
Journal of Heredity, 2023, XX, 1–9
https://doi.org/10.1093/jhered/esad070
Advance access publication 21 November 2023
Genome Resources

Received August 31, 2023;  Accepted November 9, 2023

Genome Resources

A chromosome-level genome assembly for the smoky 
rubyspot damselfly (Hetaerina titia)
Christophe W. Patterson1,*, , Erandi Bonillas-Monge1, Adrian Brennan1, , Gregory F. Grether2, , 
Luis Mendoza-Cuenca3, Rachel Tucker4, Yesenia M. Vega-Sánchez5 and Jonathan Drury1,*,

1Department of Biosciences, Durham University, Durham, United Kingdom
2Department of Ecology & Evolutionary Biology, University of California, Los Angeles, California, LA, United States
3Facultad de Biología, Universidad Michoacana de San Nicolás de Hidalgo, Morelia, México
4NERC Environmental Omics Facility, University of Sheffield, Sheffield, United Kingdom
5Instituto de Investigaciones en Ecosistemas y Sustentabilidad, Universidad Nacional Autónoma de México, Morelia, México
*Corresponding author: Department of Biosciences, Durham University, Stockton Road, Durham DH1 3LE, United Kingdom. Email: christophe.patterson@
durham.ac.uk; Department of Biosciences, Durham University, Stockton Road, Durham DH1 3LE, United Kingdom. Email: jonathan.p.drury@durham.ac.uk

Corresponding Editor: Heath Blackmon

Abstract 
Smoky rubyspot damselflies (Hetaerina titia Drury, 1773) are one of the most commonly encountered odonates along streams and rivers on 
both slopes of Central America and the Atlantic drainages in the United States and southern Canada. Owing to their highly variable wing pig-
mentation, they have become a model system for studying sexual selection and interspecific behavioral interference. Here, we sequence and 
assemble the genome of a female smoky rubyspot. Of the primary assembly (i.e. the principle pseudohaplotype), 98.8% is made up of 12 chro-
mosomal pseudomolecules (2N = 22A + X). There are 75 scaffolds in total, an N50 of 120 Mb, a contig-N50 of 0.64 Mb, and a high arthropod 
BUSCO score [C: 97.6% (S: 97.3%, D: 0.3%), F: 0.8%, M: 1.6%]. We then compare our assembly to that of the blue-tailed damselfly genome 
(Ischnura elegans), the most complete damselfly assembly to date, and a recently published assembly for an American rubyspot damselfly 
(Hetaerina americana). Collectively, these resources make Hetaerina a genome-enabled genus for further studies of the ecological and evolu-
tionary forces shaping biological diversity.
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Introduction
Given their easily observable behavior during adult life 
stages, odonates (Order Odonata, containing both dragonflies 
and damselflies) have emerged as model systems for many 
questions in ecology and evolutionary biology (Corbet 1999; 
Córdoba-Aguilar et al. 2023). Yet, genomic resources for 
aquatic insects are underrepresented relative to resources for 
other terrestrial insects (Hotaling et al. 2020). There are cur-
rently only 10 odonate species with de novo assemblies present 
on GenBank, of which six are classified as chromosome-level 
assemblies and four are scaffolds.

Rubyspot damselflies (genus Hetaerina), in particular, have 
been widely studied among investigators interested in sexual 
selection (e.g. Grether 1996; Córdoba-Aguilar et al. 2009), 
as well as in understanding the causes and consequences 
of behavioral interference between species (e.g. Anderson 
and Grether 2010; Drury et al. 2019; Grether et al. 2020). 
Recently, a genome assembly of Hetaerina americana was 
published (Grether et al. 2023), enabling genomic research on 
this group of charismatic insects. However, because the best 
estimate for the crown age for the Hetaerina is 36.2 million 

years ago (Mya) and phylogenetic analyses demonstrate that 
the clade is paraphyletic and requires taxonomic revision 
(Standring et al. 2022), more genomic resources beyond H. 
americana are needed to fully resolve species relationships 
and support genomic research on this taxon. Moreover, al-
though the H. americana assembly provides a high-quality 
set of genomic resources, the scaffolds are not fully resolved 
into chromosomes; estimates from Calopteryx spp. suggest 
that members of Calopterygidae have 12 pairs of autosomes 
and an XO sex-determination system: females carry two 
X chromosomes, and male carry a single X chromosome 
(Kuznetsova and Golub 2020; Kuznetsova et al. 2021), but 
the H. americana assembly comprises over 1,500 scaffolds.

One of the most widely studied Hetaerina species, smoky 
rubyspot damselflies (Hetaerina titia), currently lacks ge-
nomic resources. Smoky rubyspots damselflies are the most 
phenotypically distinct of rubyspot damselflies—both males 
and females possess melanin pigment in their wings (Fig. 1) 
that distinguish them from the relatively transparent wings 
typical of other rubyspot damselflies. However, the extent of 
dark pigmentation varies both seasonally and geographically 
(Drury et al. 2015; Drury, Barnes, et al. 2019). Based on this 
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extensive variation, H. titia was once divided into two species, 
H. titia and H. tricolor (Johnson 1963), though current taxo-
nomic consensus treats H. titia as one highly variable lineage 
(Garrison 1990; Drury et al. 2015).

Like other rubyspot damselflies, H. titia occurs along 
streams and rivers, with males defending mating territories 
along the banks and females descending from higher hunting 
perches to the river generally only to mate and oviposit. 
However, territorial males tend to perch higher and in slower 
parts of streams than sympatric congeners (McEachin et al. 
2022). Moreover, H. titia exhibits the largest latitudinal range 
of any Hetaerina species, stretching from Panama in the south 
to Canada in the north.

Here, we report the first genome assembly for H. titia, based 
on long-read sequence data from a female collected in Oaxaca, 
Mexico and Omni-C sequencing from a female collected in 
Chiapas, Mexico. We also present analyses comparing our as-
sembly to the recently published genome of H. americana 
(Grether et al. 2023) and to the highest quality zygopteran (dam-
selfly) genome assembly of Ischnura elegans (Price et al. 2022).

Methods
Biological materials
A wild female H. titia (Fig. 1b and c) was collected from Santa 
María Huatulco, Oaxaca, Mexico (15.74, −96.298) in June 2021 
and submerged in RNAlater (Invitrogen) for HiFi sequencing. 
Another female H. titia was collected from Nuevo Milenio Santa 
Cruz la Central, Chiapas, Mexico (15.76, −93.30) in April 2023 
and submerged in RNAlater for Omni-C scaffolding. We note 
that, given the XO sex-determination system of Calopterygidae, 
all regions of the genome are sequenced by choosing female 
specimens. Specimen collection was conducted under permit 
SGPA/DGVS/04421/21, issued by the Mexican Secretaría de 
Medio Ambiente y Recursos Naturales (SEMARNAT).

Nucleic acid library preparation
High molecular weight (HMW) DNA extraction was 
carried out at the Natural Environmental Research Council 

(NERC) environmental ‘omics facility in Sheffield, United 
Kingdom. Upon receipt, the tissue samples were immedi-
ately removed from RNAlater and stored in SET buffer (75 
mM NaCl, 25 mM EDTA pH 8, 20 mM Tris–HCl pH 7.5) 
at −80 °C. Fresh lysis buffer and Proteinase K solution were 
prepared as described in “10 x Genomics DNA Extraction 
from Single Insects” (https://support.10xgenomics.
com/de-novo-assembly/sample-prep/doc/demonstrated- 
protocol-dna-extraction-from-single-insects 10 × Genomics) 
with modifications. Briefly, the whole damselfly was added 
to a lysis buffer of 10 mM Tris–HCl, 400 mM NaCl, 100 
mM EDTA (pH 8.0), 10% SDS, and supplemented with 10 
nM dithiothreitol (DTT). A Proteinase K solution containing 
2 mg/ml of Proteinase K, 1% SDS, and 4 mM EDTA (pH 8.0) 
was added, and the sample was then homogenized in the lysis 
buffer by a pestle. The sample was left to digest overnight at 
37 °C.

The DNA was precipitated by adding 5 M NaCl and 
100% ethanol, and, following centrifugation, the resulting 
pellet was washed twice with 70% ethanol. The DNA was 
resuspended in elution buffer [Pacific Biosciences (PacBio), 
Cat. #101-633-500] and left to elute at room temperature 
for 48 h. The DNA was purified and concentrated twice with 
0.45 × AMPure beads (PacBio, Cat. #100-265-900), to ensure 
samples were not contaminated with RNA, which can inhibit 
sequencing. To remove degraded DNA fragments (<9 kb), and 
contamination such as pigment present in the tissue, the DNA 
sample was loaded onto the Blue Pippin (Sage Science), using 
a 0.75% Agarose Cassette (Sage Science, Cat. #BLF7510) and 
0.75% DF Marker S1 high-pass 6 to 10 kb v3 cassette def-
inition file. Fragments larger than 9 kb were collected, and 
smaller fragments were discarded. The size selected DNA 
sample was purified using 0.45× AMPure beads.

Purified DNA was quantified using a Qubit 3 Fluorometer 
(Invitrogen Q33216), its purity assessed using 260/280 
and 260/230 ratios determined using a NanoDrop 8000 
Spectrophotometer (Thermo Scientific ND-8000-GL), and fi-
nally analyzed on a Femtopulse system to accurately size the 
fragments present within the sample (Agilent Technologies, 
Santa Clara, California).

Fig. 1. A) An example photograph of a typical habitat where smoky rubyspot damselflies (Hetaerina titia) are found (Medina River in Castroville, Texas, 
United States). B and C) The female H. titia individual collected in Santa María Huatulco, Oaxaca, Mexico was used to construct the draft genome. D–G) 
Examples of variation of wing pigmentation in D) a highly melanized female (cf. panel C), and E–G) males. All photos by Jonathan Drury.
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DNA sequencing
HiFi Library Preparation and Sequencing was completed at 
the NERC environmental ‘omics facility in Liverpool, United 
Kingdom. A HiFi SMRTbell library was constructed using 
the SMRTbell Express Template Prep Kit v2.0 with Low 
DNA Input (PacBio Cat. #100-938-900) according to the 
manufacturer’s instructions. The HiFi SMRTbell library was 
sequenced using one SMRT Cell 8M, Sequel II sequencing 
chemistry 2.0, and 10-h movies on a PacBio Sequel II 
sequencer.

Nuclear genome assembly
Circular consensus sequencing (CCS) reads with a quality 
score lower than 20QV were removed. PacBio HiFi adapters 
were screened and removed using HiFiAdapterFilt v2.0 
(Sim et al. 2022). To estimate genome size and sequencing 
error rate, we used jellyfish v2.3.0 (Marçais and Kingsford 
2011) to count k-mers using k = 21 and then ported the 
data into genomescope v2 (Ranallo-Benavidez et al. 2020). 
The genomescope genome size estimate was used to estab-
lish the most appropriate parameters for genome assembly. 
Genome assembly was then conducted using the program 
Hifiasm v.0.16 (Cheng et al. 2021, 2022) using default 
parameters. Hifiasm outputs two assemblies: a primary and 
alternative assembly consisting of each haplotype of the dip-
loid genome. We ran purge_dups v1.2.6 (Guan et al. 2020) 
on the primary assembly to identify duplicated regions of 
the assembly from either unidentified haplotypes or contig 
overlaps. We then removed these duplicates from the pri-
mary assembly, transferred them to the alternate assembly, 
and then ran purge_dups on the alternate assembly. We then 
screened the assemblies for contamination using blastn and 
blobtoolkit2/3.1.6 (Table 1) (Challis et al. 2020).

Dovetail Omni-C library preparation and 
sequencing
To further increase the contiguity of the assembly, Omni-C 
sequencing was conducted by Dovetail Genomics (Scotts 
Valley, United States). Omni-C sequencing utilizes the 

proximate physical distance between adjacent stretches of 
DNA in the nucleus to generate a map of physically linked 
DNA. Following standard manufacturer’s protocol, formal-
dehyde was used to fix the chromatin within the nucleus and 
then the chromatin was extracted. DNAse I was used to digest 
the fixed chromatin and then chromatin ends were repaired 
and ligated to a biotinylated bridge adapter followed by prox-
imity ligation of adapter-containing ends. After proximity liga-
tion, crosslinks were reversed, and the DNA purified. Purified 
DNA was treated to remove biotin that was not internal to 
ligated fragments. Sequencing libraries were generated using 
NEBNext Ultra enzymes and Illumina-compatible adapters. 
Biotin-containing fragments were isolated using streptavidin 
beads before PCR enrichment of each library. The library was 
sequenced on an Illumina HiSeqX platform to produce ap-
proximately 30× sequence genome coverage. Scaffolds were 
constructed using HiRise with MQ >50 reads (Putnam et al. 
2016).

To construct a scaffolded genome assembly, we used the 
uncontaminated primary contig assembly and Dovetail 
Omni-C library reads as input data for HiRise (Putnam et al. 
2016). Dovetail Omni-C library sequences were aligned to the 
draft input assembly using bwa (Li and Durbin 2009). The 
separations of Dovetail Omni-C read pairs mapped within 
draft scaffolds were analyzed by HiRise to produce a like-
lihood model for genomic distance between read pairs, and 
the model was used to identify and break putative misjoins, 
to score prospective joins, and make joins above a threshold.

Quality assessment and assembly metrics
To estimate genome completeness and accuracy, we calcu-
lated the BUSCO v5.3.2 (Manni et al. 2021) score of our 
assemblies using the lineage datasets insecta_odb10 and ar-
thropoda_odb10. Basic genome assembly metrics were calcu-
lated using quast/5.2.0 (Mikheenko et al. 2018). To compare 
our assembly’s completeness and contiguity in relation to 
other available odonate assemblies, we calculated BUSCO 
scores (using insecta_ob10 and arthropoda_ob10) and NGx 
metrics for 10 odonate genomes on GenBank. We excluded 

Table 1. Assembly pipeline with software and version, as well as the options chosen where they differ from default of each software.

Assembly stage Software and version Options

Assembly

  Filtering PacBio HiFi adapters HiFiAdapterFilt v2.0 -l 34 -t 64 -m 80

  K-mer counting jellyfish v2.3.0 k = 21

  Estimation of genome size and heterozygosity GenomeScope v1.0a

  De novo assembly (contiging) HiFiasm v0.16.1

  Remove low coverage, duplicated contigs purge_dups v1.2.6 purge_dups -2 -T cutoffs, get_seq -e

Organelle assembly

  Mitochondrial genome mitohifi v2.2 -c -o 5 -f MK722304.1 -g MK722304.1

mitos2

Genome quality assessment

  Genome completeness BUSCO v5.3.2 -m genome
-l insect_obd10/arthropoda_obd10

  Contamination Blastn (blobtoolkit2/3.1.6) -outfmt “6 qseqid staxids bitscore std”  
-max_ target_seqs 10 -max_hsps 1 -evalue 1e-25

  Assembly metrics quast/5.2.0

aOutput archived at http://qb.cshl.edu/genomescope/analysis.php?code=JRQJM0S1JoMbmflwyqd1.
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assemblies where there was an obvious higher-quality genome 
present for the same species.

Mitochondrial genome assembly
We assembled the mitochondrial genome of H. titia using 
the mitohifi v2.2 (Uliano-Silva et al. 2023) pipeline, which 
identified the mitochondrial genome of the confamilial spe-
cies Matrona basilaris (GenBank: MK722304.1) as a refer-
ence—the closest annotated mitogenome to H. titia available 
on NCBI. The mitochondrial annotation was conducted using 
mitos2 (Donath et al. 2019). Any identified contigs from the 
draft nuclear genome that were smaller than the draft mito-
chondrial genome and had a >99% match to the mitochon-
drial genome, using BLAST+ (Camacho et al. 2009), were 
then removed from the primary (n = 1) and alternate (n = 0) 
assemblies using a custom R script and blobtools (Challis  
et al. 2020).

Comparison with I. elegans and H. americana
We visualized the synteny between the H. titia primary as-
sembly with that of the chromosome-level genome of  
I. elegans using a Circos Assembly Consistency plot built using 
the pipeline JupiterPlot (Chu 2018), and a custom R script for 
final visualization using the circulize v0.4.15 package (Gu et al.  
2014) (Table 2). We also visualized the correspondence be-
tween H. titia vs. the draft genome of H. americana (Grether 
et al. 2023) and the genome of I. elegans (Price et al. 2022) vs. 
H. americana. We used LASTZ (Harris 2007) to align each of 
the genomes and calculated the overall percentage of genomic 
similarity between H. titia and I. elegans, H. americana and I. 
elegans, and H. titia and H. americana using the total aligned 
length divided by the total number of mismatches.

Results
Sequence output and genome assembly
Sequencing attained 3,268,207 total PacBio HiFi reads 
spanning 24,472,197,766 bp (17.4× coverage for a ge-
nome of 1.4 Gb, L50 = 8,304, N50 = 1068.5 kb). Omni-C 
sequencing generated 161,707,092 paired reads spanning 
48,512,127,600 bp with an estimated coverage of 34.7× (for 
a genome of 1.4 Gb). Analyses in genomescope estimated a 
genome size of 1.33 Gb, a heterozygosity of 0.50%, and a 
sequencing error rate of 0.13%. K-mer density plots showed 
two peaks in coverage at ~8× and ~15× corresponding to 

the heterozygous and homozygous regions of the diploid ge-
nome. HiFiAdapterFilt v2.0 identified 581 PacBio HiFi reads 
as adapter contaminated which we removed, and the re-
maining reads were assembled into contigs using Hifiasm. All 
assembly statistics, as well as NCBI Accession Numbers, are 
provided in Table 3, and assembly quality is depicted graph-
ically in Fig. 2a.

The total length of the scaffolded primary assembly was 
1.44 Gb, which is inline with the estimate of 1.33 Gb from 
genomescope. The majority (98.8%) of the primary assembly 
was scaffolded into 12 chromosomal pseudomolecules. The 
final primary assembly consisted of 75 scaffolds, with a max-
imum scaffold length of 151.5 Mb, an L50 of 6, and an N50 
of 120 Mb. There were 3798 gaps in the primary scaffolds 
with a total length of N bases of 0.4 Mb (0.02% of the 
total assembled scaffolds’ length). The alternative assembly 
was 1.43 Gb and consisted of 4,054 contigs with a max-
imum contig length of 3.1 Mb, an L50 of 664, and a N50 of  
0.6 Mbps.

BUSCO analyses suggest that both primary and alternate 
pseudohaplotypes are near-complete genomes, with little du-
plication or missing data (Table 3). The primary assembly ar-
thropoda BUSCO score was [C: 97.6% (S: 97.3%, D: 0.3%), 
F: 0.8%, M: 1.6%].

Our final circular mitochondrial assembly was 17,701 bp 
long, with a base composition of A = 31.0%, T = 40.5%, 
G = 15.7%, and C = 12.8%. Its annotation consisted of 22 
transfer RNAs and 13 protein-coding genes.

BUSCO and NGx metrics show that our genome is among 
the most complete and contiguous odonate genomes available 
(Fig. 3).

Comparative analyses
There was a high level of correspondence between H. titia, 
H. americana, and I. elegans genomes (Fig. 4a). However, 
neither H. titia nor H. americana had a corresponding 
m-chromosome, a comparatively small pair of autosomes 
found in I. elegans and other odonates. In addition, the upper 
and lower half of the largest scaffold within the H. titia and 
H. americana genome (scaffold 1) mapped to two different 
chromosomes of I. elegans (scaffolds 9 and 12).

There is a high level of correspondence with the reference 
genome of H. americana (Fig. 4b). H. titia scaffold 1, which 
matched two separate chromosomes of the I. elegans genome, 
mapped to a single large scaffold on the H. americana draft 
genome.

Table 2. Genome alignment pipeline with software, version, and options chosen (when non-default options used).

Purpose Software version Options

Genome data visualization, 
 Karyotype construction, and 
 scaffold and bundle filtering

JupiterPlot-1.0
circulize v0.4.15

ref = HetTit1.0 scaf = HetAmer1.0 m = 4,000,000 ng = 95 t = 24
ref = ioIscEleg1.2 scaf = HetTit1.0 m = 100,000 ng = 80 minBundleSize = 2,500 

maxGap = 1000000
ref = ioIscEleg1.2 scaf = HetAmer1.0 m = 100,000 ng = 80 minBundleSize = 2,500 

maxGap = 1,000,000

Pairwise scoring of alignment to 
 calculate percentage of identity

LASTZ-1.04.15 lastz_32
--notransition --step = 20 --nogapped --progress = 1 --gfextend --chain -- 

format = blastn
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We calculated the overall similarity in aligned sequences 
between H. titia and H. americana as 88.44%. The overall 
similarity in aligned sequences between H. titia and I. elegans 
was 81.35%. The overall similarity between H. americana 
and I. elegans was 80.58%.

Discussion
We generated a highly complete, high-quality de novo ge-
nome assembly from long-read and Omni-C sequence data 
obtained from two female smoky rubyspot damselfly (H. 
titia). BUSCO scores for the H. titia assembly reveal a more 
complete genome than many other existing assemblies of 
odonates. The highest single complete insecta BUSCO score, 
for another Odonata genome, is 97.4% for Platycnemis 
pennipes (Price et al. 2023) vs. 97.0% for our draft genome 
of H. titia (for further comparison between all available 
odonate genomes (see Fig. 3a). The 12 largest scaffolds are 
longer than 100 Mbps, which is comparable to the lengths 
of chromosomes of other odonates (Fig. 3b, Ioannidis et al. 
2017; Price et al. 2022, 2023), and comprise 98.8% of the 
total draft genome. Moreover, our mitochondrial assembly 

is highly complete and represents the first annotated mito-
chondrial assembly for Hetaerina. Our genome size estimate 
for H. titia (1.44 Gb) is larger than an earlier estimate based 
on microscopy (1.1 Gb—Ardila-Garcia and Gregory 2009) 
but smaller than the sequencing-based estimates for H. 
americana (1.63 Gb—Grether et al. 2023) and Calopteryx 
splendens (1.6 Gb—Price et al. 2022).

Previous estimates of Hetaerina karotypes, including 
H. americana and H. titia, were 2N = 24A + X (not in-
cluding the m-chromosomes) (Kuznetsova and Golub 
2020). Our findings suggest that the genome of H. titia is 
2N = 22A + X, and does not have an m-chromosome, con-
flicting with previous estimates for the species and most 
other Calopterygidae genomes, such as C. splendens, which 
are 2N = 24A + X (plus an additional m-chromosomes) 
(Kuznetsova and Golub 2020; Kuznetsova et al. 2021). The 
scaffold size of the H. titia draft genome was comparable 
to the chromosome-scale scaffolds of I. elegans (Price et al. 
2022). The I. elegans genome was constructed using PacBio 
HiFi sequencing and scaffolded to Hi-C data similar to that 
used in our genome assembly for H. titia. Each large scaf-
fold of H. titia mapped concordantly onto a corresponding 

Table 3. Sequencing and assembly statistics and accession numbers. Including BioProjects and Vouchers for raw sequence reads and samples, 
genome assembly metrics calculated by quast/5.2.0, BUSCO scores calculated using arthropoda_ob10 and insecta_ob10 (C = complete, S = single, 
D = duplicated, F = fragmented, M = Missing), and the organelle assembly accession number. Sequencing read coverage based on a genome size of 
1.4 Gb. Bp, base pairs; P, primary assembly; A, alternative assembly.

BioProjects and vouchers Species NCBI BioProject PRJNA906955

NCBI BioSample SAMN32641599

Specimen ID HXRCb13

NCBI Genome Accessions Primary Alternate

Genome sequences JAVFHJ000000000 JAVFHK000000000

Genome Sequencing PacBio HiFi reads Run 1 PACBIO_SMRT (Sequel 
II) run: 8M spots, 24.4 
G bases, 17.05 Gb

Accession SRR23023424

Omni-C data Accession SAMN35765994

Genome Assembly Quality Metrics Assembly identifier HetTit1.0

HiFi read coverage 17.4×

Omic-C read coverage 34.7×

Primary Alternate

No. contigs 4,094 4,054

Contig N50 (bp) 638,359 664

Contig L50 639 631,942

Longest contig 4,037,799 3,160,621

Number of scaffolds 75 NA

Scaffold N50 120,343,728 NA

Scaffold L50 6 NA

Largest scaffold 151,479,759 NA

Size of final assembly (bp) 1,444,296,070 1,429,703,052

BUSCO completeness (insect_odb10) n = 1,367 C S D F M

P 97.0% 96.0% 1.0% 1.6% 1.4%

A 95.9% 94.9% 1.0% 2.0% 2.1%

BUSCO completeness (arthropoda_odb10) n = 1,013 C S D F M

P 97.6% 97.3% 0.3% 0.8% 1.6%

A 96.2% 95.7% 0.5% 1.3% 2.5%

Organelle Mitochondrion NCBI Accession Number OQ363879
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chromosome of I. elegans, with two exceptions: 1) The 
upper and lower half of scaffold one mapped onto two sep-
arate chromosomes of I. elegans and 2) there was no cor-
responding scaffold mapping to the m-chromosome of I. 
elegans. The linked density histogram of H. titia (Fig. 2a) 
clearly indicates that H. titia has a single large chromo-
some and contains no evidence of an m-chromosome. The 
mapping of the H. titia and H. americana genome to the I. 
elegans genome (Fig. 3a and c) supports a chromosomal fu-
sion event and the loss of the m-chromosome in the shared 
ancestry of H. titia and H. americana making the karyotype 
for these species 2N = 22A + X. Nearly all damselflies have 
greater than 22 autosomes making a fusion, rather than a 
fission event, within the ancestry of H. americana and H. 
titia the most parsimonious explanation. The loss of the 
m-chromosome is common within damselflies and its pres-
ence is often inconsistent within cytogenetic studies of the 
same species (Kuznetsova and Golub 2020).

The relatively low similarity of the compared genomes of 
H. titia vs. H. americana (88.44%) likely results from the 
long time separating H. americana and H. titia from their 
most recent common ancestor (estimated at ~33 Mya by 
Standring et al. 2022). The considerable phylogenetic dis-
tance further supports the value of a high-quality reference 
genome for H. titia. Our de novo assembly for H. titia will 
serve to facilitate resequencing and genotyping of samples 
from this and other closely related Hetaerina species. The 
H. titia draft genome will enable further research into the 
evolutionary and demographic history of populations of H. 
titia in relation to the highly variable polyphenism of the 
species. The addition of a new chromosome-scale assembly 
for Odonata will allow for further understanding of genome 

evolution within this early branching insect lineage (Tolman 
et al. 2023). Further annotation of the H. titia genome would 
benefit the study of functional sequence evolution compared 
with H. americana and other congeners, opening the way 
for molecular evolutionary studies. The H. titia assembly 
described here, in combination with the recently assembled 
H. americana genome, make rubyspot damselflies a genome-
enabled genus.
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Fig. 2. A) The graphical representation of the primary (i.e. principal pseudohaplotype) draft genome assembly produced by blobtools2. The main 
centre plot is divided into 1,000 size-ordered bins around the circumference with each bin representing 0.1% of the 1,444,697,970 bp assembly. 
The distribution of scaffold lengths is shown as blocks moving clockwise with the plot radius scaled to the longest record present in the assembly 
(151,479,759 bp, denoted by the first radial line). The N50 and N90 record lengths (120,343,728 and 97,068,442 bp) are denoted by the second and 
third radial lines, respectively. The spiral shows the cumulative record count on a log scale with dashed lines showing successive orders of magnitude. 
The outside of the plot shows the distribution of GC, AT, and N percentages in the same bins as the inner plot. A summary of complete, fragmented, 
duplicated, and missing BUSCO genes in the arthropoda_odb10 set is shown in the top right (see Table 3 for further details). B) The Hi-C sequencing 
contact map. The density of the positions of the paired Hi-C sequence reads mapped onto the scaffolds of the primary assembly.
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Data availability
Data generated for this project have been collated in NCBI 
BioProject PRJNA906955. The PacBio HiFi reads (with a-
dapter indices and low-quality reads removed) for the sample 
(NCBI BioSample SAMN32641599) have been submitted 
to the NCBI Sequence Read Archive (SRR23023424). The 
Omni-C Illumina HiSeqX reads for the sample (NCBI 
BioSample SAMN35765994) have been submitted to the 
NCBI Sequence Read Archive (SRR25489624). The GenBank 

organelle assembly is submitted under the Accession number 
OQ363879. GenBank accessions for primary and alternate 
assemblies are JAVFHJ000000000 and JAVFHK000000000, 
respectively. (Note: we will make GenBank uploads avail-
able upon initial acceptance—reviewers can access these 
through this link: https://dataview.ncbi.nlm.nih.gov/object/
PRJNA906955?reviewer = 9vq15drfs0d06cflstnkdcipdc).  
Assembly code is available on github: https://github.com/
ChristophePatterson/Hetaerina_titia_genome.

Fig. 3: Comparison of the genome completeness and contiguity for the 10 odonate genomes available on GenBank, with the primary assembly for 
Hetaerina titia (HetTit1.0.p). A) BUSCO scores for each assembly using the insecta_ob10 dataset. Our genome assembly, HetTit1.0.p, is marked with 
a diamond. B) NGx plot showing scaffold/contigs of each assembly ordered from largest to smallest and the cumulative percentage of the genome 
covered. Included genomes are ioPlaPenn1.1, Platycnemis pennipes (Price et al. 2023), CAAS_Pfla_1.0, Pantala flavescens (Liu et al. 2022), ioSymStri1.1, 
Sympetrum striolatum (Crowley et al. 2023), ioCerTene1.1 Ceriagrion tenellum (GenBank: GCA_963169105.1), amnh_byu_tan, Tanypteryx hageni 
(Tolman et al. 2023), Lful_2.0, Ladona fulva, (GenBank: GCA_000376725.2), ioHetAmer1.0.p, Hetaerina americana, (Grether et al. 2023) Calsple1.0, 
Calopteryx splendens (Ioannidis et al. 2017), ASM1176276v2, Rhinocypha anisoptera (GenBank: GCA_011762765.2), and ioIscEleg1.2, Ischnura elegans, 
(Price et al. 2022).

D
ow

nloaded from
 https://academ

ic.oup.com
/jhered/advance-article/doi/10.1093/jhered/esad070/7439586 by U

niversity of D
urham

 user on 12 D
ecem

ber 2023

https://dataview.ncbi.nlm.nih.gov/object/PRJNA906955?reviewer = 9vq15drfs0d06cflstnkdcipdc
https://dataview.ncbi.nlm.nih.gov/object/PRJNA906955?reviewer = 9vq15drfs0d06cflstnkdcipdc
https://github.com/ChristophePatterson/Hetaerina_titia_genome
https://github.com/ChristophePatterson/Hetaerina_titia_genome


8 Journal of Heredity, 2023, Vol. XX, No. XX 

References
Anderson CN, Grether GF. Interspecific aggression and character dis-

placement of competitor recognition in Hetaerina damselflies. Proc 
Royal Soc B-Biol Sci. 2010:277:549–555. https://doi.org/10.1098/
rspb.2009.1371

Ardila-Garcia AM, Gregory TR. An exploration of genome size 
diversity in dragonflies and damselflies (Insecta: Odonata) 
J Zool. 2009:278:163–173. https://doi.org/10.1111/j.1469-
7998.2009.00557.x

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, 
Madden TL. BLAST+: architecture and applications. BMC Bioinf. 
2009:10:1–9.

Challis R, Richards E, Rajan J, Cochrane G, Blaxter M. BlobToolKit – in-
teractive quality assessment of genome assemblies. G3-Genes Genom 
Genet. 2020:10:1361–1374. https://doi.org/10.1534/g3.119.400908

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

Cheng H, Jarvis ED, Fedrigo O, Koepfli K-P, Urban L, Gemmell NJ, Li 
H. Haplotype-resolved assembly of diploid genomes without pa-
rental data. Nat Biotechnol. 2022:40:1332–1335.

Chu J. Jupiter plot: a circos-based tool to visualize genome assembly 
consistency. Zenodo. 2018. https://zenodo.org/records/1241235

Corbet S. Dragonflies: behavior and ecology of Odonata. Ithaca 
(NY): Cornell Univ. Press; 1999. https://doi.org/10.1111/j.1365-
2427.2001.00664.x

Córdoba-Aguilar A, Raihani G, Serrano-Meneses MA. The lek mat-
ing system of Hetaerina damselflies (Insecta: Calopterygidae. 
Behaviour. 2009:146:189–207.

Córdoba-Aguilar A, Beatty C, Bried J. Dragonflies and damselflies: 
model organisms for ecological and evolutionary research. Oxford, 
United Kingdom: Oxford University Press; 2023

Crowley L, Price B, Allan E, Eagles M. The genome sequence of the Com-
mon Darter, Sympetrum striolatum (Charpentier, 1840) [version 1; 

peer review: awaiting peer review]. Wellcome Open Res. 2023:8. 
https://doi.org/10.12688/wellcomeopenres.19937.1

Donath A, Jühling F, Al-Arab M, Bernhart SH, Reinhardt F, Stadler PF, 
Middendorf M, Bernt M. Improved annotation of protein-coding 
genes boundaries in metazoan mitochondrial genomes. Nucleic 
Acids Res. 2019:47:10543–10552. https://doi.org/10.1093/nar/
gkz833

Drury JP, Anderson CN, Cabezas Castillo MB, Fisher J, McEachin S, 
Grether GF. A general explanation for the persistence of repro-
ductive interference. Am Nat. 2019:194:268–275. https://doi.
org/10.1086/704102

Drury JP, Anderson CN, Grether GF. Seasonal polyphenism in wing 
coloration affects species recognition in rubyspot damselflies 
(Hetaerina spp.). J Evol Biol. 2015:28:1439–1452. https://doi.
org/10.1111/jeb.12665

Drury JP, Barnes M, Finneran AE, Harris M, Grether GF. Continent-scale 
phenotype mapping using citizen scientists” photographs. Ecography. 
2019:42:1436–1445. https://doi.org/10.1111/ecog.04469

Garrison RW. A synopsis of the genus Hetaerina with descriptions of 
four new species. Trans Am Entomol Soc. 1990:116:175–259.

Grether GF. Intrasexual competition alone favors a sexually dimorphic 
ornament in the rubyspot damselfly Hetaerina americana. Evolu-
tion. 1996:50:1949–1957.

Grether GF, Drury JP, Okamoto KW, McEachin S, Anderson CN. 
Predicting evolutionary responses to interspecific interference in 
the wild. Ecol Lett. 2020:23:221–230. https://doi.org/10.1111/
ele.13395

Grether GF, Beninde J, Beraut E, Chumchim N, Escalona M, MacDon-
ald ZG, Miller C, Sahasrabudhe R, Shedlock AM, Toffelmier E, 
Shaffer HB. Reference genome for the American rubyspot damsel-
fly, Hetaerina americana. J Hered. 2023:114:385–394. https://doi.
org/10.1093/jhered/esad031

Gu Z, Gu L, Eils R, Schlesner M, Brors B. Circlize implements and enhances 
circular visualization in R. Bioinformatics. 2014:30:2811–2812.

Fig. 4. Circos assembly consistency plot showing the aligned regions between genome assemblies. Displayed scaffolds are restricted to those 
larger than 1 Mb. A) Scaffolds of Ischnura elegans (below) (Price et al. 2022) and Hetaerina titia (above), B) Scaffolds of Hetaerina americana (above) 
(Grether et al. 2023) and H. titia (below). C) Scaffolds of H. americana (above) and I. elegans (below). Internal highlighting of chromosomes indicates 
a fusion event between chromosomes 9 and 12 of I. elegans into chromosome 1 of H. titia and H. americana. Scaffolds for H. titia and H. americana 
are numbered by length, largest to smallest. The H. titia X chromosome was identified by mapping to the X chromosome of I. elegans. Chromosome 
numbers for I. elegans were retrieved from NCBI. Scaffold and chromosome labels are consistent between plots.

D
ow

nloaded from
 https://academ

ic.oup.com
/jhered/advance-article/doi/10.1093/jhered/esad070/7439586 by U

niversity of D
urham

 user on 12 D
ecem

ber 2023

https://doi.org/10.1098/rspb.2009.1371
https://doi.org/10.1098/rspb.2009.1371
https://doi.org/10.1111/j.1469-7998.2009.00557.x
https://doi.org/10.1111/j.1469-7998.2009.00557.x
https://doi.org/10.1534/g3.119.400908
https://zenodo.org/records/1241235
https://doi.org/10.1111/j.1365-2427.2001.00664.x
https://doi.org/10.1111/j.1365-2427.2001.00664.x
https://doi.org/10.12688/wellcomeopenres.19937.1
https://doi.org/10.1093/nar/gkz833
https://doi.org/10.1093/nar/gkz833
https://doi.org/10.1086/704102
https://doi.org/10.1086/704102
https://doi.org/10.1111/jeb.12665
https://doi.org/10.1111/jeb.12665
https://doi.org/10.1111/ecog.04469
https://doi.org/10.1111/ele.13395
https://doi.org/10.1111/ele.13395
https://doi.org/10.1093/jhered/esad031
https://doi.org/10.1093/jhered/esad031


Journal of Heredity, 2023, Vol. XX, No. XX 9

Guan D, McCarthy SA, Wood J, Howe K., Wang Y, Durbin R. 
Identifying and removing haplotypic duplication in primary ge-
nome assemblies. Bioinformatics. 2020:36:2896–2898. https://doi.
org/10.1093/bioinformatics/btaa025

Harris RS. Improved pairwise alignment of genomic DNA. State Col-
lage, Pennsylvania, United States of America: The Pennsylvania 
State University; 2007.

Hotaling S, Kelley JL, Frandsen PB. Aquatic insects are dramatically 
underrepresented in genomic research. Insects. 2020:11:601.

Ioannidis P, Simao FA, Waterhouse RM, Manni M, Seppey M, Robert-
son HM, Misof B, Niehuis O, Zdobnov EM. Genomic features of 
the damselfly Calopteryx splendens representing a sister clade to 
most insect orders. GBE. 2017:9:415–430. https://doi.org/10.1093/
GBE/EVX006

Johnson C. Interspecific territoriality in Hetaerina americana (Fabri-
cius) and H. titia (Drury) (Odonata: Calopterygidae) with a pre-
liminary analysis of the wing color pattern variation. Can Entomol. 
1963:95:575–582.

Kuznetsova V, Maryańska-Nadachowska A, Anokhin B, Shapoval N, 
Shapoval A. Chromosomal analysis of eight species of dragonflies 
(Anisoptera) and damselflies (Zygoptera) using conventional cy-
togenetics and fluorescence in situ hybridization: insights into 
the karyotype evolution of the ancient insect order Odonata. J 
Zool Syst Evol Res. 2021:59:387–399. https://doi.org/10.1111/
jzs.12429

Kuznetsova V, Golub NV. A checklist of chromosome numbers 
and a review of karyotype variation in Odonata of the world. 
Comp Cytogenet. 2020:14:501–540. https://doi.org/10.3897/
CompCytogen.v14i4.57062

Li H, Durbin R. Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics. 2009:25:1754–1760. https://
doi.org/10.1093/bioinformatics/btp324

Liu H, Jiang F, Wang S, Wang H, Wang A, Zhao H, Xu D, Yang B, 
Fan W. Chromosome-level genome of the globe skimmer dragon-
fly (Pantala flavescens). GigaScience. 2022:11:giac009. https://doi.
org/10.1093/gigascience/giac009

Manni M, Berkeley MR, Seppey M, Simão FA, Zdobnov EM. BUSCO 
update: novel and streamlined workflows along with broader 
and deeper phylogenetic coverage for scoring of eukaryotic, pro-
karyotic, and viral genomes. Mol Biol Evol. 2021:38:4647–4654. 
https://doi.org/10.1093/molbev/msab199

Marçais G, Kingsford C. A fast, lock-free approach for efficient parallel 
counting of occurrences of k-mers. Bioinformatics. 2011:27:764–
770. https://doi.org/10.1093/bioinformatics/btr011

McEachin S, Drury JP, Anderson CN, Grether GF.  Mechanisms of 
reduced interspecific interference between territorial species. Behav 
Ecol. 2022:33:126–136. https://doi.org/10.1093/beheco/arab115

Mikheenko A, Prjibelski A, Saveliev V, Antipov D, Gurevich A. Versa-
tile genome assembly evaluation with QUAST-LG. Bioinformatics. 
2018:34:i142–i150. https://doi.org/10.1093/bioinformatics/bty266

Price B, Allan E. The genome sequence of the blue-tailed damselfly, 
Ischnura elegans (Vander Linden, 1820). Wellcome Open Res. 
2022:7. https://doi.org/10.12688/wellcomeopenres.17691.1

Price B, Winter M, Brooks S. The genome sequence of the White-legged 
damselfly, Platycnemis pennipes (Pallas, 1771) [version 1; peer re-
view: awaiting peer review]. Wellcome Open Res. 2023:8. https://
doi.org/10.12688/wellcomeopenres.19772.1

Putnam NH, O’Connell BL, Stites JC, Rice BJ, Blanchette M, Calef R, Troll 
CJ, Fields A, Hartley PD, Sugnet CW, et al. Chromosome-scale shot-
gun assembly using an in vitro method for long-range linkage. Ge-
nome Res. 2016:26:342–350. https://doi.org/10.1101/gr.193474.115

Ranallo-Benavidez TR, Jaron KS, Schatz MC. GenomeScope 20 and 
Smudgeplot for reference-free profiling of polyploid genomes. Nat 
Commun. 2020:11:1432.

Sim SB, Corpuz RL, Simmonds TJ, Geib SM. HiFiAdapterFilt, a mem-
ory efficient read processing pipeline, prevents occurrence of a-
dapter sequence in PacBio HiFi reads and their negative impacts on 
genome assembly. BMC Genomics. 2022:23:157.

Standring S, Sánchez-Herrera M, Guillermo-Ferreira R, Ware JL, Vega-
Sánchez YM, Clement R, Drury JP, Grether GF, González-Rodríguez 
A, Mendoza-Cuenca L, et al. Evolution and biogeographic history 
of rubyspot damselflies (Hetaerininae: Calopterygidae: Odonata. 
Diversity. 2022:14:757.

Tolman ER, Beatty CD, Bush J, Kohli M, Moreno CM, Ware JL, Weber 
KS, Khan R, Maheshwari C, Weisz D, et al. A chromosome-length 
assembly of the black petaltail (Tanypteryx hageni) dragonfly. GBE. 
2023:15:evad024. https://doi.org/10.1093/gbe/evad024

Uliano-Silva M, Ferreira JGRN, Krasheninnikova K, Formenti G, Abueg 
L, Torrance J, Myers EW, Durbin R, Blaxter M, McCarthy SA; Dar-
win Tree of Life Consortium. MitoHiFi: a python pipeline for mito-
chondrial genome assembly from PacBio high fidelity reads. BMC 
Bioinf. 2023:24:288. https://doi.org/10.1186/s12859-023-05385-y

D
ow

nloaded from
 https://academ

ic.oup.com
/jhered/advance-article/doi/10.1093/jhered/esad070/7439586 by U

niversity of D
urham

 user on 12 D
ecem

ber 2023

https://doi.org/10.1093/bioinformatics/btaa025
https://doi.org/10.1093/bioinformatics/btaa025
https://doi.org/10.1093/GBE/EVX006
https://doi.org/10.1093/GBE/EVX006
https://doi.org/10.1111/jzs.12429
https://doi.org/10.1111/jzs.12429
https://doi.org/10.3897/CompCytogen.v14i4.57062
https://doi.org/10.3897/CompCytogen.v14i4.57062
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/gigascience/giac009
https://doi.org/10.1093/gigascience/giac009
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1093/bioinformatics/btr011
https://doi.org/10.1093/beheco/arab115
https://doi.org/10.1093/bioinformatics/bty266
https://doi.org/10.12688/wellcomeopenres.17691.1
https://doi.org/10.12688/wellcomeopenres.19772.1
https://doi.org/10.12688/wellcomeopenres.19772.1
https://doi.org/10.1101/gr.193474.115
https://doi.org/10.1093/gbe/evad024
https://doi.org/10.1186/s12859-023-05385-y

