


of the pilot project of the ERGA (Mc Cartney et al. 2024). The ERGA
consortium is pioneering a democratised approach to biodiversity
sequencing, and paired a sample ambassador from Malta, where
X. violacea is an important and understudied species, with a
sequencing centre in the UK order to generate the assembly
presented here. The X. violacea genome assembly is characterised
by its highly heterochromatic karyotype, a trait also shared by
other Xylocopa species (Hoshiba and Imai 1993). This genomic
resource fills an important gap in the taxonomy of the Apidae, and
also releases the potential to study the expanding population of
this important pollinating species at the genomic level (e.g.
Formenti et al. 2022; Webster et al. 2022).

MATERIALS AND METHODS
Sample acquisition
A male (iyXylViol4, ERS10526494) and female (iyXylViol2, ERS10526492)
Xylocopa violacea individual were collected at Chadwick Lakes, Rabat,
Malta (Latitude: 35.894639, Longitude: 14.392165). Samples were chilled to
4 °C, preserved in dry ice, and maintained at � 80 °C until shipment to the
Earlham Institute, Norwich, UK following Nagoya Protocol, permit ABSCH-
IRCC-MT-255778-1. Sample metadata conformed to ERGA sample manifest
standards (Böhne et al. 2024) and were submitted to ENA using COPO
(Shaw et al. 2020).

DNA library preparation and sequencing
High molecular weight (HMW) DNA was extracted from thorax tissue of an
individual male bee (iyXylViol4) using the Qiagen MagAttract HMW DNA
Kit, with modifications as described in Mullin et al. (2022). HiFi library
preparation and Pacific Biosciences (PacBio) sequencing were carried out
following the low-input protocol described in Mullin et al. (2022),
(Supplementary Methods) and sequenced on four Sequel II SMRT® Cell

8 M (diffusion loading, 30-h movie, 2-h immobilisation time, 2-h pre-
extension time, 60–77 pM on plate loading concentration).

RNA extraction, RNA-seq library preparation and sequencing
RNA extractions were conducted on flash frozen head, thorax, abdomen,
and leg tissues from an individual female bee (iyXylViol2) using the Omega
EZNA Total RNA Kit I (R6834-01). RNA-seq libraries were then constructed
using the NEBNext Ultra II RNA Library prep for Illumina kit (NEB#E7760L)
NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB#7490) and
NEBNext Multiplex Oligos for Illumina® (96 Unique Dual Index Primer
Pairs) (E6440S) at a concentration of 10uM. Libraries were sequenced on an
SP flow cell on a NovaSeq 6000 instrument set up to sequence 150 bp
paired end reads.

Iso-seq library preparation and sequencing
PacBio Iso-Seq libraries were constructed starting from 234 to 300 ng of
total RNA from the 4 tissue specific extractions described above. Reverse
transcription cDNA synthesis was performed using NEBNext®Single Cell/
Low Input cDNA Synthesis & Amplification Module (NEB, E6421). Samples
were barcoded and the library pool was prepared according to the
guidelines laid out in the Iso-Seq protocol version 02 (PacBio, 101-763-800),
using SMRTbell express template prep kit 2.0 (PacBio, 102-088-900). The
Iso-Seq pool was sequenced on the PacBio Sequel II instrument with one
Sequel II SMRT®Cell 8 M.

Hi-C library preparation and sequencing
High-throughput/resolution chromosome conformation capture-based (Hi-
C) sequencing data was generated from head tissue of male individual
iyXylViol4 using the Arima Genome Wide Hi-C kit, the NEBNext Ultra II DNA
Library preparation kit, and Kappa HiFi HotStart ReadyMix. The resulting
libraries were sequenced on an SP flow cell, on the Novaseq 6000
instrument, sequencing 150 bp paired end reads.
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Fig. 1 The Violet Carpenter Bee, Xylocopa violacea. A Records of X. violacea occurrence in Europe between 1980 and 2023 (GBIF.org, 04
December 2023, https://doi.org/10.15468/dl.3gr8wv). Hexes are coloured by earliest year of occurrence; lighter colours are more recent.
Records prior to 1980 not plotted. B A female X. violacea individual (Bautsch, CC0, via Wikimedia Commons.). C The male X. violacea (iyXylViol4)
used for DNA sequencing in this study.
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Contig level genome assembly
HiFi reads were extracted from the raw Pacific Biosciences output by the
Earlham Institute core bioinformatics group using the Pacific Biosciences
SMRTlink pipeline (v10.1.0.119588). Prior to assembly, HiFi reads were
trimmed for adapter sequences with Cutadapt (v3.2, Martin 2011). The
genome was assembled with hifiasm (v0.18.5, Cheng et al. 2021).
Mitochondrial contigs were identified with MitoHifi (v3.0.0, Uliano-Silva
et al. 2023), using the Apis mellifera mitochondrial genome (OK075087.1)
as a closely related guide. All putative mitochondrial contigs were
removed prior to scaffolding, and the MitoHifi best fit mitochondrial
sequence was added back into the assembly following scaffolding.
Contaminant contigs were identified and removed as the intersect of the
outputs of Kraken2 (v2.0.7, Wood et al. 2019), BlobTools (v1.1.1, Laetsch
and Blaxter 2017), barnapp (v0.9, Table S1), CAT (v5.2.3,von Meijenfeldt
et al. 2019), and FCS-GX (v0.3.0, Astashyn et al. 2024). Assembly
completeness was assessed with BUSCO (v5.0.0, Manni et al. 2021) using
hymenoptera_odb10. Assembly quality and kmer completeness were
assessed with Merqury (v1.3, Rhie et al. 2020). Genome size of the final
assembly was estimated using FastK (Table S1) and GeneScopeFK
(Table S1).

Hi-C read QC & scaffolding
Raw Hi-C reads were trimmed for adapters using trimmomatic (v0.39,
Bolger et al. 2014) with the adapters.fa file from bbmap (v35.85, Bushnell
2014) as input (see Supp. Methods). Hi-C reads were mapped to the draft
assembly with Juicer (v1.6, Durand et al. 2016). Following the removal of
contigs assigned as contaminant or mitochondrial, Hi-C reads were
mapped to the resulting assembly using the Arima Mapping Pipeline
(Table S1). The resulting mappings were used to scaffold the decontami-
nated assembly using YaHS (v1.2a.2, Zhou et al. 2023).

Manual curation of scaffolded assembly
Following scaffolding, trimmed, unfiltered Hi-C reads were mapped to the
scaffolded assembly using Juicer (v1.6, Durand et al. 2016). Using these
mappings, the scaffolded assembly was manually curated to pseudo-
chromosomal level using Pretext-Map (v0.1.9, Table S1) contact maps
visualised in PretextView (v0.2.5, Table S1). Inputs for PrextextView
(Coverage track, Gap track, Telomere track) were created using the eihic
pipeline (Table S1) in curation mode (-c). Following curation, the Rapid
Curation Pipeline (Table S1), developed by the GRiT team at the Wellcome
Sanger Institute, was used to extract the manually curated assembly in
fasta format.

Annotation
Annotation of repetitive DNA content was performed using the EI-Repeat
pipeline (v1.3.4, Table S1) which uses third party tools for repeat calling.
The repeat content of the iyXylViol4.1 assembly was further classified using
srf (Zhang et al. 2023) and TRASH (Wlodzimierz et al. 2023), and visualised
using StainedGlass (Vollger et al. 2022). The telomeric repeat landscape
was explored using the explore and search functions of tidk (Table S1).
Gene models were generated from the iyXylViol4.1 assembly using REAT -
Robust and Extendable eukaryotic Annotation Toolkit (Table S1) and Minos
(Table S1) which make use of Mikado (Table S1), Portcullis (Table S1) and
many third-party tools (listed in the above repositories).

RESULTS & DISCUSSION
DNA sequencing
HMW DNA extractions from two 30mg sections of thorax tissue
from a single male Xylocopa violacea individual (iyXylViol4) yielded
829 ng of HMW DNA, with 74–84% of fragments over 40 kb
fragment size (Fig. S1). Following library preparation, 2,520,442
PacBio HiFi Reads were obtained (21.8× coverage of the final
assembly). The whole head tissue from this individual (98 mg) was
used to generate 535,271,589 Illumina paired reads following
proximity ligation and Arima High Coverage Hi-C library prepara-
tion (see Supp. Results). Following QC, 509,760,108 read pairs
remained.

Transcriptome sequencing
Total RNA was extracted from four tissues segments (Head, Thorax,
Abdomen, Legs) from a second individual (female, iyXylViol2).

These tissues produced 4.3 µg, 3.6 µg, 18.2 µg, 2.6 µg of total RNA
respectively. We generated 149,032,417,107,159,638,116,609,061,
and 148,189,077 Illumina RNA-seq short reads respectively
for the head, thorax, abdomen, and legs. Additional RNA-seq
reads, from X. violacea venom gland, were downloaded
from SRA (SRR14690757, Koludarov et al. 2023). The same
extractions were also used to generate 790,150, 717,956,
977,170, and 999,264 PacBio Iso-Seq long reads for the head,
thorax, abdomen, and legs respectively. Cumulatively, this
represented an average of 81.76x long-read coverage of the
transcriptome.

Genome assembly
The initial contig assembly had 1224 contigs and spanned 1.08 Gb
with an N50 of 5.91 Mb (Table 1). Prior to scaffolding, 161 contigs
(59.8 Mb) were classified as contaminant content and removed
from the assembly. A contig was only classified as contaminant
and removed if it was identified in the output of 2 of the following
tools: Contigs identified as not within the Insecta by Kraken2 (316),
contigs classified as ‘’no-hit’ by blobtools (389), contigs identified
as bacterial or archaeal 16 s by barnapp (384), contigs classified as
bacterial or viral by CAT (4), or contigs identified as contaminants
by FCS-GX (1). For further details see Table S6. 79 mitochondrial
candidates (1.7 Mb), identified by MitoHifi, were also removed.
With this content removed, the assembly had 984 contigs
spanning 1.02 Gb, with an N50 of 5.96 Mb (Table 1).
Scaffolding generated an assembly with 1343 scaffolds span-

ning 1.02 Gb with an N50 of 6.65 Mb (Table 1). The scaffolded
assembly was manually curated to give the final pseudo-
chromosomal iyXylViol4.1 assembly (GCA_963969225.2), contain-
ing 1300 scaffolds over 1.02 Gb, and an N50 of 11.42 Mb (Fig. 2,
Table 1). The consensus mitogenome (21.8 Kb) was added to the
assembly following manual curation and annotation. The iyX-
ylViol4.1 assembly contains 17 pseudo-chromosomal units. One of
these units has Hi-C telomeric signal at both ends, and the
remaining 16 of which have Hi-C telomeric signal at one end.
Xylocopa violacea has been suggested to have a karyotype of 16
(Granata 1909), similar to a related species, X. fenestra, (Kumbkarni
1965; Kerr and da Silveira 1972), thus it is possible that two of the
remaining super scaffolds in the iyXylViol4.1 assembly correspond
to chromosomal arms with insufficient Hi-C signal to be joined.
Alternatively, X. appendiculata has a karyotype of 17 chromosomes
including a majority of pseudo-acrocentric chromosomal morphol-
ogies (Hoshiba and Imai 1993).
Following Wallberg et al. (2019), we identified the centromeric

signature of low GC% in 6 super scaffolds (Supplementary
Methods, Fig. S5). We identified one such region at the centre
of the only firmly identified metacentric chromosome (iyXyl-
Viol4_SUPER_4). The other 5 candidates all separate putative
euchromatic regions bearing many coding annotations, from
regions of high repeat content. This pattern of repeat expansion
around centromeric sequences has been observed in other bees,
such as Austroplebeia australis (Travenzoli et al. 2022), and may
help to explain the high levels of interaction between unplaced
scaffolds and the pseudo-chromosomal units in the iyXylViol4.1
assembly.
Highly acrocentric karyotypes are well represented within the

Xylocopinae, the genus Ceratina exhibits species with karyotypes
representing 14–17 chromosomes, with ratios of acrocentric to
metacentric chromosomes varying between 16:1, 15:2, and 12:5
(Hoshiba and Imai 1993; Cunha et al. 2021). Such patterns are also
common in other, more evolutionarily distant bees: Austroplebeia
australis has been shown to have 14 largely heterochromatic
chromosome pairs and four that are fully euchromatic (Travenzoli
et al. 2022).
Without further investigation, potentially employing ultra-long

read technologies, it is not possible to differentiate between
N= 16 or N= 17 from the iyXylViol4.1 assembly.
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Assembly QC
BUSCO analysis of the iyXylViol4.1 assembly showed that it
contains 96.5% of the 5991 hymenoptra_odb10 set as complete
genes, with only 0.4% complete and duplicated, 0.6% fragmented,
and 2.5% missing (Fig. 2, Table S2). The genic content was not
impacted by the scaffolding process as the same metrics are
recovered in the contig, scaffolded, and manually curated
assemblies. The iyXylViol4.1 assembly is QV 63.3 and has a kmer
completeness of 98.8% (Table S3).
The iyXylViol4.1 assembly is 1.02 Gb in length. Although this is

not outside of the upper limits for known genome sizes from the
Apidae e.g. Melipona capixaba 1.38 Gb, (Tavares et al. 2010; Cunha
et al. 2021), k-mer based estimation of genome size from
iyXylViol4.1 suggests the genome size to be 672Mb (Table S4,
Fig. S4). This estimation is in line with the only prediction from the
genus Xylocopa comes from Ardila-Garcia et al. (2010), who report
an estimated genome size of 0.69 pg (~675 Mb) for Xylocopa
virginica krombein. This species is a member of the North American
subgenus Xylocopoides, thought to have diverged from the genus
Xylocopa s.l. some 34 mya (Leys et al. 2002), and so using this
estimate as a cross validation for the iyXylViol4.1 assembly may
not be relevant. The 17 pseudo-chromosomal iyXylViol4.1 super
scaffolds (including unloc) are 481.4 Mb in length, representing a
large majority of the predicted genome size. As complete
reconstruction of the iyXylViol4.1 chromosomes was not feasible
in this study, we have included all unplaced scaffolds in the final
assembly, as these likely encompass the remaining genomic
content.

Repeat content
The majority of the iyXylViol4.1 assembly was masked as repetitive
sequence (821.28 Mb, 80.47%) (Table S5). The predominant
category was unclassified repeats, with 755.96 Mb (74.08%). This
pattern is consistent with pseudo-acrocentric chromosomes with
extremely elongated heterochromatic arms which are frequently
observed in bees and wasps (Hoshiba and Imai 1993). These have
been suggested to be induced by saltatory growth of constitutive
heterochromatin after centric fission (Hoshiba and Imai 1993).
Bees from the Apinae genus Melipona have recently been shown
to exhibit up to 73% heterochromatin content (Pereira et al. 2021).
As is seen in iyXylViol4.1, bees from the genus Melipona also have
terminal euchromatic regions (Piccoli et al. 2018) which is
consistent with the pseudo-acrocentric chromosomal topology
derived from X. appendiculata (Hoshiba and Imai 1993), with many
chromosomes representing large expansions of heterochromatin
repeats around the centromere.
Classification of the repeats within the iyXylViol4.1 assembly

showed the ten most abundant satellite repeat units identified by
srf (Zhang et al. 2023) to occupy 105.6 Mb of the assembly
(Table S6). Further decomposition of the satellite repeats present
in the iyXylViol4.1 assembly, using TRASH (Wlodzimierz et al. 2023),
revealed the predominant monomeric repeat unit to be a 109mer
(Figs. S7, S8, Table S7). This 109mer or a 217mer (approximately
double its length) were highly abundant throughout the putative
acrocentric chromosomes (Fig. S8) and was repeated with high
identity (Fig. S7).
We also observe that the putative centromeric sequences are

flanked by a distinct repeat signature. In the metacentric
iyXylVio4_SUPER_4, the putative centromere has expansions of a
95mer on either side of it. Regions abundant in this 95mer are also
seen in 13 of the 16 putative acrocentric pseudo-chromosomal
molecules (Fig. S8), and these often occur in proximity to the
location of the regions of low GC% which are putatively centromeric.
Recent studies have shown telomeric repeat motifs in

Hymenoptera to be diverse, including complex telomeric layering
resulting from numerous site specific retrotransposon insertions
(Lukhtanov 2022; Zhou et al. 2022). The iyXylViol4.1 assembly
shows that X. violacea has telomeres enriched for the canonicalTa
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5 bp ancestral arthropod repeat motif (TTAGG) (Fig. S5). The
iyXylViol4.1 assembly also shows that X. violacea has varying sub-
telomeric repeat sequences, consistent with ‘Type 2’ telomeres
suggested by Lukhtanov and Pazhenkova (2023) (Fig. S6).

Annotation
The iyXylViol4_EIv1.0 annotation of the iyXylViol4.1 assembly
contains 10,152 high confidence, protein-coding gene models,
coding for 26,577 transcripts (Table S8). This number of
annotations is well within the range of those generated for
contemporary genome assemblies (Table S9). Using the hyme-
noptera_odb10 database, this annotation represents 99.75%
BUSCO completeness at the protein level, with only 34 BUSCO
genes duplicated, 3 fragmented and 12 missing (Table S3). The
annotation contains an average of 2.49 transcripts per gene, with
a mean transcript cDNA size of 3,238.2 bp (Table S10). The
distribution of coding genes is skewed to the distal end of the 16
pseudo-chromosomal super-scaffolds with putative pseudo-
acrocentric structure (Fig. S5), supporting the previously sug-
gested topology of highly repetitive pseudo-acrocentric chromo-
somes expected in Xylocopa species (Hoshiba and Imai 1993;
Gokhman 2023).

CONCLUSION
Here, we present a pseudo-chromosomal genome assembly of the
Violet Carpenter bee, Xylocopa violacea. At 1.02 Gb, the assembly
is larger than the predicted genome size (672Mb), but also
represents large regions of highly repetitive, putatively hetero-
chromatic, sequence. Such chromosomal architecture is in line
with the small amount of karyotypic resources from the genus and
is also supported by the iyXylViol4_EIv1 annotation. The repetitive
regions we describe are predominantly made up of 109 and
217mers. The annotated assembly we present fills an important
taxonomic gap in the genomic resource set representing
Hymenoptera and will also provide a genomic basis for future

interpretation of the expanding range of this charismatic and
economically important species.

DATA AVAILABILITY
The data underlying this article are available in the European Nucleotide Archive and
can be accessed with the BioProject identifier PRJEB72102. The assembly is available
through GenBank under the accession GCA_963969225.2.
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