 2.2681 0.7801 1.1824 1.8581 0.751 1.3574 2.198
0.9316 1.4982 1.8748 0.8558 1.3937 2.0661 0.8382 1.5999 2.17
Average 0.817133333 1.2974 2.053933333 0.7813 1.3299 1.986833333 0.759766667 1.582633333 2.3301
SD 0.108335836 0.173956115 0.19897669 0.073907307 0.12812568 0.112477613 0.074438185 0.217115553 0.253439598
Relative 0.8765 1.4594 2.4707 0.9062 1.8093 2.6063 0.9083 2.3568 3.4515
luciferase 0.9834 1.4704 2.7157 0.9985 1.5134 2.3782 0.9885 1.7866 2.893
activity 1.1401 1.8335 2.2944 1.0954 1.7838 2.6444 1.1032 2.1058 2.8561
Average 1 1.587766667 2.5136 1.000033333 1.702166667 2.542966667 1 2.083066667 3.066866667
SD 0.132581711 0.21288237 0.243500986 0.094609319 0.163973179 0.14395813 0.097957593 0.285778959 0.333612805

Nature Ecology & Evolution . ) . )
Content courtesy of Springer Nature, terms of use apply. Rights reserved



nature portfolio

Corresponding author(s):  Kexin Li, Jay F. Storz, Jianquan Liu

Last updated by author(s): Nov 12, 2023

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

S
Q
o
c
®

S}
O
=4
o
=
—
@

S}
O
=
S

Q
wv
c
3
=
Q

<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

X[ X

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O 0O 0OX 00 0O

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X OO X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

L1 X X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection

Data analysis In this study, all previous softwares were used, including NextDenovo v2.3.0, blast v2.2.29, BUSCO v5.2.2, BWA-MEM v0.7.17-r1188, 3D-DNA
v180419, LTR_FINDER, Tandem Repeat Finder v4.07b, RepeatModeler v4.07b, RepeatMasker v1.331, RepeatProteinMask v4.1.0, AUGUSTUS
v3.3.1, Genscan, GeMoMa v1.6.1, Exonerate v2.4.0, HiSAT2 v2.1.0, StringTie v2.2.1, PASA v2.3.3, TransDecoder v2.0, EVM v1.1.1, Orthofinder
v2.5.4, PAML v4.10.3, CAFE v4.2.1, HyPhy, NGM-LR v0.2.7, SAMtools v1.7 , Sniffles v1.0.12, surpyvor v0.10.0, Iris v1.0.5, DELLY v0.7.6, LUMPY
v0.2.13, Manta v1.6.0, mummer v4.0.0, SyRI v1.5.6, Ragtag v2.0.1, tolkit v0.2.2, SEDEF, IRF v3.05, SnpEff v5.1, LAST v885, UCSC genome
browser, Cworld-dekker, FitHic v1.1.3, DESeq v2, mashr, RoseTTAFold, Genomeflow, PyMOL v1.20.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

1202 Y210y

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

DNA sequence data are available from NCBI SRA under BioProject accessions: PRINA947478. The RNA sequence data reported in this paper have been deposited in
the Genome Sequence Archive in National Genomics Data Center, China National Center for Bioinformation / Beijing Institute of Genomics, Chinese Academy of
Sciences (GSA: CRA012698) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description To identify structural variants (SVs), we report a genomic analysis of six zokor species (genus Eospalax) . Assembly of a chromosome-
level genome of the high-elevation species, E. baileyi, enabled us to identify 18 large inversions that distinguished this species from
congeners native to lower elevations. Small-scale SVs in the introns of E. baileyi caused upregulated gene expression. A chromosome
rearrangement on chromosome 1 altered chromatin accessibility, thereby modifying gene expression profiles of key genes involved
in the physiological response to hypoxia. We also found that E. baileyi exhibits a significantly larger lung-mass/body-mass ratio
compared to other Eospalax species. These findings highlight the key role of SVs underlying hypoxia adaptation of high-elevation
species in Eospalax.

Research sample We collected six species of Eospalax in China. Seventeen individuals were used for long-read sequencing. Short-read sequencing data
from 146 Eospalax individuals were used for SV frequency estimation, including 55 E. baileyi, 25 E. cansus, 21 E. smithi, 18 E.
rothschildi, 14 E. rufescens and 13 E. fontanierii. 143 of the 146 were downloaded from public databases.

Sampling strategy Long-read and short-read sequencing involved six species in Eospalax. On average, three unrelated individuals were selected for each
species (there are only two individuals in E. smithi) in the long-read sequence. For the focus subjects (E. baileyi), we estimate
variations in large populations (55 individuals) based on short-read data.

Data collection Genome DNA were extracted from adult zokors. Long-read sequencing for each individual was sequenced to at least 15X depth. The
sample used to assemble the genome was sequenced 84X. X.L. collected the raw sequence reads from Sequence platform.

Timing and spatial scale  We collected samples for whole genome sequencing from September to November in 2020. Partial samples for measuring blood
routine were collected in April in 2022. The raw data of sequencing and phenotypic data were collected.

Data exclusions We did not exclude data in the study.
Reproducibility All attempts to repeat the experiment were successful.
Randomization All analyses are grouped by different species. In E. baileyi, the group was differentiation by the altitude of the distribution site.
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Animals and other organisms

Clinical data

XOX X
XX

Dual use research of concern

X

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293T cells were purchased from Kunming Cell Bank, Kunming Institute of Zoology, Chinese Academy of Sciences (ATCC
CRL-3216).

Authentication Authentication certificate was provided by manufactures.

Mycoplasma contamination Negative.

Commonly misidentified lines  The study does not use misidentified lines.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals The study do not involve laboratory animals.

Wild animals We provided detailed (including longitude, latitude and altitude) information about the captured animals. The animals were
anesthetized by injecting 4 ml chloral hydrate (10%). Tissues were harvested and immersed into liquid nitrogen immediately. Because
we need to tissues to sequencing. For RNA-seq, We collected the zokors on the way from our university to our field station located at
Guoluo, Qinghai province with an altitude of ~3800m. All the male adults were in the same environment there for around 1 week.
We anesthetized the zokor with chloral hydrate, collected the tissue and froze it in liquid nitrogen and stored it in a -80°C
refrigerator.

Reporting on sex The samples used for whole genome sequencing did not consider sex. The RNA-seq samples were all adult males.
Field-collected samples  The study do not involve field-collected samples.
Ethics oversight The Ethics Committee of the College of Ecology, Lanzhou University (Ethical Approval Form No. EAF2022007) authorized all

experimental methods and sample collection protocols. China’s Ministry of Science and Technology developed “Guidelines on the
Ethical Treatment of Experimental Animals”, which governed all sample operations.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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