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Abstract

Despite increasing sequencing efforts, numerous fish families still lack a reference genome, which complicates genetic research. One such
understudied family is the sand lances (Ammodytidae, literally: “sand burrower”), a globally distributed clade of over 30 fish species that tend
to avoid tidal currents by burrowing into the sand. Here, we present the first annotated chromosome-level genome assembly of the great sand
eel (Hyperoplus lanceolatus). The genome assembly was generated using Oxford Nanopore Technologies long sequencing reads and Illumina
short reads for polishing. The final assembly has a total length of 808.5 Mbp, of which 97.1% were anchored into 24 chromosome-scale scaffolds
using proximity-ligation scaffolding. It is highly contiguous with a scaffold and contig N50 of 33.7 and 31.3 Mbp, respectively, and has a BUSCO
completeness score of 96.9%. The presented genome assembly is a valuable resource for future studies of sand lances, as this family is of
great ecological and commercial importance and may also contribute to studies aiming to resolve the suprafamiliar taxonomy of bony fishes.
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Introduction et al. 2022). Sand lances feed primarily on small crustaceans
and small fishes and are characterized by an elongated body
with long dorsal fins, reduced or missing pelvic fins, and the
absence of a swim bladder (Muus and Nielsen 1999). The
latter trait is likely an adaptation to a burrowing lifestyle
(Muus and Nielsen 1999).

The great sand eel Hyperoplus lanceolatus (Le Sauvage,
1824) (Fig. 1) is a coastal species that is distributed in the
northeastern Atlantic, more particularly on the European
continental shelves between Portugal and Murmansk and the
Baltic Sea, at a maximum depth of 60 m (Rutkowicz 1982). ; )
The species occurs along the continental coastline and around Besides the great sand eel, the genus Hyperoplus includes

islands, most notably Iceland, Svalbard, and the British Isles one other SPeCieS,’ the less common Corbin’s sand eel (H'
(Rutkowicz 1982; Nadolna-Altyn et al. 2017). immaculatus), which also occurs in the northeastern Atlantic.

These 2 species can be distinguished from other sand lances
by their 2 sharply pointed vomerine teeth and by the rela-
tively short pectoral fins, which do not extend to the base of
the dorsal fin. Within the genus itself, the great sand eel can be
distinguished from the Corbin’s sand eel by its larger size (up
to 20 to 40 cm length) and a species-specific dark spot on ei-
ther side of the snout below the anterior nostril (Reay 1986).
The great sand eel is also more piscivorous, sometimes even
feeding on other sand lances (Frimodt 1995).

Sand eels are commercially and ecologically important due to
their high abundance and high-fat content. Natural predators
include sea mammals, piscivorous birds, and predatory fish.
Industrial fisheries target the species for fish meal and oil pro-
duction, while small-scale fisheries aim for human consump-
tion and fishing bait (Frimodt 1995). Therefore, concerns have
been raised about the potentially detrimental effects of sand eel
stock depletion on the marine food web (Dunn 2021).

The great sand eel is included in the family of sand lances
(Ammodytidae), which contains 33 species in 7 genera (Fricke
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Fig. 1. Hyperoplus lanceolatus. Painting by Jan Fekjan. https://artsdatabanken.no/taxon/Hyperoplus % 20lanceolatus/43111.

The sand lance family was originally classified as part of
the large order Perciformes but has recently been moved into
other orders, either Trachiniformes or Uranoscopiformes
(Nelson et al. 2016; Betancur-R et al. 2017). These taxo-
nomic revisions illustrate the uncertainty surrounding the
phylogenetic relationships within the series Eupercaria as
a whole, many of which are still unresolved and in need
of clarification through genetic studies (Betancur-R et al.
2017).

To date, the only genetic data available for the great sand eel
are mitochondrial gene sequences. As part of a master’s course
at the Goethe University in Frankfurt am Main, Germany
(Prost et al. 2020), we generated a de novo, chromosome-level
genome assembly of H. lanceolatus. This genome has been
assembled from Nanopore long reads, polished with Illumina
short reads, and scaffolded into chromosomes with Omni-C
proximity-ligation data. The genome assembly represents the
first in the genus Hyperoplus and the second within the family
of sand lances after the recently published Ammodytes dubius
assembly (Jones ef al. 2023) and may facilitate future studies
which aim to resolve the suprafamiliar taxonomy of sand
lances or to evaluate fisheries’ effects on individual species.

Materials and methods

Sampling, DNA extraction, and sequencing

Two adult H. lanceolatus individuals were collected in the
North Sea during a regular monitoring expedition to the
Dogger Bank (Hlan001: N 54°5937.0608, E 2°56726.9772;
Hlan002: N 55°1730.054, E 1°34'57.2952) with the per-
mission of the Maritime Policy Unit of the UK Foreign and
Commonwealth Office in 2020. One specimen (Hlan001)
was initially frozen at -20 °C on the ship and later stored
at -80 °C until further processing. High molecular weight
genomic DNA of this individual was extracted from muscle
tissue using the protocol of Mayjonade et al. (2016) with the
addition of Proteinase K during lysis. We used the Genomic
DNA ScreenTape on the Agilent 2200 TapeStation system
(Agilent Technologies) to evaluate DNA quantity and quality.
In addition, we dissected the second specimen (Hlan002)
during the expedition and preserved tissues from different
inner organs (brain, heart, gills, muscle, liver, gonads, and py-
loric gland) in RNALater for RNA extraction. These tissue
samples, along with a DNA sample from the first individual,
were sent to Novogene (UK) Company Limited for RNA
extraction and sequencing. A standard 150 base pair (bp)
paired-end whole-genome sequencing library from genomic
DNA was prepared using the NEBNext Ultra II library prepa-
ration kit for Illumina sequencing (New England Biolabs Inc.,
Ipswich, USA) and sequenced on a Novaseq 6000 Illumina
platform (Illumina, Inc., San Diego, California, USA). In addi-
tion, short-read paired-end RNA-Seq libraries for each of the

RNA extracts from the different tissue types were prepared
and sequenced on the same Illumina platform.

Furthermore, we prepared five long-read libraries for
sequencing on the Oxford Nanopore Technologies (ONT,
Oxford, UK) MinlON v.Mk1B sequencer following the
protocol of ONTs Rapid Sequencing Kit (SQK-RAD004).
Each library was sequenced on an individual flow cell (FLO-
MIN106 v.9.41).

Lastly, we prepared a proximity-ligation library from muscle
tissue using the Dovetail Omni-C Kit (Dovetail Genomics,
Santa Cruz, California, USA). The library was sent to Novogene
(UK) for sequencing on the Illumina Novaseq 6000.

Genome size estimation

The genome size of H. lanceolatus was estimated by k-mer
frequencies. The frequencies of k-mers with k = 21 were calcu-
lated using Jellyfish v.2.2.10 (RRID: SCR_005491) (Margais
and Kingsford 2011) from the short-read Illumina data. The
genome size and heterozygosity were then estimated with
GenomeScope v.2.0 (RRID: SCR_017014) (Vurture et al.
2017; Ranallo-Benavidez et al. 2020).

Genome assembly and polishing

The raw Nanopore sequencing signal data (fastS) was base
called with Guppy v.4.0.14 (Oxford Nanopore Technologies
Ltd.) on the high-accuracy setting. Adapter sequences were
removed with Porechop v.0.2.4 (RRID: SCR_016967) (Wick
et al. 2017). The read length distribution and base quality of
the 5 sequencing runs were analyzed both independently with
Nanocomp v.1.0.0 (De Coster et al. 2018) and combined
using Nanoplot v.1.0.0 (De Coster et al. 2018). The resulting
long-read dataset was used to assemble the genome of H.
lanceolatus with WTDBG2 v.2.5 (RRID: SCR_01722) (Ruan
and Li 2019) using the preset for ONT reads (flag “-x ont”).
The accuracy of the resulting assembly was further improved
by a 3-step polishing approach. First, 3 iterations of long-
read polishing were performed with racon v.1.4.3 (RRID:
SCR_017642) (Vaser et al. 2017), followed by 1 iteration of
long-read polishing with Medaka v.0.11.5 (Oxford Nanopore
Technologies Ltd. 2018) to correct for errors typical for
nanopore sequencing (homopolymers and repeat errors).
Finally, we used Illumina short reads to correct for single-base
errors and short indels in the assembly using 3 iterations of
pilon v.1.23 (RRID: SCR_014731) (Walker et al. 2014). We
also assembled the mitochondrial genome of H. lanceolatus
from the short-read Illumina data using MitoZ v.2.4 (Meng et
al. 2019). The resulting circular genome was then annotated
using MitoAnnotator v.3.75 (Iwasaki et al. 2013).

Scaffolding and quality assessment

To anchor the contigs into chromosome-scale scaffolds, we
used the Dovetail Genomics scaffolding service. For that,
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we sent the Omni-C data, generated in this study, and the
polished assembly to Dovetail Genomics as input for the
HiRise pipeline (Putnam ef al. 2016). Afterwards, gaps in
the scaffolded assembly were filled using TGS-GapCloser
v.1.1.1 (RRID: SCR_017633) (Xu et al. 2020) using the same
long reads used for the initial assembly. Finally, haplotypic
duplications (haplotigs) were identified and removed using
purge_dups v.1.2.5 (RRID: SCR_021173) (Guan et al. 2020)
adjusting the command for minimap2 in the pipeline to the
preset for ONT reads.

The contiguity and completeness of the final assembly
were evaluated using Quast v.5.0.2 (RRID: SCR_001228)
(Mikheenko et al. 2018) and BUSCO v.5.3.1 (RRID:
SCR_015008) (Seppey et al. 2019) with the Actinopterygii
specific orthologous gene set (actinopterygii_odb10). The
completeness, base-level error rate, and consensus quality
value (QV) of the assembly were evaluated with Merqury v.1.1
(Rhie ez al. 2020). Furthermore, we mapped the short and
long reads onto the assembly using BWA-mem v.0.7.17-r1188
(RRID: SCR_010910) (Li 2013) and Minimap2 v.2.17-r941
(RRID: SCR_018550) (Li 2018), respectively, to analyze
mapping quality and rate with Qualimap v.2.2.1 (RRID:
SCR_001209) (Okonechnikov et al. 2016). To assess poten-
tial contamination of the assembly, we used the previously
generated mapping files and a BLASTN v.2.11.0+ (RRID:
SCR_001598) (Zhang et al. 2000) search of the assembly
against the NCBI nucleotide database to generate a BlobPlot
with Blobtoolkit v.3.5.0 (RRID: SCR_017618) (Laetsch and
Blaxter 2017).

Transcriptome assembly and quality assessments

In addition to the genome assembly, we assembled the
transcriptome of H. lanceolatus. The RNA-seq data for the
7 different tissue types were combined into a single dataset
and used to assemble the transcriptome with Trinity v2.9.0
(RRID: SCR_013048) (Grabherr et al. 2011; Haas et al.
2013) following the step-by-step protocol of (Freedman and
Weeks 2020). The completeness of the transcriptome as-
sembly and assembly statistics were assessed with BUSCO
v5.3.1 (RRID: SCR_015008) (Seppey et al. 2019) and Quast
v.5.0.2 (RRID: SCR_001228) (Mikheenko et al. 2018) using
the same settings as described previously.

Genome annotation
Repeat annotation

To annotate repeats in the assembly, we first generated a
de novo repeat library with RepeatModeler v.2.0.1 (RRID:
SCR_015027) (Flynn et al. 2020), which was combined with
an Actinopterygii database, derived from the RepeatMasker
v.4.1.0 (http://www.repeatmasker.org/RepeatMasker/; RRID:
SCR_012954) Repeat Sequence Database using the utility
script “queryRepeatDatabase.pl,” to a custom repeat library.
Then RepeatMasker was used with the custom library to
annotate and mask the repeats in the assembly. We hard-
masked interspersed repeats and soft-masked simple repeats
to increase the accuracy of the subsequent gene annotation.

Gene annotation

Homology-based gene prediction was performed with the
GeMoMa pipeline v.1.7.1 (RRID: SCR_017646) (Keilwagen
etal.2016,2018) using MMseqs2 v. 13.45111 (Steinegger and
Soding 2017) as the alignment tool. The following 5 genomes
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and annotation files (GFF format) were used as references:
Acanthochromis polyacanthus (GCA_002109545.1), Perca
fluviatilis  (GCA_010015445.1), Gasterosteus aculeatus
(GCA_016920845.1), Betta splendens (GCA_900634795.3),
and Acanthopagrus latus (GCA_904848185.1). In addition,
corrected and trimmed RNA-seq reads generated during
the Trinity transcriptome assembly process (Freedman and
Weeks 2020) were mapped against the genome assembly with
STAR v.2.7.9a (RRID: SCR_004463) (Dobin et al. 2013) and
used as RNA-seq evidence during the annotation. The genes
predicted by GeMoMa were further annotated by a search
against the Swiss-Prot database (RRID: SCR_002380; release
2022-02) using BLASTP v.2.11.0+ (RRID: SCR_001010)
(Zhang et al. 2000), applying an e-value cutoff of 10-°.
Further annotation of Gene Ontology (GO) terms, domains,
and motifs was conducted with InterProScan v. 5.50.84
(RRID: SCR_005829) (Quevillon et al. 2005; Jones et al.
2014).

Results and discussion

Genome sequencing and assembly

The S sequencing runs on the ONT MinlON generated a
total of 32 Gbp or an approximate 40-fold coverage of long-
read data with a mean read length of 4.56 kbp and a mean
read quality of 12 (Supplementary Table 1A, Supplementary
Fig. 1). Illumina whole-genome and Omni-C sequencing
generated 42.3 and 43.1 Gbp of short-read and proximity-
ligation data, respectively (Supplementary Table 1B).

The final chromosome-scale scaffolded, gap-closed, and
haplotig-purged de novo genome assembly of H. lanceolatus
has 965 scaffolds (incl. mitochondrial genome), a length of
808.5 Mbp, and 6 gaps of 100 N’s each resulting in a scaf-
fold/contig N50 of 33.7 and 31.3 Mbp, respectively (Table 1).
Proximity-ligation scaffolding resulted in 97.1% of the total
assembly length being anchored into 24 chromosome-scale
scaffolds larger than 15 Mbp (Fig. 2A and B), which is the ex-
pected haploid number of exclusively acrocentric chromosomes
(21 = 48) described for the species (Ocalewicz et al. 2019). The

Table 1. Assembly statistics for the Hyperoplus lanceolatus genome and
transcriptome assemblies.

Scaffold-level Contig-level Transcriptome
assembly assembly?
No. of scaffolds/ 965 970 118,200
contigs
No of scaffolds/ 879 884 69,268
contigs (>1 kbp)
Total length (bp) 808,503,945 808,503,345 223,612,403
Largest scaffold/ 43,769,752 43,769,752 31,570
contig (bp)
N50 (bp) 33,676,134 31,308,663 2,816
L50 11 12 23,663
GC% 41.09 41.09 46.28
No. of N’s 600 0 0
No. of N’s per 100 0.07 0 0
kbp

aStatistics in this column are based on contigs as the assembly was broken
into contigs at gaps with a length >10 bp. Statistics for the remaining
columns are based on scaffolds.
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Fig. 2. Quality assessment of the Hyperoplus lanceolatus genome assembly. An Omni-C contact density map depicting the 24 distinct chromosome-
level scaffolds (A). SnailPlot summarizing assembly statistics (B). Gene set completeness analyses for the assembly, annotation, and transcriptome
(C). BlobPlot analysis comparing GC content (x axis), sequencing depth of short reads (y axis), and taxonomic assignment of contigs (colors) show no

evidence of contamination (D).

remaining 2.9% are comprised of scaffolds/contigs smaller
than 400 kbp. The separately conducted mitochondrial ge-
nome assembly resulted in a circular mitochondrial sequence
with a length of 16,509 bp, which conforms to the standard
vertebrate gene organization (Supplementary Fig. 2).

Genome completeness and quality assessment

The heterozygosity and haploid genome size of H. lanceolatus
was estimated by GenomeScope as 0.48% and 695 Mbp, re-
spectively, which is about 113 Mbp shorter than the length of
the haplotig-free assembly.

A high percentage of identified complete BUSCO genes
(96.9%) (Fig. 2C) of the Actinopterygii dataset and the
k-mer completeness of 91.5% calculated by Merqury suggest
an overall high completeness of the assembly. In addition,

Merqury also suggests a low base-level error rate of 0.04%
and a corresponding QV of 33.6. Furthermore, both long and
short reads mapped to the assembly with a high mapping rate
of 94.8% and 98.9%, respectively, and the BlobPlot generated
with Blobtoolkit shows no clear evidence for contamination
(Fig. 2D). Yet, a congregation of “no-hit” and “Chordata”
scaffolds with a lower GC content (~34%) compared with
the chromosome-scale scaffolds (41%) might be a sign of
contamination of unknown origin due to a lack of sequences
in the nucleotide database or simply scaffolds containing
AT-rich repeats that were not placed into the chromosome-
scale scaffolds.

Transcriptome assembly

The final transcriptome assembly is based on 50.9 Gbp of
short-read RNA-seq data (Supplementary Table 1B) and
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has a total length of 223.6 Mbp (Table 1). BUSCO analyses
found 91.6% of Actinopterygii orthologous genes in the
transcriptome, indicating high transcriptome completeness
(Fig. 2C).

Annotation
Repeat annotation

The de novo repeat library generated by RepeatModeler2 was
comprised of 2,515 sequences (for details, see Supplementary
Table 2). The annotation of repetitive elements in the ge-
nome identified 44.37% of the genome assembly of H.
lanceolatus (359 Mbp) as repeats (Supplementary Table 3).
DNA transposons were found to be the most common re-
peat elements spanning 16.6% of the genome, followed by
Long Interspersed Nuclear Elements (LINEs) with 6.1%
and simple repeats with 4.5%. However, a large percentage
of repeats, spanning 13.6% of the genome, could not be
classified.

Gene annotation

The homology-based gene prediction with GeMoMa
identified 22,274 genes with a median length of 6,597 bp
spanning 294.8 Mbp of the assembly. BUSCO analysis found
94.4% complete orthologous of the Actinopterygii dataset
indicating high completeness of the predicted genes (Fig. 2C).
Furthermore, InterProScan functionally annotated 50,694
(99.5%) of the 50,935 predicted proteins and assigned at
least 1 GO term to 39,171 (76,9%) of the proteins. In addi-
tion, 43,600 proteins (95,2 %) were assigned to entries within
the Swiss-Prot database.

Conclusion

The chromosome-level reference assembly of H. lanceolatus
presented here is not only the second genome assembly
for the family Ammodytidae but, in fact, also the second
of the order Uranoscopiformes that contains approx-
imately 174 recognized species (Encyclopedia of Life,
http://eol.org, 2018). It will be an invaluable resource for
future phylogenomic and population genomic studies of
sand lances and bony fishes in general, as the systematics
of Eupercaria is not fully resolved yet (Betancur-R et al.
2017). In addition, it is an important reference for genomic
assessments of fisheries stocks, as sand lances are a valuable
resource and play an irreplaceable role in the survival and
breeding success of many seabirds (Frimodt 1995; Dunn
2021).

Supplementary material

Supplementary material is available at Journal of Heredity
online.
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