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Abstract 
The stone marten (Martes foina) is an important species for cytogenetic studies in the order Carnivora. ZooFISH probes created from its 
chromosomes provided a strong and clean signal in chromosome painting experiments and were valuable for studying the evolution of carnivoran 
genome architecture. The research revealed that the stone marten chromosome set is similar to the presumed ancestral karyotype of the 
Carnivora, which added an additional value for the species. Using linked-read and Hi-C sequencing, we generated a chromosome-length genome 
assembly of a male stone marten (Gansu province, China) from a primary cell line. The stone marten assembly had a length of 2.42 Gbp, scaffold 
N50 of 144 Mbp, and a 96.2% BUSCO completeness score. We identified 19 chromosomal scaffolds (2n = 38) and assigned them chromosome 
ids based on chromosome painting data. Annotation identified 20,087 protein-coding gene models, of which 18,283 were assigned common 
names. Comparison of the stone marten assembly with the cat, dog, and human genomes revealed several small syntenic blocks absent on the 
published painting maps. Finally, we assessed the heterozygosity and its distribution over the chromosomes. The detected low heterozygosity 
level (0.4 hetSNPs/kbp) and the presence of long runs of homozygosity require further research and a new evaluation of the conservation status 
of the stone marten in China. Combined with available carnivoran genomes in large-scale synteny analysis, the stone marten genome will high-
light new features and events in carnivoran evolution, hidden from cytogenetic approaches.
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Introduction
Martes foina (the stone, or beech marten) is a member of the 
large family Mustelidae with ~68 known species, and the sub-
family Guloninae, which includes the martens, fisher, tayra, and 
wolverine (Wilson and Reeder 2005). The stone marten diverged 
from other marten species about 2.5 to 3.5 million years ago 
and then spread from Asia to the forests and mountain areas of 
Europe (Koepfli et al. 2008; Law et al. 2018). This small noc-
turnal omnivore is an active predator with a tendency to be-
come synanthropic. Chromosome painting and heterochromatin 
analyses showed that M. foina has a 2n = 38 karyotype (Liu 
et al. 1995; Nie et al. 2002; Beklemisheva et al. 2023). Flow 
cytometric studies revealed that the M. foina karyotype had re-
markably well-resolved peaks, which resulted in clean probes 
with a high representation of each chromosome that produced 
a strong fluorescent signal. Using the M. foina 20-probe set (18 
autosomes, X and Y) in a single fluorescent in situ hybridization 
experiment, it was possible to map the whole chromosome set 
of another species (Nie et al. 2002). So far, a total of 18 spe-
cies from 9 families of the Carnivora have been studied using 
M. foina probes (Table 1) (A. S. Graphodatsky et al. 2002; Nie 
et al. 2002, 2012; Perelman et al. 2008, 2012; Beklemisheva 
et al. 2016, 2020; A. Graphodatsky et al. 2020). By mapping 
the chromosome rearrangements (mostly interchromosomal) 
onto the Carnivora phylogeny, it was shown that M. foina has 
a conserved chromosome set representative of the ancestral 
Carnivora karyotype (Nie et al. 2012). These facts allow us to 
label the stone marten a cornerstone of carnivore cytogenetics. 

The original fibroblast cell line used in all the above experiments 
was established and described by Dr. Wenhui Nie’s team in 
1995. Biomaterial was sampled from a male marten captured 
in Gansu Province, China (Liu et al. 1995). After two decades 
of painting studies, we used this cell line to assemble the stone 
marten genome. Using a combination of linked and Hi-C reads, 
we generated a chromosome-length assembly, which we present 
here. It will provide a new point of view on such important spe-
cies as the stone marten and bridge cytogenetic and bioinfor-
matic studies of genome evolution within the order Carnivora.

Materials and methods
Samples and DNA extraction
Ultra-high molecular weight DNA (uHMW DNA) for ge-
nome sequencing was extracted from a primary fibroblast cell 
line of a stone marten using a phenol-chloroform protocol 
described below. The cell line was provided by the large-scale 
research facilities “Cryobank of cell cultures” Institute of 
Molecular and Cellular Biology (IMCB), Siberian Branch of 
the Russian Academy of Sciences (Novosibirsk, Russia). All 
experiments with the sample were evaluated and approved 
by the IMCB Ethical Committee (permit #01/21 issued on 26 
January 2021).

Primary fibroblasts were cultured and dissociated using 
0.25% trypsin/EDTA solution and resuspended in culturing 
media with 10% Fetal Bovine Serum to stop enzymatic reac-
tion. After centrifugation at 300 g for 5 min, the supernatant 

Table 1. Carnivora species were studied using stone marten chromosome painting probes (Zoo FISH experiments).

Species 2n Family Original referencea

Martes 
flavigula

40 Mustelidae (Nie et al. 2002)

Meles meles 44 Mustelidae (A. S. Graphodatsky et al. 2002; Nie et al. 2002)

Melogale 
moschata

38 Mustelidae (Nie et al. 2002)

Neogale vison 30 Mustelidae (Hameister et al. 1997; A. S. Graphodatsky et al. 2000; Nie et al. 2002)

Procyon lotor 38 Procyonidae (Perelman et al. 2008,Nie et al. 2012)

Ailurus 
fulgens

36 Ailuridae (Nie et al. 2002; Tian et al. 2002)

Conepatus 
leuconotus

46 Mephitidae (Perelman et al. 2008)

Mephitis 
macroura

50 Mephitidae (Perelman et al. 2008)

Mephitis mephitis 50 Mephitidae (Perelman et al. 2008)

Spilogale gracilis 60 Mephitidae (Perelman et al. 2008)

Odobenus rosmarus 32 Odobenidae (Beklemisheva et al. 2016)b

Arctocephalus forsteri 36 Otariidae (Beklemisheva et al. 2020)b

Callorhinus ursinus 36 Otariidae (Beklemisheva et al. 2020)b

Phocarctos hookeri 36 Otariidae (Beklemisheva et al. 2020)b

Erignathus barbatus 34 Phocidae (Beklemisheva et al. 2020)b

Pusa sibirica 32 Phocidae (Beklemisheva et al. 2016)b

Felis catus 38 Felidae (Rettenberger et al. 1995; Wienberg et al. 1997; Nash et al. 1998, 2001; A. S. 
Graphodatsky et al. 2000; Yang et al. 2000; Nie et al. 2002; Perelman et al. 2008)

Genetta pardina 52 Viverridae (Perelman et al. 2012)

aMost of the painting maps were accessed via the Atlas of Mammalian Chromosomes (A. Graphodatsky et al. 2020). Martes foina painting probes were 
also mapped onto chromosomes of species from other orders: Manis javanica (Pholidota) (Yang et al. 2006); Neophocaena phocainoides asiaeorientalis 
(Artiodactyla) (Nie et al. 2012).
bThe chromosomes of the pinniped species were mapped by a select set of stone marten painting probes.
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was removed and the cell pellet was rinsed in Dulbecco’s 
Phosphate-Buffered Saline (DPBS) and pelleted by 5 min 
centrifugation at 300 g. The supernatant was removed and 
lysis buffer (0.05 M Tris-HCl, pH 7.5, 0.066 M EDTA, 0.1 
M NaCl) was added to the cells which were then lysed for 
3 h at 56 °C. Next, we followed a 3-step phenol-chloroform 
DNA extraction protocol (phenol twice, phenol: chloroform 
1:1 (v/v)) with 20 min incubation at each step with gentle 
rocking, followed by centrifugation at 1,500 g in 15 ml 
tubes with Dow Corning high vacuum grease. An equal 
volume of isopropanol was added to the aqueous phase 
(collected from above the vacuum grease layer), followed 
by slow precipitation over 2 h at room temperature, a 70% 
ethanol rinse, and then followed by gentle placement of the 
precipitated DNA into TE buffer (10 mM Tris-HCl, 1 mM 
disodium EDTA, pH 8.0).

Sequencing of the stone marten genome
The extracted ultra-high molecular weight genomic DNA 
was shipped for sequencing to MedGenome (California, 
USA). 10X Genomics linked-read libraries were prepared and 
purified with the Chromium Genome Reagent Kit version 2 
and then run in a Chromium Controller instrument with a 
microfluidic Genome Chip according to the manufacturer’s 
recommendations (10X Genomics, CA, USA). Fragment sizes 
of the input DNA and prepared libraries were quantitated 
using a 2100 Bioanalyzer (Agilent Technologies, CA, USA). 
Libraries were sequenced with 150 bp paired-end reads on 
an Illumina HiSeq X Ten instrument (Illumina, CA, USA). In 
situ Hi-C library preparations were performed from the pri-
mary fibroblast cell line according to the modified protocol 
(Rao et al. 2014). The constructed library was PCR amplified 
and paired-end sequenced with 150 bp reads on an Illumina 
HiSeq X Ten instrument.

De novo genome assembly
Genome assembly was performed in two stages. First, the 
draft assembly was generated from raw linked reads using 
Supernova v2 (N. I. Weisenfeld et al. 2017). Raw Hi-C data 
were aligned, filtered and deduplicated using Juicer and the 
3D-DNA pipeline was used to scaffold the draft (Durand 
et al. 2016; Dudchenko et al. 2017). Finally, the assembly 
was manually corrected using Juicebox Assembly Tools 
(Dudchenko et al. 2018). The completeness of the final as-
sembly was evaluated using BUSCO v.5.5.0 (Manni et al. 
2021) and mammalia_odb10.2021-02-19 (9,226 orthologs) 
single-copy orthologs databases.

Raw data filtering and QC
10X Genomics barcodes were trimmed from the linked 
reads using EMA v.0.6.2 (Shajii et al. 2017). Next, Illumina 
adapters were removed from the reads using Cookiecutter 
(Starostina et al. 2015b). Then, the small remaining fragments 
of the adapters were trimmed, and a quality filtering was 
performed using Trimmomatic v.0.36 (Bolger et al. 2014) 
with the following parameters “ILLUMINACLIP:TruSeq2- 
PE.fa:2:30:10:1 SLIDINGWINDOW:8:20 MINLEN:50.” 
Finally, we downsampled the reads to 22× coverage using 
the BBtools package (Bushnell 2018). The quality control 
was performed on both raw and filtered data using FastQC 
v.0.11.9 (Andrews 2010). As part of our quality control of 
the assembly, we estimated the genome size directly from the 

reads using a k-mer-based approach. 23-mers were counted 
from trimmed and filtered reads using Jellyfish v2.2.10 
(Marçais and Kingsford 2011b), and the corresponding dis-
tribution was visualized using KrATER v2.5 (Kliver 2017), 
followed by estimation of the genome size by GenomeScope2 
(Ranallo-Benavidez et al. 2020).

Read mapping and variant calling
Filtered reads were aligned to the final genome assembly using 
BWA v.0.7.11 (Li and Durbin 2009). Samtools v1.15.1 was 
used to sort the reads and mark duplicates (Li et al. 2009). Per 
base genome coverage was calculated using Mosdepth v.0.3.0 
(Pedersen and Quinlan 2018). Obtained coverage values were 
used to identify the pseudoautosomal region (PAR) on the X 
chromosome. The algorithm used for PAR coordinate identi-
fication is described in detail by Totikov et al. (2021).

Variant calling and demographic reconstruction
Variant calling was performed using Bcftools v1.15.1 
(Danecek et al. 2021) with the parameters: “-d 250 -q 
30 -Q 30 --adjust-MQ 50 -a AD,INFO/AD,ADF,INFO/
ADF,ADR,INFO/ADR,DP,SP,SCR,INFO/SCR” for Bcftools 
mpileup and “-m -O u -v -f GQ,GP” for Bcftools call (Danecek 
et al. 2021). We also used the PAR coordinates to correctly 
set the ploidy of X chromosome regions (diploid for PAR, 
haploid for the rest) for variant calling as our reference indi-
vidual is male. Low-quality genetic variants (“QUAL < 20.0 || 
(FORMAT/SP > 60.0 || FORMAT/DP < 5.0 || FORMAT/GQ 
< 20.0)”) were removed using the Bcftools filter. Additionally, 
genetic variants at sites with more than 250% or less than 
33% of the median whole genome coverage were filtered out 
using Bcftools intersect. The filtered genetic variants were split 
into single nucleotide polymorphisms (SNPs) and insertions/
deletions (indels) using Bcftools. Finally, the number of ho-
mozygous and heterozygous SNPs was calculated in 1 Mbp 
sliding windows with a step size of 100 kbp. Corresponding 
SNP densities were visualized on a heatmap using MACE v 
1.1.32 commit 9e62d2c (Kliver 2024).

To reconstruct the historical dynamics of effective popu-
lation size (Ne) we used PSMC v0.6.5 (Li and Durbin 2011) 
with parameters “-N25 -t15 -r5 -p ‘4+25*2+4+6’.” A con-
sensus diploid sequence, required as input for PSMC, was 
generated using Samtools v0.1.19 and the vcfutils.pl script 
(Li et al. 2009) with the X chromosome excluded from the 
analysis. The coverage thresholds for minimum and max-
imum depths (parameters -d and -D in vcf2fq) were set to 
33% and 250% of the median coverage of the genome, and 
variants outside this range were excluded. A generation time 
of 5 yr (Colella et al. 2021) and mutation rate of 2.2 × 10−9 
(Kumar and Subramanian 2002; Colella et al. 2021) were 
used to scale the PSMC output.

Runs of homozygosity
Runs of homozygosity (ROH) search was based on the den-
sity distribution of heterozygous SNPs in sliding windows of 
1 Mbp with a step size of 100 kbp. Filtering was based on 
the level of heterozygosity: windows were retained if heter-
ozygosity did not exceed 0.05. For values between 0.05 and 
0.1, windows were retained only if there were at least 5 con-
secutive windows. Windows with heterozygosity greater than 
0.1 were discarded. Windows with low heterozygosity were 
merged into long regions if the distance between them was 
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less than half the window size. ROH coordinates were de-
termined on all chromosomes except chrX. Visualization of 
ROHs was performed using MACE v 1.1.32.

Prediction and annotation of the protein-coding 
genes
We predicted gene models using the BRAKER pipeline v.3.0.8 
(Brůna et al. 2024a), which involved a set of tools listed below. 
As input for the pipeline we used the public RNA-seq data 
generated from the sable, Martes zibellina (SRR13013010, 
SRR13013011, SRR8074161, SRR8074163, SRR8074165, 
SRR8074168, SRR8074169, SRR31089885, SRR31089886) 
and European pine marten, Martes martes (ERR11872609) 
(Liu et al. 2020; Xia et al. 2021; O’Brien et al. 2024; 
Tomarovsky et al. in prep), and the Mammalia_odb10 v2024-
01-08 database and protein hints from Metazoa (OrthoDB 
v.11) generated (Kuznetsov et al. 2023) using orthodb-
clades (https://github.com/tomasbruna/orthodb-clades). The 
GeneMark-ETP v1.02 (Brůna et al. 2024b) was used for the 
training and gene prediction based on both RNA-seq and pro-
tein data, while AUGUSTUS v.3.5.0 (Stanke et al. 2006, 2008) 
provided further gene predictions supported by extrinsic ev-
idence. To assign gene names to the predicted models, we 
used eggNOG-mapper v.2.1.12 (Huerta-Cepas et al. 2019; 
Cantalapiedra et al. 2021) and the EggNOG database v5.0 
(Mammalia subset).

Whole genome alignments and synteny analysis
Chromosome-length genome assemblies of domestic cat (Felis 
catus, Felis_catus_9.0), domestic dog (Canis lupus familiaris, 
CanFam3.1), and human (Homo sapiens, GRCh38.p13) were 
downloaded from NCBI’s Genomes database (Lindblad-Toh 
et al. 2005; Schneider et al. 2017; Zhang and Schoenebeck 
2020). For all three assemblies and the stone marten ge-
nome, we detected and softmasked tandem and interspersed 
repeats using RepeatMasker v4 (Smit et al. 2015), Tandem 
Repeat Finder (Benson 1999), and Windowmasker (Morgulis 
et al. 2006). Next, we performed a multiple whole genome 
alignment (mWGA) using the Progressive Cactus package 
(Armstrong et al. 2020). Raw synteny blocks were extracted 
from the mWGA using the halSynteny v2.2 (Krasheninnikova 
et al. 2020). Next, the raw blocks were filtered and visualized 
as described in Romanenko et al. (2023).

All the tools and databases used in the study are listed in 
Table 2.

Results and discussion
Assembly and annotation of the stone marten 
genome
We sequenced 564,762,322 linked reads (coverage 46.8×) 
and 297.4M Hi-C read pairs from the primary fibroblast 
cell line of a male stone marten. The generated assembly 
has a total length of 2.42 Gbp, a scaffold N50 of 144 Mbp 
(Supplementary Table ST4), and includes 19 chromosomal 
scaffolds (Fig. 1a) as expected from the known karyotype, 
2n = 38 (Nie et al. 2002). The length of our assembly is 
slightly longer than that estimated from the reads (2.37 Gbp, 
Supplementary Fig. SF1). Assembly assessment using BUSCO 
(mammalia_odb10 database with 9226 BUSCOs) revealed 
96.2% complete BUSCOs (95.6% single copy and 0.6% 
duplicated). Only 3.8% or 349 BUSCOs were fragmented or 

missing. These values are similar to those obtained for high-
quality assemblies of other carnivoran species (Supplementary 
Table ST1). During the submission process one more genome 
assembly (mMarFoi2.1, GCA_964304585.1) of the stone 
marten was released to the scientific community, which was 
highlighted by one of the reviewers. Compared with our as-
sembly it is slightly shorter (2.39 Gbp vs 2.42 Gbp), but its 
scaffold N50 is slightly higher (146 Mbp vs 144 Mbp). In 
terms of completeness, mMarFoi2.1 contains 8766 (95.1%) 
complete BUSCOs94.5% single-copy and 0.6% duplicated, 
which is lower than in our assembly (96.2%). The fraction of 
fragmented or missing BUSCOs (4.9% or 460 BUSCOs) also 
is higher compared to our assembly. mMarFoi2.1 assembly 
is based on the long but still very noisy Oxford Nanopore 
reads, corrected by the Illumina data (Martes Foina Genome 
Assembly mMarFoi2.1, n.d.). We suggest that imperfect cor-
rection of the sequencing errors is the main reason for the 
decreased BUSCO scores.

We identified and annotated 766 Mbp of repetitive 
sequences, corresponding to 31.7% of the assembly. Among 
these repeat sequences, most (18.89%) are long interspersed 
nuclear elements, followed by 4.26% of long terminal 
repeats, 2.70% of short interspersed nuclear elements and 
only 2.69% of DNA elements (Supplementary Table ST2). 
We used a coverage-based approach to localize the PAR. 
As expected, it is located on the end of the X chromosome 
(116.86 to 123.12 Mbp) and has the usual length of ~6 Mbp 
observed in Carnivora (Totikov et al. 2021; Yakupova et al. 
2023). The prediction of the protein-coding genes resulted 
in 20,087 models with 30,708 transcripts (Supplementary 
Files SF1, SF2, SF3), and for 18,283 models we successfully 
assigned gene names (Supplementary Files SF4, SF5). The 
BUSCO-based evaluation of the predicted transcripts showed 
97.8% complete BUSCOs, indicating high completeness of 
the annotation.

Synteny and centromeres
We aligned our assembly with the genomes of three spe-
cies, previously used to create painting maps of the stone 
marten genome (Graphodatsky et al. 2020): the human, the 
domestic cat, and the domestic dog (Nie et al. 2002, 2012). 
Comparative chromosome painting (ZooFISH) has a resolu-
tion threshold of about 5 Mbp (Rens et al. 2006). Isolated 
homologous blocks of lower length have a high chance to be 
lost in ZooFISH experiments due to a weak signal, and some-
times even longer segments may be missed. We compared the 
synteny revealed from the whole genome alignment (Fig. 1c, 
b, and d) and the cat-stone marten painting map (Nie et al. 
2002) and found no contradictions. However, we detected 
three blocks slightly longer than 5 Mbp, which are absent 
on the dog-stone marten map (Nie et al. 2012): CFAM 33 on 
MFOI 2, CFAM 27 on MFOI 9, and CFAM 26 on MFOI 12 
(Fig. 1d, Supplementary File SF6, sheet “CFAM vs MFOI”). 
The human-stone marten painting map (Nie et al. 2012) lacks 
four such blocks, one of which (HSAP 1 on MFOI 12) nearly 
reaches 10 Mbp (Fig. 1b; Supplementary File SF6, sheet 
“HSAP vs MFOI”).

Further analysis of the synteny results allowed us to as-
sign chromosome numbers to the chromosomal scaffolds of 
the stone marten assembly (Supplementary Table ST3) and 
even approximately localize centromeres (Supplementary 
Table ST4; Fig. 1b, c, and d). The most useful resource was 
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the dog-stone marten painting map due to the high number 
of the rearrangements and just as high a number in the 
chromosomes in the dog genome. As a result, nearly all the 
centromeres are located between synteny blocks homolo-
gous to different dog chromosomes and are easy to detect 
(Fig. 1D). We note that our coordinates of the centromeres 
are approximate as centromeres themselves are absent in 
our assembly. It will be possible to resolve centromeres and 
their position in the future by improving the assembly with 
ultralong Nanopore reads (Cheng et al. 2024).

Heterozygosity, RoHs, and demographic history
In total, we found 976,869 heterozygous SNPs, which 
corresponds to the mean value of 0.4 hetSNPs/kbp. Compared 
to other mustelids and two iconic felid species (cheetah and 
clouded leopard), the heterozygosity of our individual is on 
the lower side (Fig. 2c). The distribution of heterozygosity on 
chromosomes is uneven (Fig. 2a), with long ROH on several 
chromosomes (Fig. 2b). Chromosome MFOI 7 contains the 
longest RoH of 114.4 Mbp, but smaller ROHs are present 

on other chromosomes (MFOI 2, 3, 4, 10, 13, and others) 
as well. Loss of heterozygosity (LoH) is known to occur in 
cancer cells and various human cell lines (C.-Y. Li et al. 1992; 
Happle 1999; Närvä et al. 2010; Ryland et al. 2015). Even 
whole chromosomal arms were reported to become homozy-
gous in human embryonic stem cell lines (Närvä et al. 2010). 
There are several known mechanisms of LoH (Tischfield 
1997; Happle 1999), but only one of them, a mitotic recom-
bination (MR), can result in long RoHs. However, the loca-
tion of the most RoHs, including the two longest ones on 
the MFOI 7 and MFOI 10, are within but not at the end 
of chromosomes (Fig. 2b), making such a scenario unlikely. 
The homozygous middle and heterozygous ends of a chro-
mosome can arise only from a double MR. Given the low 
frequency (<10-4) of MR even under treatment stimulating 
recombination (Turner et al. 2003), such an event has a low 
probability in the earlier passages of a primary cell line. A 
small number of the possible divisions during the lifetime of 
a primary somatic cell line (fibroblasts in our case) will not 
produce enough cells for fixation of the RoH in the cell line. 

Table 2. Tools used for assembly, annotation, and analysis of the stone marten genome.

Stage of analysis Software/Database Version Reference

Raw data filtering and QC FastQC v.0.11.9 (Andrews 2010)

EMA 0.6.2 (Shajii et al. 2017)

Trimmomatic v.0.36 (Bolger et al. 2014)

Cookiecutter 1.0.0 (Starostina et al. 2015a)

BBtools 38.96 (Bushnell 2014)

KrATER 2.5 https://github.com/mahajrod/krater

Jellyfish 2.2.10 (Marçais and Kingsford 2011a)

GenomeScope2 2.0 (Ranallo-Benavidez et al. 2020)

Genome assembly Supernova v2 (Weisenfeld et al. 2017)

Juicer v.2019 (Durand et al. 2016)

3D-DNA v.2019 (Dudchenko et al. 2017)

Juicebox Assembly Tools v.2019 (Dudchenko et al. 2018)

Genome assembly QC BUSCO 5.5.0 (Manni et al. 2021)

OrthoDBa odb10 (Kriventseva et al. 2019)

Repeat detection and masking RepeatMasker 4.0.7 (Smit et al. 2013)

Dfama 3.7 (Storer et al. 2021)

Windowmasker 2.9 (Morgulis et al. 2006)

TRF 4.0.9 (Benson 1999)

Bedtools 2.29 (Quinlan and Hall 2010)

Read mapping and variant calling BWA v.0.7.11 (Li and Durbin 2009)

Mosdepth v.0.3.0 (Pedersen and Quinlan 2018)

Samtools 1.15.1 (Li et al. 2009)

Bcftools 1.15.1 (Danecek et al. 2021)

WGA LAST 981 (Frith and Kawaguchi 2015)

ProgressiveCactus 1.0 (Armstrong et al. 2020)

halSynteny 2.2 (Krasheninnikova et al. 2020)

Gene prediction BRAKER v3.0.8 (Brůna et al. 2024)

AUGUSTUS v.3.5.0 (Stanke et al. 2006, 2008)

eggNOG-mapper v2.1.12 (Cantalapiedra et al. 2021)

eggNOG (Mammalia)a v5.0 (Huerta-Cepas et al. 2019)

Visualization MAVR 0.113 https://github.com/mahajrod/mavr

MACE 1.1.32 https://github.com/mahajrod/mace

aDatabases.
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Thus, the presence of the long RoHs most likely is not related 
to cell culturing. Long RoHs are known to be a consequence 
of recent inbreeding (Marras et al. 2015; Mastrangelo et al. 
2016). We analyzed only a single individual, and our results 
do not describe diversity of a population. However, it is suf-
ficient to raise questions about the conservation and genetic 
diversity status of the stone marten at least in Gansu province 
in China.

The trajectory of the demographic history (Fig. 2d) has two 
peaks of a similar height (at ~1.08 to 1.3 mya and ~230 to 
280 kya) separated by a gap with ~30% decrease. Our anal-
ysis shows that the last peak was followed by a severe bottle-
neck that continued up to modern times, which reduced the 
effective population size tenfold. Such a recent decrease was 
previously detected for the American marten, Martes amer-
icana and the Pacific marten, Martes caurina (Colella et al. 
2021).

Conclusions
The roots of this stone marten genome assembly are in the 
1990s and the story of it doesn’t end here. Even in this short 
report we connected this stone marten genome assembly 
with previous studies and used the benefits of additional cy-
togenetic data to provide novel insights about our assembly. 
The stone marten as well as some other species with recently 
assembled genomes was involved in the reconstruction of the 

carnivoran ancestral karyotype. Now it is possible to repeat 
the same analysis with the same set of species, but on the new 
level by using whole genome sequences instead of chromo-
some painting maps. The chromosome painting experiments 
highlighted mostly interchromosomal translocations, but only 
few inversions were detected because of methodological lim-
itations. Whole genome alignments and consequent synteny 
analysis can overcome this gap. In addition to the generation 
of the assembly, we performed an initial and simple analysis 
of genome-wide diversity. Although our results are based on 
a single individual collected in the 1990s, the observed low 
heterozygosity and multiple long RoHs provide a justification 
for future conservation and population genomic studies of the 
stone marten not only in Gansu Province (the origin of the 
reference individual) but across the whole Eurasian range of 
the species. Our genome can be used as a reference for such 
research.

Our work is a reminder of the importance of long-term 
cryobanks (preserving living cell lines) for genomic studies 
(Mooney et al. 2023). The last decade has been the era of ge-
nomics, when not only genomes of new species are generated, 
but when the old assemblies are replaced by better ones or 
undergo continuous upgrades (Whibley et al. 2021). Current 
quality standards imply that the data for the improvement 
should be generated from the original sample individual. By 
using a cell line as a DNA source for sequencing, researchers 
can keep this door open.

Fig. 1. Hi-C map of the stone marten genome assembly a) and synteny to the human (b, Homo sapiens, HSAP), domestic cat (c, Felis catus, FCAT), 
and domestic dog (d, Canis familiaris, CFAM) chromosomes. On figure a) autosomes (sorted by lengths) are shown first with X Chromosome following 
them.
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