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Abstract 

Background  Museomics utilizes historical genetic data from museum specimens to inform threatened species 
conservation. The Yellow-breasted Bunting (Emberiza aureola) and the Jankowski’s Bunting (E. jankowskii), categorized 
as Critically Endangered or Endangered, respectively, have experienced population declines since the 1970s–1980s. 
Comparing genetic diversity changes before and after declines is crucial for refining conservation strategies.

Results  We de novo assembled genomes for both species and resequenced 29 E. aureola (16 historical pre-decline 
specimens from the 1930s to the 1950s) and 18 E. jankowskii (4 historical pre-decline specimens from the 1950s 
to the 1960s), with 45 individuals from six least-concern Emberiza species for comparison. Genetic diversity remained 
stable in both endangered species from the pre-decline to post-decline periods, with their overall genetic diversity 
levels being comparable to those of their least-concern congeners. While historically, both had large effective popula-
tion sizes, E. jankowskii showed a gradual decline over 1000 generations, whereas E. aureola remained stable. Both 
modern populations of E. aureola and E. jankowskii exhibited a higher proportion of long runs of homozygosity (ROH) 
compared to their historical counterparts, indicating an increased impact of inbreeding following population declines.

Conclusions  Despite severe population declines, both species retained high genetic diversity but experienced 
increased inbreeding. E. jankowskii faces ongoing effective population size decline. These insights guide targeted con-
servation strategies, highlighting the value of museomics in understanding demographic and genetic histories.

Keywords  Genetic diversity, Inbreeding, Demography, Emberiza

Background
Anthropogenic interference has accelerated the rate 
of species extinction to an alarming degree [1, 2] and 
caused losses of species’ genetic diversity [3, 4]. The 
International Union for Conservation of Nature (IUCN) 
classified more than 47,000 species as threatened with 

extinction, accounting for 28% of all assessed species [5]. 
Nevertheless, genetic information is often overlooked 
in the IUCN’s assessment frameworks [6]. In the past 
decade, there has been a growing focus on conserva-
tion genomic studies targeting an increasing number of 
endangered species (e.g. [7–9],). Those endangered pop-
ulations may exhibit low genetic diversity, high inbreed-
ing, and an increased genetic load [10–12], which can 
reduce individual fitness (e.g. [13, 14],) and render these 
populations particularly vulnerable to further genetic 
erosion due to anthropogenic activities [15]. For exam-
ple, historical population bottlenecks and recent declines 
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have led to extremely low genetic diversity and an accu-
mulation of deleterious genetic variations in the Iberian 
lynx (Lynx pardinus) [16]. Similarly, a prolonged 100,000-
year population decline has resulted in low genetic diver-
sity and a high proportion of deleterious mutations and 
homozygous sites in Mountain gorillas (Gorilla beringei) 
[17]. Among avian species, the Southern Dunlin (Calid-
ris alpina schinzii) serves as a representative example of 
declining genetic diversity resulting from habitat frag-
mentation and population decline [18, 19]. The conser-
vation of the Kakapo (Strigops habroptilus) demonstrates 
that long-term genomic monitoring combined with 
active management, such as predicting phenotypic traits 
through breeding values and prioritizing translocations, 
can help maintain genetic diversity and evolutionary 
potential even in extremely small populations [20]. These 
cases underscore the critical importance of integrating 
genetic information, particularly genome-wide genetic 
variation [21], into conservation planning to better esti-
mate the extinction risks and inform effective conserva-
tion strategies.

Contrary to common assumptions, empirical stud-
ies have demonstrated that reduced genetic diversity 
is not a universal characteristic across all endangered 
species [22]. For example, a notable avian case is the 
genomic analysis of the rapidly extinct Carolina parakeet 
(Conuropsis carolinensis), which failed to uncover signs 
of extended runs of homozygosity or significant histori-
cal demographic decline [23]. The critically endangered 
Coquerel’s sifaka (Propithecus coquereli) exhibits high 
heterozygosity despite its population being continuously 
declining, suggesting that genetic factors may complicate 
the relationship between historical population dynamics 
and current genetic diversity [24]. Indian tigers (Panthera 
tigris) have high overall genomic diversity, yet individual 
tigers have long homozygous segments, possibly due to 
recent inbreeding or founder effects [25]. Within the 
Sumatran rhinoceros (Dicerorhinus sumatrensis), there 
are significant differences in genetic diversity among pop-
ulations [9]. These examples demonstrate that precisely 
assessing genetic diversity, inbreeding levels, and genetic 
load serves as the foundation for developing tailored con-
servation strategies for specific species [16, 26–28].

Notably, museum samples are indispensable for inves-
tigating the temporal genetic diversity changes of endan-
gered species [29–32], which in turn facilitates the 
development of effective conservation strategies and 
deepens our understanding of population declines [33]. 
For example, historic specimens of the alpine chipmunk 
(Tamias alpinus) collected in 1915 served as a basis 
to compare patterns of genetic variation between his-
torical and contemporary populations [34]. A compari-
son of the historical and modern genomes of the green 

peafowl (Pavo muticus) revealed a decline in genetic 
diversity over the past five decades [35], highlighting 
the impact of human-induced habitat fragmentation on 
genetic diversity. Analyses of genetic diversity across 
whole genomes have also shed new light on the historical 
changes in population size in species recently negatively 
impacted by humans, such as bird species Tympanuchus 
cupido, Ectopistes migratorius, Campephilus principa-
lis, Conuropsis carolinensis, and Vermivora bachmanii 
[3]. Museum samples enrich our understanding of evo-
lutionary processes of species under human influence 
[32]. However, despite the valuable insights gained from 
the above studies, most previous studies on endangered 
species have relied on partial gene fragments such as 
microsatellites and mitochondrial markers (e.g., [36]). 
This emphasizes the need for more in-depth research 
by using high-quality whole-genome data to explore the 
changes in genetic diversity and evolutionary potential 
(e.g., inbreeding depression) before and after population 
decline. Although some museum genomics studies across 
temporal scales have emerged (see [33]), such research 
remains relatively limited.

The Yellow-breasted Bunting (Emberiza aureola) and 
the Jankowski’s Bunting (E. jankowskii) are classified 
as Critically Endangered or Endangered, respectively, 
on the IUCN Red List [5], due to significant population 
declines observed over the past few decades. Historically, 
E. aureola was widely distributed across the Eurasian 
continent. However, due to excessive human hunting, its 
western boundary of distribution range has shifted east-
ward by approximately 5000 km from 1980 to 2013, and 
its population has declined by over 90% since the 1980 s 
[37]. The demand for E. aureola in the traditional food 
market, particularly in some regions of China, has led 
to large-scale and unsustainable hunting [38, 39]. Nev-
ertheless, despite having undergone a severe population 
decline, the Yellow-breasted Bunting still maintains high 
genetic diversity, exhibits low linkage disequilibrium, and 
shows a low proportion of long runs of homozygosity 
[40]. In contrast, the distribution of E. jankowskii is rela-
tively restricted. This species primarily inhabits meadows 
and thickets in Northeast China, as well as adjacent areas 
of Mongolia and the Russian Far East [41]. The breeding 
population of E. jankowskii has experienced a continu-
ous and significant decline since the 1970 s [42]. Cur-
rently, its relict breeding range is restricted to the steppes 
in Jilin Province and several counties in Inner Mongolia, 
with suitable breeding habitat covering only 280 km2 
[43]. Over the past 50  years, it has vanished from most 
of its historical breeding sites [42]. In 2018, the global 
population was estimated at 9800–12,500 individuals 
[44]. Intriguingly, compared with other avian species, E. 
jankowskii exhibits unexpectedly high levels of genetic 
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diversity in both mitochondrial DNA and microsatellites 
[45, 46].

However, the patterns of genetic diversity change in 
these two endangered species before and after their pop-
ulation declines remain poorly understood. In this study, 
we assembled two high-quality reference genomes for 
both species. By utilizing historical museum specimens 
and contemporary samples, we retrieved genomic data 
spanning both pre-decline (1930s, 1950 s and 1960 s) and 
post-decline (2000s and 2010 s) periods. Integrating his-
torical and contemporary genetic data, this study quan-
tified genetic diversity through heterozygosity, measured 
inbreeding using runs of homozygosity (ROH), and 
reconstructed demographic history, thereby providing 
insights into the conservation status of the two endan-
gered species.

Results
De novo assembly of the genome of E. aureola and E. 
jankowskii
Based on the stLFR sequencing libraries and the 
BGISEQ-500 high-throughput sequencing platform 
[47], we assembled the genomes of these two species at 
the Beijing Genomics Institute (Shenzhen, China). The 
assembled genome of E. aureola has a length of 1.09 Gb 
and consists of 33,220 scaffolds. The N50 value of this 
genome is 8.2  Mb, and the largest scaffold is 40.89  Mb. 

The assembled genome of E. jankowskii has a length of 
1.07  Gb and comprises 40,940 scaffolds. The N50 value 
of this genome is 0.61  Mb, and the largest scaffold is 
6.12  Mb (Additional file  2: Table  S1). Based on the 
evaluation using benchmarking universal single-copy 
orthologs (BUSCO) (passeriformes_odb10), the assembly 
completeness levels for E. aureola and E. jankowskii were 
assessed at 92.7% and 89.4%, respectively, which indicates 
high quality of assembly (Additional file 1: Fig. S1).

Whole‑genome resequencing and grouping
We sequenced 29 individuals for E. aureola, comprising 
16 historical specimens (collected from the 1930 s to the 
1950 s) and 13 modern samples (collected from the 2000 s 
to the 2010 s). For E. jankowskii, we sequenced 8 indi-
viduals, including 4 historical specimens (collected from 
the 1950 s to the 1960 s) and 4 modern samples (collected 
from the 2000 s to the 2010 s), and further integrated 
data from 10 previously published modern individuals 
(Fig. 1; Additional file 2: Table S2). To enable a compre-
hensive comparison, we incorporated genomic data from 
six additional Emberiza species, which are all classified as 
Least Concern: 8 individuals each of Godlewski’s Bunt-
ing (E. godlewskii), Rock Bunting (E. cia), Meadow Bunt-
ing (E. cioides), Yellow-throated Bunting (E. elegans), 
and Chestnut Bunting (E. rutila), as well as 5 individu-
als of White-capped Bunting (E. stewarti). In total, our 

Fig. 1  Ecological photos and distribution of sampling sites. a E. aureola (photographed by Xingbin Yang). b E. jankowskii (photographed by Haitao 
Wang). c The yellow color represents E. aeueola and the brown color represents E. jankowskii. The two hand-drawn pictures depict two male 
individuals. Each shape represents a single sampling site. Different shapes represent different groups of sampling periods. The distribution range 
is demarcated by shading, with the data sourced from BirdLife (https://​www.​birdl​ife.​org/). The top left inset represents the study area. The map 
is the elevation data downloaded from WorldClim (http://www.​world​clim.​org)

https://www.birdlife.org/
http://www.worldclim.org
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dataset comprises 50 newly re-sequenced genomes and 
42 genomes from two previous studies (Additional file 2: 
Table S2) [42, 43]. After trimming and mapping the reads 
to the reference genome, we excluded 4 low-quality his-
torical E. aureola individuals with a sequencing depth of 
less than 5 ×. After filtering, the remaining dataset exhib-
ited an average sequencing depth of 16.1 ×, a breadth of 
coverage of 93.0%, and a mean mapping rate of 96.7%. To 
explore potential temporal trends in genetic variation, we 
categorized the samples of E. aureola and E. jankowskii 
into two period groups according to their sampling dates 
(before and after the population decline) (Additional 
file 2: Table S2).

Genetic diversity of E. aureola and E. jankowskii
Multiple established metrics are available for quantify-
ing genetic diversity of populations, including nucleotide 
diversity, haplotype diversity, haplotype richness, and 
heterozygosity [48]. Here, we used heterozygosity as a 
proxy of genetic diversity, calculated as the proportion of 
heterozygous sites per individual. Our results reveal that 
both E. aureola and E. jankowskii, despite having under-
gone significant population declines, exhibit higher lev-
els of genomic heterozygosity compared to most of their 
relatives (Fig. 2a). Before and after the rapid population 
decline, no significant loss of genetic diversity was found 
in either of the two species (Fig. 2b and Additional file 1: 
Fig. S2).  For  E. aureola, regardless of whether the sam-
ples were categorized into four groups based on sampling 
decades or divided into historical and modern peri-
ods, no significant differences in genetic diversity were 
detected (Fig. 2b and Additional file 1: Fig. S2). This sug-
gests that the genetic diversity of E. aureola has remained 
relatively stable over time. For E. jankowskii, genetic 
diversity in the modern population was slightly higher 
than that in the historical one, although this difference 
was not statistically significant (Fig.  2b and Additional 
file 1: Fig. S2). We also constructed the linkage disequilib-
rium (LD) decay curve for these species. E. aureola and 
E. jankowskii exhibited a lower degree of LD compared to 
other Least Concern relatives (Additional file 1: Fig. S3).

Inbreeding of E. aureola and E. jankowskii
Runs of homozygosity (ROH) were used to represent 
the inbreeding level of the two endangered species. 
ROH arise from the mating of closely related individu-
als. When closely related individuals mate, the offspring 
inherit long genomic segments that are homozygous and 
identical by descent [49]. Long ROH are typically indica-
tive of recent inbreeding, whereas shorter ROH suggest 
ancestry from more distant common ancestors. Calculat-
ing the proportions of an individual’s genome that occurs 

as ROH of specific lengths may provide insights into 
the extent of inbreeding [50]. We calculated the num-
ber of long (> 1000 kb) and short (300–1000 kb) ROHs, 
as well as the percentage contribution of each type of 
ROH [51]. We also calculated the ROH of E. elegans for 
comparison. Specifically, among the 14 examined mod-
ern individuals of E. jankowskii, ROH segments with 
lengths exceeding 300  kb were successfully identified. 
The average length of these detected ROH segments 
was approximately 485.3 kb (Additional file 1: Fig. S4a). 
Segments longer than 1,000  kb accounted for approxi-
mately 6% of the total identified segments (Fig.  3a). For 
the historical specimens of E. jankowskii, 4 individuals 
were investigated. The average length of ROH segments 
exceeding 300  kb was 427.5  kb (Additional file  1: Fig. 
S4a). None of the identified segments in these histori-
cal individuals exceeded 1000 kb in length, suggesting a 
different distribution of long ROH segments between 
modern and historical E. jankowskii populations (Addi-
tional file  1: Fig. S4b). Among the 13 modern individu-
als examined of E. aureola, the average length of ROH 
segments exceeding 300  kb was 684.4  kb (Additional 
file  1: Fig. S4a). Moreover, ROH segments longer than 
1000  kb constituted approximately 16.4% of the total 
detected segments (Fig. 3a), indicating a higher propor-
tion of long homozygous regions, and a greater length of 
these regions, in modern E. aureola than in modern E. 
jankowskii. In the 12 historical individuals of E. aureola, 
approximately 13.8% of these segments were longer than 
1000 kb (Fig. 3a), and the average length of all detected 
ROH segments was approximately 615.8  kb (Additional 
file  1: Fig. S4a). These findings suggest that, while there 
are similarities in the presence of long ROH segments 
between modern and historical E. aureola populations, 
there are also differences in their proportion and aver-
age length (Additional file 2: Table S4). In both species, 
the cumulative length of short ROH segments was higher 
than that of long ROH segments. Within  E. jankowskii, 
the distribution of ROH among individuals was uneven. 
Four modern samples exhibited a high number of ROH 
(more than 55 per individual). For comparison, the aver-
age number of ROH per individual was only 2 in the four 
historical sample groups, compared to 11 per individual 
among the other modern samples. In contrast, the num-
ber of ROH in E. aureola was relatively consistent across 
individuals (Fig. 3b and Additional file 2: Table S5). Over-
all, modern populations of E. aureola and E. jankowskii 
exhibit a larger average length of ROH and a higher pro-
portion of long ROH compared to their historical popu-
lations, indicating a higher degree of inbreeding in the 
modern populations.
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Demography of E. aureola and E. jankowskii
We employed two distinct approaches to reconstruct 
the demographic history of E. aureola and E. jankowskii. 

The Pairwise Sequentially Markovian Coalescent 
(PSMC) method was used to infer the long-term his-
torical demography [52]. The results estimated from the 

Fig. 2  Genetic diversity and inbreeding. a Comparison of heterozygosity between eight species in genus Emberiza using the Wilcoxon rank-sum 
test (for E. aureola and E. jankowskii, only modern samples are included). b Comparison of heterozygosity between historical and modern individuals 
in E. aureola and E. jankowskii. (****P < 0.001, **P < 0.01, *P < 0.05, and NS is not significant)
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individual with the highest sequencing depth for each 
species (9319, ALH01, LW23576, 20298, 21435, 20360, 
24332, 23939) show that the historical effective popula-
tion sizes of E. aureola and E. jankowskii were compa-
rable to some least-concern species (Fig. 4a). E. aureola 
experienced a continuous population contraction from 
approximately 4 × 105  years ago, while E. jankowskii 
exhibited a trend of gradual population growth since 
approximately one million years ago (Fig. 4a). The same 
analysis conducted on other individuals with a sequenc-
ing depth of greater than 15 × also supports this trend 
(Additional file  1: Fig. S5). Stairway Plot was used to 
detect recent demographic changes in E. aureola and E. 
jankowskii (Fig.  4b and c) [53]. According to this, both 
species underwent demographic contraction followed by 
expansion between 60,000 and 20,000 generations ago. 
Since then, the effective population size of E. aureola 
has remained largely stable (Fig.  4b), whereas that of E. 
jankowskii has continued to decline, eventually reaching 
approximately one-sixth of its historical peak (Fig. 4c).

Discussion
Comparing genetic changes between a historical popu-
lation before a population decline with that after the 
decline will provide important references for the con-
servation of endangered species [54, 55]. However, most 
existing studies focus on comparisons across different 
periods [34, 35] or only on changes in genetic diversity 
after population decline [56]. Studies of the changes 
before and after population decline are rarely conducted 
[54, 57]. In our study, comparing the genomes of two 
endangered species, both before and after their popula-
tion declines, we did not find that the significant popula-
tion decline led to a reduction in their genetic diversity, 
but a certain increase in their inbreeding level.

Our results have revealed that the Critically Endan-
gered species E. aureola and the Endangered E. 
jankowskii both exhibit a relatively high level of genetic 
diversity compared to other least-concerned Emberiza 
species (Fig.  2a). The results comparing the genetic 
diversity of E. aureola and E. jankowskii before and 
after their rapid population decline also suggest that 
no significant changes in their genetic diversity have 
occurred (Fig.  2b and Additional file  1: Fig. S2). This 
result confirms the previous genomic study of E. aure-
ola [40] and the studies on mitochondria and micro-
satellites of E. jankowskii [46, 58]. Although genetic 
diversity is an important indicator of species endanger-
ment, there is no strict correspondence between genetic 
diversity and the IUCN Red List status [59, 60]. Unlike 
other endangered species such as the Passenger Pigeon 
(Ectopistes migratorius), which experienced rapid pop-
ulation decline from large numbers alongside extremely 
low genetic diversity, the two endangered species in 
this study show distinct patterns [61, 62]. Both spe-
cies have undergone recent rapid population decline, 
yet neither experienced a reduction in genetic diver-
sity, which may have various causes [63]. For instance, 
their historical population sizes might have been large 
enough to endow them with a substantial genetic reser-
voir, such as the high genetic diversity observed in the 
Critically Endangered California Condor (Gymnogyps 
californianus) [64]. Similarly, the Roseate Tern (Sterna 
dougallii) also experienced range contractions and pop-
ulation declines due to anthropogenic activities in the 
twentieth century, but no change in its genetic diversity 
over time was detected [65]. Some studies have shown 
that there is a lag between changes in population size 
and genetic diversity, where after a severe decline in 
population size, genetic diversity may continue to be 

Fig. 3  Inbreeding. a Proportion of different lengths of ROHs in E. aureola, E. jankowskii, and E. elegans. The yellow part represents short ROHs 
of 300–1000 kb, and the grey part represents long ROH ≥ 1000 kb. b The number and total length of ROH in E. aureola, E. jankowskii, and E. elegans 
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Fig. 4  Demographic history reconstruction. a PSMC reconstruction of the past demographic history for eight species in genus Emberiza. Stairway 
plots estimate the recent change of effective population size in E. aureola (b) and E. jankowskii (c)
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lost even when the population stabilizes or increases 
[66]. In the context of our study species, this lag could 
imply that the current genetic diversity may not accu-
rately reflect their recent population declines. It is pos-
sible that a future reduction in genetic diversity might 
still occur as the lagged effects take hold, warranting 
long-term monitoring.

Although there is no evidence of reduced genetic 
diversity, the two endangered bunting species exhibit an 
elevated level of ROHs compared to E. elegans (Fig.  3), 
indicating a trend towards inbreeding depression, which 
may cause a decrease of fitness [67–69]. In both species, 
short ROH segments were more prevalent, but modern 
populations had a longer average ROH and a higher pro-
portion of long ROH segments compared to historical 
populations, indicating increased inbreeding (Fig.  3a). 
Moreover, E. jankowskii showed substantial inter-indi-
vidual variation in ROH number, while E. aureola had 
more consistent ROH patterns (Fig.  3b). Overall, these 
findings suggest elevated inbreeding levels in the modern 
populations of these two endangered species. Inbreed-
ing depression associated with population decline has 
also been observed in the Critically Endangered Siberian 
Crane (Leucogeranus leucogeranus) [51]. Although puri-
fying selection may counteract some detrimental effects 
of inbreeding depression, evidence suggests that remain-
ing deleterious alleles may still impose fitness costs asso-
ciated with inbreeding [70–72].

Despite human disturbance causing severe population 
declines, E. aureola and E. jankowskii have retained rela-
tively high genetic diversity across pre- and post-decline 
periods. This finding offers hope for the future popula-
tion recovery of these endangered species and provides 
a reference for conservation planning. It highlights that 
for species with strong recovery potential, targeted con-
servation strategies may effectively facilitate population 
restoration.

Conclusions
In this study, we systematically investigated the temporal 
changes in genetic diversity of two endangered bird spe-
cies by comparing genomic data from populations before 
and after declines. We demonstrate that the genetic 
diversity of these two endangered species remains rela-
tively high compared to non-endangered congeneric 
species. Furthermore, despite the significant decline in 
their populations over recent decades, genetic diversity 
has not decreased; nonetheless, the levels of inbreeding 
have increased. Our study provides a new case study of 
endangered species with substantial recovery potential 
and establishes a theoretical foundation for formulating 
targeted, species-specific conservation strategies.

Methods
De novo assembly of the genome of E. aureola and E. 
jankowskii
In this study, we performed de novo sequencing and 
assembly of the draft genomes of a male E. aureola and 
a male  E. jankowskii  (sample IDs: IOZ_3392 and 
IOZ_4549) (Additional file  2: Table  S1). We used the 
RecoverEase DNA Isolation Kit for DNA extraction. The 
single tube long fragment read (stLFR) sequencing librar-
ies were constructed for each species following the man-
ufacturer’s protocols [47] and subsequently sequenced on 
the BGISEQ-500 high-throughput sequencing platform 
with a paired-end read length of 100 base  sbp. The raw 
reads were filtered in SOAPfilter2 v.2.2 package [73] using 
the following steps: firstly, reads with more than 10% of 
N bases were removed; secondly, reads containing more 
than 40% of low-quality bases (with a Phred score ≤ 10) 
were eliminated; thirdly, reads with an undersized insert 
size were discarded; finally, Polymerase Chain Reaction 
duplicates were filtered out (if read1 and read2 of the 
same paired-end reads were identical, they were regarded 
as duplicates). The clean stLFR reads were converted 
into the 10X Genomics linked-reads format [74] and 
used as input for Supernova v.2.0.1 [73] in pseudohap 
mode for genome assembly of each sample. Following 
the preliminary assembly, scaffolds containing more than 
80%"N"bases were removed. Subsequently, GapCloser2 
v.1.12 [75] was employed to close the intra-scaffold gaps, 
thus completing the refinement of the genome assembly. 
Library preparation, sequencing, and assembly were con-
ducted at Beijing Genomics Institute (Shenzhen, China). 
The completeness of the assemblies was evaluated using 
the passeriformes_odb10 database by BUSCO v.5.7.0 [76, 
77] with default parameters.

Sampling, whole‑genome resequencing, and variant 
calling
We sampled a total of 50 individuals, including 29 indi-
viduals of E. aureola, 8 individuals of E. jankowskii, 8 
individuals of E. rutila, and 5 individuals of E. stewarti 
deposited in the Institute of Zoology, Chinese Acad-
emy of Sciences, Beijing (Additional file  2: Table  S2). 
Total genomic DNA was extracted from tissue, blood, 
or toepad using the DNeasy blood and tissue kit (Qia-
gen) according to the manufacturer’s protocol. DNA 
libraries with ~ 350  bp inserts were constructed and 
sequenced using the Illumina NovaSeq 6000 platform 
with a PE read length of 150  bp. Raw reads were pro-
cessed to remove adapter sequences, low-quality reads 
(those with over 50% of bases having Phred quality 
scores < 3) and poly-N reads (those with ≥ 3% uniden-
tified nucleotides) using fastp v.0.20.0 [78]. Addition-
ally, we incorporated published sequencing data from 
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10 individuals of E. jankowskii, 8 individuals of E. 
godlewskii, 8 individuals of E. cia, 8 individuals of E. 
cioides, and 8 individuals of E. elegans (NCBI BioPro-
ject: PRJNA797667 and PRJNA751503) (Additional 
file 2: Table S2) [79, 80]. Previous phylogenetic analyses 
have delineated the evolutionary relationships among 
these species, indicating that  E. aureola,  E. rutila, 
and  E. elegans  share a most recent common ances-
tor, while the remaining five species form a distinct 
clade [81]. According to the phylogenetic relationship, 
quality-controlled reads of samples were mapped to 
the following reference genome: samples of E. aureola 
and E. rutila were mapped to the newly assembled E. 
aureola genome, samples of E. jankowskii, E. stewarti, 
E. godlewskii, E. cia, and E. cioides were mapped to the 
newly assembled E. jankowskii genome, and samples 
of E. elegans were mapped to its own genome (Gen-
Bank genome assembly accession: GCA_022818055.1 
[79]) using BWA 0.7.12 with mem command [82]. For 
museum samples, mapDamage v.2.0 was used for resca-
ling using “–rescale” option [8]. The sequencing depth 
and breadth of coverage for each sample were esti-
mated using BEDtools v.2.27 with “genomecov” func-
tion [83]. We removed 4 individuals of E. aureola with 
a sequencing depth of less than 5 × because the rela-
tively low sequencing depth and coverage of individu-
als from historical periods may have exerted a certain 
impact on the calculation of heterozygosity. Mapping 
rates were estimated by picard-tools v.1.96 (https://​
broad​insti​tute.​github.​io/​picard/). Variants were called 
in SAMtools v.0.1.19 using the “mpileup” module [84]. 
Single nucleotide polymorphism (SNPs) were filtered 
using VCFtools v.0.1.13 [85] according to the following 
criteria: (i) quality value ≥ 30; (ii) genotype depth ≥ 5 ×; 
(iii) only biallelic SNPs were retained; (iv) SNPs with ≥ 9 
missing genotypes across all individuals were removed.

Estimating genetic diversity and linkage disequilibrium
Heterozygosity was used as a proxy of genetic diversity. 
Consensus fasta sequences were generated using SAM-
tools v.0.1.19 [84] and BCFtools v.1.3.1 [82], with a mini-
mal sequencing depth of 5 × and a maximal sequencing 
depth of 100. Heterozygosity of each individual was 
calculated as the ratio of heterozygous sites to total 
variant sites, i.e., “Heterozygosity = number of heterozy-
gous SNPs/(number of heterozygous SNPs + number of 
homozygous SNPs)” in the resulting consensus sequence 
(Additional file 2: Table S3) [79]. We calculated the cor-
relation coefficient (r2) of LD pattern using PopLDdecay 
v.3.4 [86], setting the maximum distance between two 
SNPs to 20 kb. Only modern samples were used for LD 
analysis.

Estimating inbreeding pattern
ROH was used to evaluate the level of inbreeding. To 
infer the number and length of ROH, we first used 
VCFtools v.0.1.13 [85] to convert variant call for-
mat file to PLINK ped and map format. Subsequently, 
we used plink v.1.90 [87] to identify ROH larger than 
300  kb with the following parameters: –homozyg –
homozyg-density 50 –homozyg-gap 100 –homozyg-kb 
300 –homozyg-snp 50 –homozyg-window-het 3 –
homozyg-window-snp 50 –homozyg-window-thresh-
old 0.05 [40]. Long ROHs (> 1,000  kb) are typically 
generated by recent ancestors, while recombination can 
break the ROH, making short ROHs (< 1000  kb) more 
likely to have originated from distant ancestors [49, 50]. 
We calculated the number of short ROH (300–1000 kb) 
and long ROH (> 1000  kb) and the percentage of the 
two kinds of ROH [51].

Inference of demographic history
We used two methods to reconstruct demographic 
history from ancient to recent times. We inferred past 
effective population size from individual whole-genome 
sequences using PSMC [88]. Considering the influ-
ence of sequencing depth on PSMC analysis [52], we 
restricted our analyses to individuals with a sequenc-
ing depth greater than 15 × across the eight species 
(sampling numbers: 9319, ALH01, LW23576, 20298, 
21435, 20360, 24332, and 23939; Additional file  2: 
Table  S2). Among these, all but E. cioides (sequencing 
depth of 16.1 ×) had a sequencing depth greater than 
18 ×, ensuring relatively high data quality (Additional 
file 2: Table S2). Additionally, for intraspecific compari-
sons, we used all individuals with a sequencing depth 
greater than 15 × (Additional file 1: Fig. S5). The PSMC 
v.0.6.5 was performed using the following settings: 
-N25 -t15 -r5 -p"4 + 25*2 + 4 + 6". The mutation rate 
was set to 2 × 10−9 per site per year, and the generation 
time was specified as 2  years [79]. For E. aureola and 
E. jankowskii, we performed 100 bootstrap replicates. 
Given the limited resolution of PSMC, which does 
not provide information on recent Ne, we used Stair-
way Plot v.2.1.1 to produce more precise inferences 
for recent Ne changes [53, 89]. Stairway Plot leverages 
information from the site frequency spectrum (SFS) to 
reconstruct past demographic dynamics [53, 90]. We 
used ANGSD v.0.910 with the -doSaf 1 option to calcu-
late site allele frequency Likelihoods and employed the 
realSFS tool with the -maxIter 100 parameter to gener-
ate the folded SFS [91]. The folded SFS file was used as 
an input file for Stairway Plot analysis, with a mutation 
rate of 2 × 10−9 per site per generation and a consist-
ent generation time of 2 years. The effective population 

https://broadinstitute.github.io/picard/
https://broadinstitute.github.io/picard/
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size through time was estimated using default training 
settings, which utilized 67% of the sites, and 95% confi-
dence intervals were calculated based on 100 replicates.
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