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Abstract

The highly diverse group of freshwater mussels from order Unionida is found in the world’s freshwater systems due to several 
fascinating evolutionary adaptations, including “parental care,” and most notably, an obligatory parasitic phase in their early 
life cycle, called glochidia, which infests and uses fish for nutrition and dispersal. Freshwater mussels play essential ecological 
roles in freshwater habitats, including water filtration, sediment bioturbation, and nutrient cycling. However, these species 
are also highly threatened, being one of the faunal groups with the highest recorded extinction rate in the wild. Genomics 
methods have an incredible potential to promote biodiversity conservation, allowing the characterization of population 
health, identification of adaptive genetic elements, delineation of conservation units, and providing a framework for predict
ive assessments of the impact of anthropogenic threats and climate change. Unfortunately, only six freshwater mussel species 
have had their whole genomes sequenced to date, and only two of these are European species. Here, we present the first 
genome assembly of the Painter’s Mussel, Unio pictorum (Linnaeus, 1758), the type species representative of the order 
and the most widespread species of the genus in Europe. We used long-read PacBio Hi-Fi sequencing reads to produce a 
highly contiguous assembly that will pave the way for the study of European freshwater mussels in the Genome Era.
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Significance
Freshwater mussels of the order Unionida are an inconspicuous but highly diverse group of strictly freshwater bivalves, 
with several fascinating biological and ecological features. Species in this group are declining worldwide; thus new ways 
of studying them are urgently needed to promote effective conservation measures. To date, only 6 freshwater mussel 
species (out of nearly 1,000) have had their whole genomes assembled. Here, we provide the first whole-genome as
sembly of the Painter’s Mussel Unio pictorum (Linnaeus, 1758). This high-quality genome assembly is a fundamental tool 
for studying many biological, ecological, and evolutionary features of this group of organisms, which will ultimately help 
to promote their conservation.
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Introduction
Unionida mussels are the most diverse group of strictly fresh
water bivalves, comprising nearly 1,000 species in 6 families 
(Graf and Cummings 2021). Species in this group share sev
eral fascinating evolutionary traits that allow them to thrive in 
freshwater ecosystems. These include internal fertilization of 
eggs, often referred to as “parental care,” and most notably, 
their early life stage larvae (i.e., glochidia), which act as obli
gate parasites on freshwater fish (rarely other vertebrates) 
and use the hosts for food and river dispersal (Lopes-Lima 
et al. 2017a; Graf and Cummings 2021). Unionida are key or
ganisms in freshwater habitats, playing essential roles such as 
water filtration, sediment bioturbation, oxygenation, and nu
trient cycling (Vaughn et al. 2015; Lopes-Lima et al. 2017a; 
Graf and Cummings 2021). Although often inconspicuous 
to humans, the group has recently gained some general rec
ognition due to the worrying records of global population de
clines (IPBES 2019; Lopes-Lima et al. 2021). Freshwater 
mussels are among the most threatened faunal groups, 
with an extinction rate in the wild of 5.9% (IPBES 2019; 
Lopes-Lima et al. 2021). There are several factors influencing 
their decline, that is, decrease in habitat quality, changes in 
hydrological regimes and conditions, the spread of invasive/ 
alien species, and, more recently, droughts related to the cli
mate crisis (Bogan 1993; Hastie et al. 2003; Nobles and 
Zhang 2011; Moore et al. 2019).

Applying genomics methods to the study of nonmodel 
organisms is fundamental for assessing biodiversity and 
promoting effective conservation (Allendorf et al. 2010; 
Meek and Larson 2019; Hohenlohe et al. 2021; Formenti 
et al. 2022). The whole-genome assembly (WGA) is argu
ably the most informative tool for a species biology, being 
among the most sought-after genomic resources for study
ing nonmodel organisms (Paez et al. 2022; Stephan et al. 
2022; Theissinger et al. 2023). Despite this, the availability 
of WGA is still biased toward certain groups of the tree of 
life, with most invertebrates still being highly underrepre
sented (Hotaling et al. 2021). This is the case of freshwater 
mussels, with only six species having a reference genome 
assembly available (Renaut et al. 2018; Gomes-dos-Santos 
et al. 2021; Gomes-dos-Santos et al. 2023a; Gomes-dos- 
Santos et al. 2023b; Rogers et al. 2021; Smith 2021; Bai 
et al. 2022), of which only two are from European species: 
the freshwater pearl mussel Margaritifera margaritifera 
(Linnaeus, 1758) (Gomes-dos-Santos et al. 2021; Gomes- 
dos-Santos et al. 2023a) and the Iberian dolphin mussel, 
Unio delphinus Spengler 1793 (Gomes-dos-Santos et al. 
2023b).

Here, we sequenced and assembled the first WGA of 
one of the most emblematic European freshwater mussel 
species, the Painter’s Mussel Unio pictorum (Linnaeus, 
1758) (fig. 1A). The common name of this species derives 
from the fact that, historically, its shell was often used as 

a palette. The Painter’s Mussel is the type species of the 
whole order Unionida and one of the most widespread 
freshwater mussel species in Europe. The species is found 
from Great Britain to the Ural River in Russia, and is also pre
sent in Asia on the upper tributaries of the Ob River basin, in 
Russia and Kazakhstan (Lopes-Lima et al. 2017a; Vinarski 
et al. 2020; Babushkin et al. 2021; fig. 1A). The species 
shows considerable habitat plasticity, occurring in rivers, 
streams, flood plains, lakes, and even artificial freshwater 
habitats (e.g., reservoirs and fishponds; Lopez-Lima et al. 
2017a). However, a worrying population decline has been 
recorded throughout its distribution in recent decades, 
with many local populations being considered threatened 
and several countries having very strict protection regula
tions for the species (Lopes-Lima et al. 2017a; Beran 
2019). The genome produced here represents an important 
tool to explore in depth the many biological and evolution
ary features of the Painter’s Mussel which will provide valu
able guidelines to protect it, promote its conservation, and 
predict its adaptative potential in the face of future threats.

Results and Discussion

Genome Assembly

The pipeline used for the genome assembly is shown in detail 
in supplementary figure S1A, Supplementary Material on
line. Sequencing outputs resulted in a total of 22,881,671 
PacBio Hi-Fi raw reads and 952,708,450 Illumina paired-end 
(PE) raw reads. GenomeScope2 estimated the genome size 
to be approximately 2.15 Gb and a duplication percentage 
of approximately 54.8% (fig. 1B). These estimates are similar 
to those reported for other recently available Unionida gen
omes (Renaut et al. 2018; Gomes-dos-Santos et al. 2021; 
Gomes-dos-Santos et al. 2023a; Gomes-dos-Santoset al. 
2023b; Rogers et al. 2021; Smith 2021; Bai et al. 2022). 
GenomeScope2 estimated a relatively high percentage of 
heterozygosity, approximately 1.68% (fig. 1B), which has 
also been reported in the genomes of other Unioninae spe
cies (Rogers et al. 2021; Smith 2021; Gomes-dos-Santos 
et al. 2023b) and is common in molluscan genomes 
(Gomes-dos-Santos et al. 2020).

To account for the high levels of estimated heterozygos
ity, and following the approach recently applied to the only 
other genome available for the genus Unio (Gomes-dos- 
Santoset al. 2023b), several similarity thresholds for dupli
cate haplotypes to be purged (parameter -s) were tested 
for the Hifiasm genome assembly following the authors’ in
structions (see Materials and Methods; supplementary 
table S1, Supplementary Material online). All values of the 
similarity threshold tested resulted in highly contiguous pri
mary genome assemblies, all with <1,500 contigs and N50 
lengths >9 Mb (supplementary table S1, Supplementary 
Material online). Lowering the thresholds resulted in a small 

Gomes-dos-Santos et al.                                                                                                                                                  GBE

2 Genome Biol. Evol. 15(7) https://doi.org/10.1093/gbe/evad116 Advance Access publication 21 June 2023

http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad116#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad116#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad116#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad116#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad116#supplementary-data


decrease in the total number of contigs, with a small in
crease in the contiguity (supplementary table S1, 
Supplementary Material online). Given the small effect of 
each tested value on the contiguity of the assembly and 

the reduced and largely unchanged duplication values re
ported by the Benchmarking Universal Single-Copy 
Orthologs (BUSCO) analysis, the assembly generated using 
the default value (i.e., -s 0.75) was selected for further 

FIG. 1—A) The map of the potential distribution of Unio pictorum generated by overlapping the points of recent presence records (obtained from 13) with 
level 5 polygons of the Hydrobasinslayer. On the top left is shown the U. pictorum specimen used for the WGA. B) Left: GenomeScope2 k-mer (21) distribution 
displaying the estimated genome size (len), homozygosity (aa), heterozygosity (ab), mean k-mer coverage for heterozygous bases (kcov), read error rate (err), 
the average rate of read duplications (dup), k-mer size used in the run (k:), and ploidy (p:). Right: Assessment of the U. pictorum genome assembly using the 
KAT comp tool to compare the PacBio Hi-Fi k-mer content within the genome assembly after running purge_dups. Different colors represent the read k-mer 
frequency in the assembly.
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analysis and purged a posteriori using purge_dups. The re
sulting assembly showed that purge_dups was highly effi
cient in purging duplicated regions, reducing the number 
of contigs by more than half, increasing the contiguity, 
and having no effect on the overall BUSCO scores (table 1
and supplementary table S2, Supplementary Material on
line). The effectiveness of purge_dups in removing duplica
tions is also observed in the k-mer frequency spectrum 
provided by K-mer analysis toolkit (KAT; fig. 1B and 
supplementary fig. S1B, Supplementary Material online), 
which shows low levels of duplicated k-mer (blue, green, 
purple, and orange in fig. 1B and supplementary fig. S1B, 
Supplementary Material online) and increased haplotype 
uniqueness (red in fig. 1B and supplementary fig. S1B, 
Supplementary Material online), similar to the k-mer distribu
tion generated by GenomeScope2 (performed with Illumina 
PE reads, fig. 1B). Purge-dups reduced the content of diploid 
k-mers without significantly affecting the content of haploid 
k-mers (fig. 1B and supplementary fig. S1B, Supplementary 
Material online). Read back-mapping percentages, of short- 
read, RNA-seq, and long-read, were all above 94% 
(supplementary table S2, Supplementary Material online). 
The final purged genome assembly consisted of 670 contigs, 
with a total length of 2,434,378,075 bp, with a contig N50 
of 10,612,599 and an L50 of 71 (table 1 and supplementary 
table S2, Supplementary Material online). The overall com
pleteness of the genome assembly is also supported by the 
nearly 100% mapping rates of the PacBio Hi-Fi long reads 
used for the genome assembly, as well as Illumina whole 
genome and RNA-seq reads, both sequenced from a distinct 
individual from another population (supplementary table S2, 
Supplementary Material online).

Repetitive Elements Masking, Gene Model Predictions 
and Annotation

Genome masking covered almost half of the entire assem
bly, similar to the U. delphinus genome assembly and close 
to the initial GenomeScope estimate (fig. 1B, table 1). 
Similar percentages were observed for other Unionida gen
ome assemblies (table 1). Overall, the occupancy of repeti
tive elements in the genome assembly was as follows: DNA 
elements with approximately 19.88% (ca. 484 Mb); unclas
sified with 15.16% (ca. 381 Mb); long interspersed nuclear 
elements (LINEs) with 7.96% (ca. 193 Mb); long terminal 
repeat elements (LTRs) with 3.93% (95.6 Mb); short inter
spersed nuclear elements (SINEs) with 2.54% (61.8 Mb); simple 
repeats with 0.43% (ca. 10 Mb); satellites with 0.17% (ca. 
4.24 Mb); Small RNA with 0.02% (ca. 388 kb); and low 
complexity with >0.01% (56 kb). In contrast to other fresh
water mussel genomes (Gomes-dos-Santos et al. 2021; 
Gomes-dos-Santos al. 2023a; Smith 2021; Bai et al. 2022), 
most repeats are classified as DNA elements rather than un
classified. Interestingly, DNA elements were also the most 

classified repeat type in the U. delphinus genome assembly 
(Gomes-dos-Santoset al. 2023b), which is the only other 
freshwater genome assembly obtained using PacBio Hi-Fi 
long reads. Although this is likely a synapomorphy, it may 
also be due to the high efficiency of the PacBio Hi-Fi reads 
in resolving repetitive regions, as the two Unio genome as
semblies are by far the most contiguous freshwater mussel 
genome assemblies (table 1). Finally, a total of 46,138 
protein-coding genes (CDS) were predicted by BRAKER2 (to
tal length of 832,204,995 bp), of which 34,137 were func
tionally annotated by either InterProScan or BLAST searches 
(table 1). Both the number of gene predictions provided 
by BRAKER2 and the number of functionally annotated 
genes are well within the values recently reported for other 
freshwater mussel species (table 1) and within the average 
values observed in Mollusca (Gomes-dos-Santos et al. 
2020). The overall quality of the gene prediction is also sup
ported by the BUSCO scores obtained from the predicted 
protein, with almost no missing hits for any of the near- 
universal single-copy ortholog databases tested (table 1).

Mitogenome Assembly

The mitogenome represents a highly valuable resource for 
phylogenetics and systematics studies of freshwater mus
sels (Lopes-Lima et al. 2017b; Froufe et al. 2019; Zieritz 
et al. 2021). However, the use of long-read approaches 
for these resources has not been thoroughly explored for 
this group (Gomes-dos-Santoset al. 2023a; Gomes-dos- 
Santoset al. 2023b). Here, we provide the assembly of the 
Painter’s Mussel mitogenome, using both a standard short- 
read assembly approach and a recently developed pipeline 
specifically designed for de novo assemblies using PacBio 
Hi-Fi long reads (Machado et al. 2022). The mitogenome 
assemblies are 15,756 bp (PacBio Hi-Fi reads) and 
15,757 bp (PE short reads) long, consisting of 13 protein- 
coding genes, 22 transfer RNAs, and 2 ribosomal RNAs. 
Both assemblies were circularized and showed the same 
gene arrangement, as expected for female mitochondrial 
genomes of the subfamily Unionidae, commonly referred 
to as UF1 (Lopes-Lima et al. 2017b). Several of the PacBio 
Hi-Fi reads spawn the entire mitogenome, supporting the 
inferred structure of both assemblies. These results, to
gether with the two recently assembled mitogenomes of 
U. delphinus and M. margaritifera using PacBio long reads 
(Gomes-dos-Santoset al. 2023a; Gomes-dos-Santoset al. 
2023b), suggest that unlike other bivalves (Calcino et al. 
2020; Formenti et al. 2021; Ghiselli et al. 2021), mitogen
ome assemblies using short-read approaches are still reli
able for accurate compositional and structural assemblies.

Conclusion

We provide the first genome assembly of the Painter’s 
Mussel, one of the most widespread freshwater mussel 
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species in Europe. The contiguity and completeness of the 
Painter’s Mussel genome produced here are demonstrated 
by the use of multiple metrics. This assembly represents a 
key resource for this emblematic species, providing a critical 
tool to explore many of its ecological, biological, and evolu
tionary traits.

Materials and Methods

Sampling, DNA Extraction, Library Construction, and 
Sequencing

Two U. pictorum specimens were collected in the Dobra 
River (“45.515500, 15.473240,” Croatia, 2019, Voucher: 
BIV6631) and Danube River (“48.209152, 19.540361,” 
Slovakia in 2022, Voucher: BIV9798). Samples were trans
ported to the laboratory, where tissues were separated, 
flash-frozen, and stored at −80 °C. Both shells and tissues 
are deposited in the CIIMAR tissue and mussel collection.

Genomic DNA extraction for Illumina short-read sequen
cing was performed with the Qiagen MagAttract HMW 
DNA extraction kit (Dobra), using foot tissue. Extracted 
DNA was sent to Macrogen Inc., for standard Illumina 
Truseq Nano DNA library preparation, followed by whole- 
genome sequencing of 150 bp PE reads, which was per
formed using an Illumina HiSeq X machine. Despite these 
attempts, the DNA extractions from this sample did not ful
fill the minimum molecular weight requirements for PacBio 
sequencing. Consequently, the second individual (Danube) 
was collected, and DNA extraction was performed using the 
same methodology. The PacBio long-read Single Hi-Fi se
quencing was conducted at Brigham Young University 
(BYU). Foot tissue was sent to BYU for high-molecular-weight 
DNA extraction followed by PacBio Hi-Fi library construction 
and sequencing, according to the manufacturer’s recom
mendations (https://www.pacb.com/wp-content/uploads/ 
Procedure-Checklist-Preparing-HiFi-SMRTbell-Libraries-using- 
SMRTbell-Express-Template-Prep-Kit-2.0.pdf). Size selection 
was achieved using the SageELF system. Sequencing was 
conducted on five single-molecule, real-time (SMRT) cells 
using the Sequel II system v.9.0, with 30 h run time and 
2.9 h preextension. The circular consensus analysis was 
performed in SMRT® Link v9.0 (https://www.pacb.com/ 
wp-content/uploads/SMRT_Link_Installation_v90.pdf) using 
default settings.

Preassembly Processing

The general characteristics of the U. pictorum genome 
were estimated through a k-mer frequency spectrum ana
lysis, using the PE reads (BIV6631). Raw sequencing PE 
reads were quality trimmed with Trimmomatic v.0.38 
(Bolger et al. 2014), specifying the parameters “LEADING: 
5 TRAILING: 5 SLIDINGWINDOW: 5:20 MINLEN: 36.” The 
quality of the raw and clean reads was validated in https:// 

www.bioinformatics.babraham.ac.uk/projects/fastqc/ be
fore and after trimming. Clean reads were used for genome 
size estimation using Jellyfish v.2.2.10 and GenomeScope2 
(Ranallo-Benavidez et al. 2020), with a k-mer length of 21.

Genome Assembly

PacBio Hi-Fi reads were assembled using Hifiasm 
0.16.1-r375 (Cheng et al. 2021, 2022) testing a combin
ation of multiple parameters, that is, s = 0.75, 0.55, 0.50, 
0.45, 0.35, following the authors’ recommendations 
(https://hifiasm.readthedocs.io/en/latest/faq.html#p-large). 
The overall quality of these preliminary assemblies was ac
cessed using the Quality Assessment Tool for Genome 
Assemblies (QUAST) v.5.0.2 (Gurevich et al. 2013) and 
the BUSCO v.5.2.2 (Manni et al. 2021) with Eukaryota 
and Metazoa databases. The assembly -s 0.75 was selected 
as the best assembly, and purge_dups v.1.2.5 (Guan et al. 
2020) was used to further separate poorly resolved pseudo- 
haplotypes, specifying 23 as the transition between haploid 
and diploid cutoff and 5 and 96 as the lower and upper 
bounds for read depth, respectively. The cutoff values 
were determined by manual inspection of the k-mer fre
quency distribution plot produced by the KAT tool 
(Mapleson et al. 2017), and the resulting purged assemblies 
were evaluated using QUAST v.5.0.2 and BUSCO v.5.2.2, 
as described above. Assembly quality was accessed for 
completeness, heterozygosity, and collapse of repetitive re
gions using a k-mer distribution with KAT (Mapleson et al. 
2017) and with read-back mapping, performed with PE 
using Burrows–Wheeler Aligner v.0.7.17-r1198 (Li 2013), 
for long reads with Minimap2 v.2.17, and for RNA-seq 
(SRR19261767; Gomes-dos-Santos et al. 2022) with 
HISAT2 v.2.2.0 (Kim et al. 2015).

Repetitive Elements Masking, Gene Model Predictions 
and Annotation

RepeatModeler v.2.0.133 (Smit and Hubley 2015b) was 
first used to construct a de novo library of repeats of 
the U. pictorum genome assembly, which was subse
quently used, along with the “Bivalvia” libraries from 
Dfam_consensus-20170127 and RepBase-20181026, for 
repetitive masking with RepeatMasker v.4.0.734 (Smit 
and Hubley 2015a).

Gene prediction was performed on the soft-masked 
genome assembly, using the BRAKER2 pipeline v2.1.6 
(Brůna et al. 2021), using both RNA-Seq and protein spliced 
alignments as extrinsic evidence data. For the RNA-seq, the 
recently sequenced U. pictorum RNA-seq was retrieved 
from GenBank (SRR19261767; Gomes-dos-Santos et al. 
2022), quality trimmed with Trimmomatic v.0.3839 (para
meters described above) and aligned to the assembly using 
HISAT2 v.2.2.0 with the default parameters. For the protein 
data set, the complete proteome of 14 mollusc species 
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and 3 reference Metazoa genomes (Homo sapiens, Ciona 
intestinalis, Strongylocentrotus purpuratus) was retrieved 
from public databases (following Gomes-dos-Santoset al. 
2023b). BRAKER2 was applied using the parameters “–etp
mode; –softmasking;” and after, AGAT v.0.8.0 (Dainat 
et al. 2020) was used for renaming, cleaning, and filtering 
gene predictions, as well as correcting overlapping predic
tions and removing coding sequence regions (CDS) with 
<100 amino acid and incomplete gene predictions (i.e., 
without start and/or stop codons).

Functional annotation was accomplished by applying 
both InterProScan v.5.44.80 (Quevillon et al. 2005) and 
BLASTP searches against the RefSeq database (Pruitt et al. 
2007). DIAMOND v.2.0.11.149 (Buchfink et al. 2015) was 
used for homology searches, specifying the parameters 
“-k 1, -b 20, -e 1e-5, –sensitive, –outfmt 6.” Finally, 
BUSCO scores were accessed for the predicted proteins, 
as described above.

Mitogenome Assembly

For PE reads, the mitogenome was obtained from the clean 
reads using GetOrganelle v1.7.1 (Jin et al. 2020). For PacBio 
Hi-Fi reads, a pipeline recently developed by the team was 
used (Machado et al. 2022). Mitogenome annotation was 
performed using MitoZ v.3.4 (Meng et al. 2019) with para
meters (–genetic_code 5 --clade Mollusca), using the PE 
reads for coverage plotting.

Supplementary Material
Supplementary data are available at Genome Biology and 
Evolution online (http://www.gbe.oxfordjournals.org/).
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Brůna T, Hoff KJ, Lomsadze A, Stanke M, Borodovsky M. 2021. 
BRAKER2: automatic eukaryotic genome annotation with 
GeneMark-EP+ and AUGUSTUS supported by a protein database. 
NAR Genom Bioinform. 3:lqaa10.

Buchfink B, Xie C, Huson DH. 2015. Fast and sensitive protein align
ment using DIAMOND. Nat Methods. 12:59–60.

Calcino A, Baranyi C, Wanninger A. 2020. Heteroplasmy and repeat 
expansion in the plant-like mitochondrial genome of a bivalve mol
lusc. bioRxiv. 2020.09.23.310516. doi: 10.1101/2020.09.23. 
310516.

Cheng H, et al. 2022. Haplotype-resolved assembly of diploid genomes 
without parental data. Nat Biotechnol. 40:1332–1335.

Cheng H, Concepcion GT, Feng X, Zhang H, Li H. 2021. 
Haplotype-resolved de novo assembly using phased assembly 
graphs with hifiasm. Nat Methods. 18:170–175.

Dainat J, Hereñú D, Pucholt P. 2020. AGAT: another Gff Analysis 
Toolkit to handle annotations in any GTF/GFF format. 
https://github.com/NBISweden/AGAT.

Formenti G, et al. 2021. Complete vertebrate mitogenomes reveal 
widespread repeats and gene duplications. Genome Biol. 22:120.

Formenti G, et al. 2022. The era of reference genomes in conservation 
genomics. Trends Ecol Evol. 37:197–202.

A PacBio Hi-Fi Genome Assembly of Unio pictorum                                                                                                          GBE

Genome Biol. Evol. 15(7) https://doi.org/10.1093/gbe/evad116 Advance Access publication 21 June 2023                                        7

http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evad116#supplementary-data
http://www.gbe.oxfordjournals.org/
https://figshare.com/s/cc8afa67637d2189e1ae
https://figshare.com/s/cc8afa67637d2189e1ae
https://doi.org/10.22541/AU.167152910.09429520/V1
https://doi.org/10.22541/AU.167152910.09429520/V1
https://doi.org/10.1101/2020.09.23.310516
https://doi.org/10.1101/2020.09.23.310516


Froufe E, et al. 2019. Mesozoic mitogenome rearrangements and fresh
water mussel (Bivalvia: Unionoidea) macroevolution. Heredity 124: 
182–196.

Ghiselli F, et al. 2021. Molluscan mitochondrial genomes break the 
rules. Philos Trans R Soc B Biol Sci. 376:20200159.

Gomes-dos-Santos A, et al. 2021. The Crown Pearl: a draft genome as
sembly of the European freshwater pearl mussel Margaritifera 
margaritifera (Linnaeus, 1758). DNA Res. 28:dsab002.

Gomes-dos-Santos A, et al. 2022. The gill transcriptome of threatened 
European freshwater mussels. Sci Data. 9:494.

Gomes-dos-Santos A, Lopes-Lima M, Castro LFC, Froufe E. 2020. 
Molluscan genomics: the road so far and the way forward. 
Hydrobiologia 847:1705–1726.

Gomes-dos-Santos A, Lopes-Lima M, Machado AM, Forest T, et al. 
2023a. The Crown Pearl V2: an improved genome assembly of 
the European freshwater pearl mussel Margaritifera margaritifera 
(Linnaeus, 1758). GigaByte 2023:1–14.

Gomes-dos-Santos A, Lopes-Lima M, Machado AM, Teixeira A, et al. 
2023b. PacBio Hi-Fi genome assembly of the Iberian dolphin fresh
water mussel Unio delphinus Spengler, 1793. Sci Data 10:340. doi: 
10.1101/2023.01.16.524251

Graf DL, Cummings KS. 2021. A ‘big data’ approach to global fresh
water mussel diversity (Bivalvia: Unionoida), with an updated 
checklist of genera and species. J Molluscan Stud. 87:34.

Guan D, et al. 2020. Identifying and removing haplotypic duplication 
in primary genome assemblies. Bioinformatics 36:2896–2898.

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality assess
ment tool for genome assemblies. Bioinformatics 29:1072–1075.

Hastie LC, Cosgrove PJ, Ellis N, Gaywood MJ. 2003. The threat of cli
mate change to freshwater pearl mussel populations. AMBIO: J 
Hum Environ. 32:40–46.

Hohenlohe PA, Funk WC, Rajora OP. 2021. Population genomics for 
wildlife conservation and management. Mol Ecol. 30:62–82.

Hotaling S, Kelley JL, Frandsen PB. 2021. Toward a genome sequence 
for every animal: where are we now? Proc Natl Acad Sci U S A. 118: 
e2109019118.

IPBES. 2019 . Summary for policymakers of the global assessment re
port on biodiversity and ecosystem services of the 
Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services. Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services. IPBES Secretariat Bonn

Jin JJ, Yu WB, Yang JB, Song Y, dePamphilis CW, Yi TS, et al. 2020. 
GetOrganelle: a fast and versatile toolkit for accurate de novo as
sembly of organelle genomes. Genome Biol 21:241. doi:10.1186/ 
s13059-020-02154-5

Kim D, Langmead B, Salzberg SL. 2015. HISAT: a fast spliced aligner 
with low memory requirements. Nat Methods. 12:357–360.

Li H. 2013. Aligning sequence reads, clone sequences and assembly 
contigs with BWA-MEM. [cited 2021 Jan 6]. Available from: 
http://arxiv.org/abs/1303.3997.

Lopes-Lima M, et al. 2021. Major shortfalls impairing knowledge 
and conservation of freshwater molluscs. Hydrobiologia 848: 
2831–2867.

Lopes-Lima M, Fonseca MM, et al. 2017b. The first Margaritiferidae 
male (M-type) mitogenome: mitochondrial gene order as a poten
tial character for determining higher-order phylogeny within 
Unionida (Bivalvia). J Molluscan Stud. 83:249–252.

Lopes-Lima M, Sousa R, et al. 2017a. Conservation status of fresh
water mussels in Europe: state of the art and future challenges. 
Biol Rev. 92:572–607.

Machado AM, et al. 2022. A genome assembly of the Atlantic chub 
mackerel (Scomber colias): a valuable teleost fishing resource. 
GigaByte 2022:1–21.

Manni M, Berkeley MR, Seppey M, Simão FA, Zdobnov EM. 2021. 
BUSCO update: novel and streamlined workflows along with 
broader and deeper phylogenetic coverage for scoring of eukary
otic, prokaryotic, and viral genomes. Mol Biol Evol. 38:4647–4654.

Mapleson D, Accinelli GG, Kettleborough G, Wright J, Clavijo BJ. 2017. 
KAT: a K-mer analysis toolkit to quality control NGS datasets and 
genome assemblies. Bioinformatics 33:574–576.

Meek MH, Larson WA. 2019. The future is now: amplicon sequencing 
and sequence capture usher in the conservation genomics era. Mol 
Ecol Resour. 19:795–803.

Meng G, Li Y, Yang C, Liu S. 2019. MitoZ: a toolkit for animal mito
chondrial genome assembly, annotation and visualization. 
Nucleic Acids Res. 47:e63.

Moore TP, Collier KJ, Duggan IC. 2019. Interactions between Unionida 
and non-native species: a global meta-analysis. Aquat Conserv. 29: 
1438–1451.

Nobles T, Zhang Y. 2011. Biodiversity loss in freshwater mussels: im
portance, threats, and solutions. Biodiversity loss in a changing pla
net, vol. 318.  InTech. p. 17–162

Paez S, et al. 2022. Reference genomes for conservation. Science 377: 
364–366.

Pruitt KD, Tatusova T, Maglott DR. 2007. NCBI reference sequences 
(RefSeq): a curated non-redundant sequence database of gen
omes, transcripts and proteins. Nucleic Acids Res. 35:D61–D65.

Quevillon E, et al. 2005. InterProScan: protein domains identifier. 
Nucleic Acids Res. 33:W116–W120.

Ranallo-Benavidez TR, Jaron KS, Schatz MC. 2020. GenomeScope 2.0 
and Smudgeplot for reference-free profiling of polyploid genomes. 
Nat Commun. 11:1432.

Renaut S, et al. 2018. Genome survey of the freshwater mussel 
Venustaconcha ellipsiformis (Bivalvia: Unionida) using a hybrid de 
novo assembly approach. Genome Biol Evol. 10:1637–1646.

Rogers RL, et al. 2021. Gene family amplification facilitates adaptation 
in freshwater unionid bivalve Megalonaias nervosa. Mol Ecol. 30: 
1155–1173.

Smit A, Hubley R. 2015a. RepeatMasker. https://www.repeat-masker. 
org

Smit A, Hubley R. 2015b. RepeatModeler. https://www.repeat- 
masker.org.

Smith CH. 2021. A high-quality reference genome for a parasitic bi
valve with doubly uniparental inheritance (Bivalvia: Unionida). 
Genome Biol Evol. 13:evab029.

Stephan T, et al. 2022. Darwinian genomics and diversity in the tree of 
life. Proc Natl Acad Sci U S A. 119:e2115644119.

Theissinger K, et al. 2023. How genomics can help biodiversity conser
vation. Trends Genet. 39:545–559

Vaughn CC, Nichols SJ, Spooner DE. 2015. Community and foodweb 
ecology of freshwater mussels. J North Am Benthol Soc. 27:409–423.

Vinarski MV, et al. 2020. Freshwater Mollusca of the Circumpolar 
Arctic: a review on their taxonomy, diversity and biogeography. 
Hydrobiologia 848:2891–2918.

Zieritz A, et al. 2021. Mitogenomic phylogeny and fossil-calibrated 
mutation rates for all F- and M-type mtDNA genes of the largest 
freshwater mussel family, the Unionidae (Bivalvia). Zool J Linn 
Soc. 193:1088–1107.

Associate editor: Laura Katz

Gomes-dos-Santos et al.                                                                                                                                                  GBE

8 Genome Biol. Evol. 15(7) https://doi.org/10.1093/gbe/evad116 Advance Access publication 21 June 2023

https://doi.org/10.1101/2023.01.16.524251
https://doi.org/10.1101/2023.01.16.524251
https://doi.org/10.1186/s13059-020-02154-5
https://doi.org/10.1186/s13059-020-02154-5
http://arxiv.org/abs/1303.3997
https://www.repeat-masker.org
https://www.repeat-masker.org
https://www.repeat-masker.org
https://www.repeat-masker.org

	A PacBio Hi-Fi Genome Assembly of the Painter’s Mussel Unio pictorum (Linnaeus, 1758)
	Introduction
	Results and Discussion
	Genome Assembly
	Repetitive Elements Masking, Gene Model Predictions and Annotation
	Mitogenome Assembly
	Conclusion

	Materials and Methods
	Sampling, DNA Extraction, Library Construction, and Sequencing
	Preassembly Processing
	Genome Assembly
	Repetitive Elements Masking, Gene Model Predictions and Annotation
	Mitogenome Assembly

	Supplementary Material
	Acknowledgments
	Data Availability
	Literature Cited




