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Catonephele acontius (Nymphalidae:Biblidinae:Epicalinii) is a butterfly species with a wide distribution across the Neotropics including
the Amazon. Here, we present a long-read high-coverage reference genome for this species to serve as a genomic resource for future
studies on Biblidinae butterflies, a group that is the subject of ongoing studies of seasonal adaptation under climate change. We used
PacBio HiFi and IsoSeq reads to generate a highly contiguous and well-annotated reference genome. Five libraries were constructed, 4
using RNA from different tissues and 1 using high molecular weight (HMW) DNA from a wild-caught female. The DNA was sequenced
using PacBio HiFi technology, and the RNA was sequenced using long read PacBio IsoSeq technology. About 20 Gb of raw HiFi data
were generated and assembled to an initial size of 520.7 Mb (39 x homozygous coverage) in 90 contigs. The assembly was then polished
and decontaminated into 40 contigs with an N50 of 19.927 Mb (BUSCO completeness: 99.0%; duplication: 0.5%; fragmentation: 0.7%,;
and missing: 0.3%). Final assembly size was 519.2 Mb. Repeats were annotated, showing that the genome consisted of 40.4% transpos-
able elements. IsoSeq transcriptome data from antennae, leg, ovary, and digestive tissue was then used to structurally and functionally
annotate gene models for the softmasked genome, uncovering ~18,500 genes, with 70% of them given functional annotation. This ref-
erence assembly joins many published genomes in the Nymphalidae family but represents one of the first high-quality genomes from the
Biblidinae subfamily. It provides a valuable resource to study the evolution of plastic and seasonal traits and will help investigate the
genetic processes that may influence these species' responses to rapid climate change.

Keywords: de novo genome; neotropics; Lepidoptera; PacBio; Amazonia; comparative genomics; climate; diapause; genome assembly

especially when complemented with RNA-seq data from diverse
tissues yielding well-supported gene models. Such highly contigu-
ous genomes enable, for example, coalescent-based demographic
analyses (Rosenberg and Nordborg 2002, Cousins et al. 2025), the
study of long transposable elements (Makatowski et al. 2019),

Introduction

Lepidoptera are important models in evolutionary and ecological
studies, and key biodiversity indicators. Recently, there has been a
rapid and impressive increase in the number of Lepidoptera refer-
ence genomes (e.g. Wright et al. 2025). Nevertheless, species from

the tropics remain severely underrepresented in genomic data-
bases, including in the Neotropics (Shirey et al. 2022), and import-
ant phylogenetic gaps remain. The subfamily Biblidinae is a
diverse group of butterflies comprising more than 300 species dis-
tributed across Central and South America. As part of a wider ef-
fort to document their ecology, evolutionary history, and life
history strategies, the first high-quality de novo genome for this
subfamily was recently sequenced (Pham et al. 2025).
Well-resolved de novo genome assemblies have become in-
creasingly accessible with the availability of long-read sequencing
technologies and support a wide variety of genomic analyses,

and large-scale comparative genomics analyses (e.g. Christmas
et al. 2023). Well-annotated genomes are critical for gene expres-
sion studies (e.g. Bloch et al. 2021) when focusing on alternative
splicing (e.g. Steward et al. 2022) and epigenetic analyses especial-
ly when used alongside ATAC-seq data (Ruggieri et al. 2022). In
tandem with Hi-C data, chromosome-level assemblies further al-
low for comparative genomics analyses focusing on the evolution
of chromosome number across a phylogeny (Wright et al. 2024).
Here, we provide a high-quality draft nuclear and mitochon-
drial genome assembly and annotation for Catonephele acontius
(ilCatAconl) (Linnaeus 1771) (Lepidoptera: Nymphalidae:
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Fig. 1. Overview of the Genome assembly and annotation stages, highlighting the 3 versions created, from v0.1 (primary assembly), v0.2 (polished
assembly) and v0.3 (decontaminated assembly). v1.0 refers to the final, softmasked genome.

Biblidinae) (Fig. 1). This species has a wide distribution in Central
and South America. Previous studies on its life history documen-
ted an approximate 2-month lifespan in butterfly houses
(Gonzalez 2024), and its likely host plant is Alchornea latifolia
(Euphorbiaceae), (Alberto Muyshondt 1975; Beccaloni et al.
2008). More recently, we have developed this species as a model
to study adult reproductive plasticity in seasonal environments,
where egg production differs between the wet and dry season
(Hicks et al. 2026). Here, we generate a de novo reference genome
for this species. We combine high coverage PacBio Hifi DNA data
with PacBio IsoSeq RNA data for 4 different adult tissues, enabling
comprehensive gene and repeat annotation. We also compare the
assembly to that of Melitaea cinxia, a nymphalid butterfly with a
high-quality reference genome.

This new reference genome will serve as a valuable resource in
the study of Biblidinae and Lepidoptera in general, particularly for
emerging research on reproductive strategies, migration, and sea-
sonal plasticity in this tribe (Hicks et al. 2026).

Materials and methods
Sampling strategy

One C. acontius female was caught using rotten banana-baited
traps in terra firme lowland Amazon rainforest (Finca Las
Piedras field station in Madre de Dios, SW Peru lat. —12.226348°,

lon. —69.112599, elevation 270 m) in September 2023 (during the
dry season) and was chosen at random from a long-term collec-
tion effort at the site. The individual butterfly was identified based
on well-defined interspecific differences in wing patterns follow-
ing a field guide (Warren et al. 2012), which includes reliable char-
acters for species identification in the genus Catonephele
(Supplementary Fig. 1). The specimen was stored in RNAlater
(Invitrogen) at room temperature, transferred to —10 °C the
same day for 30 d, transported at ambient temperature to the
UK before being stored long term at —80 °C (Supplementary
Table 1).

Sample preparation and sequencing methods

Genomic DNA was extracted from the thorax of the C. acontius fe-
male at the NERC Environmental Omics Facility (NEOF) using the
Macherey-Nagel Nucleobond HMW DNA Kit. Lysis buffer, protein-
ase K volume, and binding buffer were doubled, compared to the
kit's protocol, and all remaining steps were carried out according
to the manufacturer’s instructions. RNA was extracted from 5 tis-
sues (legs, antennae, reproductive tissue, digestive tract, and
head) from the same individual as the genomic DNA using a
QIAGEN RNeasy Mini Kit according to the manufacturer’s instruc-
tions, with an extra wash of the RNeasy spin column with buffers
RPE and RW1. The quantity and purity of the extracted DNA and
RNA were measured using a Qubit fluorometer and NanoDrop
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Table 1. Sequencing output of PacBio HiFi (DNA) and IsoSeq (RNA) libraries.

Library type Mean read length (kb) Number of raw reads Number of bases
Thorax DNA (HiFi) 17.27 1,152,949 19,912,358,802
Ovary RNA (IsoSeq) 2.12 392,033 46,807,863
Legs RNA (IsoSeq) 2.07 540,102 65,825,088
Antennae RNA (IsoSeq) 2.04 567,721 67,596,791
Digestive tissue RNA (IsoSeq) 2.15 408,458 50,227,001

(both Thermo Fisher). Integrity of the DNA was assessed using a
Femto Pulse and that of the RNA using a TapeStation (both
Agilent). The RNA from the head tissues had poor integrity and
was likely contaminated (NanoDrop 260:230 < 1; heavily colored)
so was discarded. DNA and RNA samples were sent to the
Center for Genomic Research at the University of Liverpool
(CGR) where 5 libraries (1 DNA and 4 RNA) were constructed.
cDNA synthesis was performed on the RNA samples using the
PacBio Iso-Seq Express 2.0 Kit and libraries were constructed for
both ¢cDNA and DNA samples using the PacBio SMRTbell prep
kit 3.0. The PacBio HiFi DNA library was sequenced at CGR on a
SMRT PacBio cell, generating long HiFi reads with a total output
of 19.9Gbp (Wenger et al. 2019). PacBio IsoSeq RNA libraries
were sequenced at CGR on 1 SMRT IsoSeq PacBio cell with an out-
put range of 46.8 to 67.6 Mbp. NanoPlot (De Coster and
Rademakers 2023) was used to produce the sequencing output
for all libraries shown in Table 1. We calculated mean read
lengths for RNA libraries using samtools v1.10 (Li et al. 2009).

For the DNA library, kmers (k =31) were counted using Fastk
(Myers Eugene 2021). We assessed frequency distributions and
genome characteristics using GenomeScope v2.0.1 (Vurture
etal. 2017, Ranallo-Benavidez et al. 2020) (Fig. 3). We used a range
of k-values (21, 31, and 41) and another program Jellyfish v2.3.1
(Margais & Kingsford, 2011), which resulted in similar genome
size estimates (Supplementary Table 8).

Nuclear genome assembly

Initial genome assembly was performed using Hifiasm v0.19.9
(Cheng et al. 2021) using default parameters, including purging
duplicates (parameter -1 3: to purge all types of haplotigs in the
most aggressive way; parameter -s 0.55: a similarity threshold
for duplicate haplotigs that should be purged). Genome statistics
were computed using the stats package of bbmap v39.34
(Supplementary Tables 2 and 3) (Bushnell 2014). To polish the pri-
mary assembly (v0.1), we first aligned the raw HiFi reads back to
genome v0.1 using Minimap?2 v2.17 (Li, 2018) and converted the re-
sults to a BAM file using samtools v1.10 (Li et al. 2009). We then po-
lished the primary contigs with the raw HiFi reads using Pilon to
create v0.2 (Walker et al. 2014).

For decontamination resulting in genome v0.3, we used
BlobToolKit v1.1.1 (Challis et al. 2020), which assesses GC content
and coverage statistics for each primary contig and infers taxo-
nomic assignments (Fig. 4).

To determine chromosomal-level completeness, we use the
TeloExplorer module implemented in quarTeT 1.2.5 (Lin et al.
2023) to find putative telomeric repeats, with a minimum cutoff
of 10 repeats.

Mitochondrial genome assembly

The mitochondrial genome was assembled using MitoHiFi v3.2.2
and annotated using MitoFinder v1.4.2 (Figure 2) (Allio et al.
2020; Uliano-Silva et al. 2023). We subsequently re-annotated
the mitogenome de novo using MITOS2 (using invertebrate

mitochondrial code (5) with RefSeq63 Metazoa reference data
and default parameters) (Al Arab et al. 2017; Donath et al. 2019)
after noticing a missing gene annotation (ATP8) from the initial
MitoHiFi annotation. We created the circular mitogenome visuali-
zations (Fig. 2) using GenomeVx (Conant and Wolfe 2008).
MitoFinder also identified contigs that were potentially mitochon-
drial in origin. To test whether these were indeed mitochondrial
contaminants of the nuclear genome assembly, we blasted the
mitochondrial genome against all other contigs in the nuclear
genome assembly using Blast+v2.17.0 (Zhang et al. 2000;
Camacho et al. 2009). Considering the bit score, % identity and
coverage of this blast across the subject contig, as well as the cor-
responding size (<35 kbp) and GC content (<0.25) of all the contigs
(Supplementary Table 9), we removed 50 small contigs from the
nuclear genome assembly that all appeared to be mitochondrial,
creating genome v0.3 with 40 contigs whilst maintaining the
same, high BUSCO completeness score of 99.0, respectively as
well as low duplication (0.5%), fragmentation (0.7%) and missing
(0.3%) scores (Table 2).

Repeat assembly

RepeatModeler v2.0.6 (Flynn et al. 2020) and Repbase (Bao et al.
2015) were used to build a de novo library of repeats for the gen-
ome. To avoid misclassifying expanded gene families as transpos-
able elements (TEs), the RepeatModeler consensus library was
screened against the predicted protein set of Melitaea cinxia
(Smolander et al. 2022) using DIAMOND BLASTP v2.1.11
(Buchfink et al. 2015) with an e-value cutoff of 1x107%°.
Consensus sequences showing significant similarity to bona fide
proteins were removed prior to downstream TE annotation.

Repeat consensus sequences were classified using TEclass
(Abrusan et al. 2009). We next used RepeatMasker v4.1.7 (Smit
etal. 2015) with the curated library and TEclass labels to annotate
repeats and LTR-finder v1.07 (Xu and Wang 2007) to identify long
terminal repeat retrotransposons. These results were integrated
using RepeatCraft (Wong and Simakov 2019) to produce a consen-
sus. Bedtools v2.31.1 (Quinlan 2014) was then used to soft mask
the genome assembly.

Divergence landscapes were generated by estimating Kimura
substitution levels with calcDivergenceFromAlign.pl and a custom-
modified createRepeatLandscape.pl (published in (Moggioli et al.
2023)), both from RepeatMasker (Smit et al. 2015). Repeat land-
scapes and TE class composition were visualized in R (R Core
Team 2021) using ggplot2 v3.5.1 (Wickham, 2016) (Fig. 5).

Gene prediction

PacBio IsoSeq transcript data were aligned to the softmasked gen-
ome using minimap?2 v2.28 (Li, 2018) with splice-aware settings op-
timized for high-quality IsoSeq reads. Resulting alignments were
sorted and indexed with SAMtools 1.19.2 (Danecek et al. 2021).
Gene prediction was performed with BRAKER3 v3.0.8 (Gabriel
et al. 2024), in 2 complementary modes. First, IsoSeq alignments
were used as extrinsic evidence, enabling alternative transcript
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Fig. 2. Annotated circular mitogenome for Catonephele acontius. It shows the arrangement of labeled protein-coded genes, ribosomal RNAs and transfer
RNAs. Annotation on the inner/outer circles indicate orientation (—/+). To aid visualization, the gene order (anti-clockwise from 0 kb) is as follows: (1)
tRNA-Phe, (2) tRNA-Glu, (3) tRNA-Ser, (4) tRNA-Asn, (5) tRNA-ATg, (6) tRNA-Ala, (7) ND3, (8) tRNA-Gly, (9) COX3, (10) ATP6, (11) ATPS, (12) tRNA-Asp, (13)
tRNA-Lys, (14) COX2, (15) tRNA-Leu, (16) COX1, (17) tRNA-Tyr, (18) tRNA-Cys, (19) tRNA-Trp, (20) ND2, (21) tRNA-GIn, (22) tRNA-Ile, (23) tRNA-Met, (24)
1S, (25) tRNA-Val, (26) 1L, (27) tRNA-Leu2, (28) ND1, (29) tRNA-Ser2, (30) CYTB, (31) ND6, (32) tRNA-Pro, (33) tRNA-Thr, (34) NDA4L, (35) ND4, (36)

tRNA-His, (37) NDS.

prediction. Second, protein homology evidence was provided
using the Arthropoda odbl0 protein data set from OrthoDB
(Kriventseva et al. 2019) supplemented with Melitaea cinxia pro-
teins (Smolander et al. 2022). In both runs, BRAKER3 was exe-
cuted with species-specific parameter settings in its default
iterative training mode, whereby GeneMark-EP +v4.72 (Bruna
et al. 2020) first generated initial gene models that were then
used to retrain AUGUSTUS v3.5.0 (Stanke et al. 2006) prior to
the final gene prediction. The 2 BRAKER3 runs were reconciled
with TSEBRA v1.1.2.5 (Gabriel et al. 2021) using the standard
BRAKER3 configuration, giving priority to IsoSeq-supported mod-
els for tie-breaking.

Finally, the gene set was filtered for longest isoforms and stan-
dardized with AGAT v.1.4.3 (Dainat 2024). In-frame stop codons

were removed with gffreads v0.12.7 (Pertea and Pertea 2020) in
“-V -H” mode. Genes overlapping annotated transposable ele-
ments were excluded using custom scripts published in study by
Martin-Zamora et al. (2023). Additional spurious models showing
high similarity to transposable element proteins were removed
with DIAMOND BLASTP v2.1.11 (Buchfink et al. 2015) against the
RepeatPeps.lib library, using an e-value cutoff of 1e-30. This
threshold was selected after testing alternative cutoffs and evalu-
ating their effects on BUSCO scores and gene counts
(Supplementary Table 6).

Gene completeness and annotation quality were assessed at
each step with BUSCO v5.8.2 (Manni et al. 2021) in protein mode
against the ‘“lepidoptera_odb10” database (n=5193 BUSCOs)
(Supplementary Table 6).
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Fig. 3. Kmer distribution analysis kmer frequency distribution (k =31,
ploidy =2, coverage peaks at 20 x and 40 x —vertical dashed lines) and an
estimated genome size of 416 Mbp (402-440 Mbp, Supplementary table 8)
with heterozygosity of 1.7%. The blue bars are the observed distribution of
Kmer coverage, whilst the black lines represent the full Kmer distribution
model, the yellow line models only unique Kmers, and the red models
error Kmers.

Functional annotation

Functional evidence was assigned with Trinotate v4.0.2 (Bryant
et al. 2017), which queried the final protein set against multiple
sources: BLASTP and BLASTX v2.16.0 searches against the
UniProtKB/SwissProt database (Boutet et al. 2007), Pfam domain
detection with HMMER v3.3 (Potter et al. 2018), and signal peptide
prediction with SignalP v5.0 (Teufel et al. 2022). In parallel, pro-
teins were classified into curated families and subfamilies with
PANTHER v19.0 (Thomas et al. 2003). Results from Trinotate and
PANTHER were merged in R (R Core Team 2021) to produce a uni-
fied annotation table that served as the final functional dataset for
downstream analyses.

A comparative synteny analysis was then carried out using dot-
plots comparing Catonephele acontius against the complete genome
of Melitaea cinxia. We chose this species because it is a Nymphalid
with a high-quality assembly and annotation. Dotplots were cre-
ated in R using the following packages: dplyr v1.1.4 (Wickham
et al. 2014), ggplot2 v3.5.1 (Wickham, 2016), knitr v1.49 (Xie 2014),
magrittr v2.0.3 (Bache and Wickham 2022), tidyr v1.3.1 (Wickham
et al. 2024), and stringr v1.6.0 (Wickham 2025).

Results and discussion
Genome details

The initial genome size (v0.1) was 520.7 Mb. It was comprised of
90 contigs of which the largest 23 contained 90% of the genome
with an N50 value of 19.928 Mb. Gene content was highly complete
for the primary assembly, v0.1, with a BUSCO completeness
score of 99%, and duplication (0.5%), fragmentation (0.7%)
and missing (0.3%) scores all low (Table 2) (Seppey et al. 2019).
These low duplication rates are expected given aggressive purging
of duplicates as part of Hifiasm. After polishing and decontamin-
ation, the final genome (v1.0) was 519.2 Mb while BUSCO complete-
ness scores remained high (99.0%), and duplication (0.5%),
fragmentation (0.7%) and missing (0.3%) scores remained low. We

further assessed genomic content using the mapping rate of the
IsoSeq data against the assembly and found very high mapping rates
across all tissues (>99.8%) (Supplementary Table 4). The assembled
mitogenome measured 15,285 bp and contained 37 genes (Fig. 2).

Coverage and quality analysis

The heterozygosity estimate was 1.7% (Fig. 3), which sits within
the expected range for non-migratory Lepidoptera (0.21%-3.62%)
(Garcia-Berro et al. 2023). There is a discrepancy between the esti-
mated genome size from the kmer analyses (k = 31: ~425 Mbp) and
the final assembly size (~520 Mbp). This finding was independent
of kmer size (k =21: 402 Mbp, k =41: 418 Mbp using FastK, k=31:
440 Mbp using Jellyfish, Supplementary Table 8) and of maximum
kmer frequency filtering (<10,000,000). This may be because this
genome is highly repetitive (~45%) and has relatively high hetero-
zygosity (1.7%), both of which are factors that can lead to under-
estimation of genome size by GenomeScope (Vurture et al.
2017). This was also observed in Tirumala septentrionis, a Danaid
butterfly species with comparably high heterozygosity (1.74%)
and repeats (32.6%), which also had its genome size underesti-
mated (338 Mbp to 381.4 Mbp) compared with other similar gen-
ome assemblies with lower heterozygosity and repeats (Mora
et al. 2024).

Our blast analysis within BlobToolKit (Challis et al 2020)
showed that there was no non-lepidopteran contamination
(Fig. 4) although some of the smaller contigs were mitochondrial
in origin (Supplementary Table 9). We did not identify any puta-
tive Wolbachia sequence, in contrast to identification of
Wolbachia in the Batesia hypochlora reference genome from the
same Biblidinae subfamily (Pham et al. 2025).

Analysis of repetitive DNA

Repetitive elements accounted for 44.40% of the genome. TEs
accounted for 40.09% of the nuclear genome content
(Supplementary Table 5). Such proportions are comparable to
B. hypochlora in which 34% of the nuclear assembly is TEs (Pham
etal. 2025). We found LINEs as the most abundant class, closely fol-
lowed by DNA transposons, consistent with the TE composition re-
ported for B. hypochlora, where LINEs predominate (Pham et al. 2025).

Most repeats showed low Kimura substitution levels (<25%), in-
dicating a predominance of evolutionarily young elements while
older repeats appear to be largely purged (Fig. 5). Kimura substitu-
tion levels measure the fraction of nucleotides in the repeat that
have changed compared with the original consensus repeat.
Low levels of substitution indicate a young repeat—high levels
suggest an old repeat. High levels of recent DNA transposon activ-
ity have been seen in other Neotropical butterflies such as
Heliconius melpomene (Lavoie et al. 2013) and may play a large
role in their evolution and divergence (Ray et al. 2019).

Genome annotation

Using our IsoSeq RNA data, we identified 21,502 transcripts, be-
longing to 18,935 genes (Table 3). This is comparable to the only
other available Biblidinae genome assembly, which identified
21,588 transcripts (Pham et al. 2025). Likewise, both genomes con-
tained a similar number of genes (C. acontius: 18,935 and B. hypo-
chlora: 19,395). However, the mean length of genes was markedly
different, with B. hypochlora having a mean length of around half
of Catonephele acontius (C. acontius: 8255bp and B. hypochlora:
4423.8bp). Mean gene length in the Monarch butterfly, Danaus
plexippus, is more similar to our Catonephele acontius gene lengths
(9624 bp) (Gu et al. 2019) suggesting that there may have been dif-
ferences in gene model annotation for B. hypochlora or
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Fig. 4. No non-lepidopteran contamination in genome v0.2. Blobplot showing the GC% and coverage for each contig (on alog scale), with the size of bubble
representing the size of the contig. The small bubbles with low GC content are mitochondrial in origin, whilst the others are larger nuclear contigs. Full
contig-level output can be found in Supplementary Table 11. We did not identify any putative Wolbachia sequence.

contractions in gene length the B. hypochlora lineage. ABUSCO pro-
tein completeness score of 95.9% indicates high annotation com-
pleteness, with low duplication (1.6%), fragmentation (1.2%), and
missing (2.8%) scores (Table 4).

Our combined use of long-read HiFi PacBio sequencing for
HMW DNA, as well as long read IsoSeq for RNA from tissues
with disparate expression profiles ensured high-quality polishing
and annotation across the genome as well as high resolution for
repetitive regions of the genome with limited expression.
Similarly, the genome for B. hypochlora used Hifi and IsoSeq
(from one tissue) sequencing as well as short read Illumina se-
quencing from a second individual. Both approaches have
achieved high levels of assembly and genome annotation.

Functional annotation across the different gene prediction da-
tabases was consistently of 60% with a rise to ~70% using Panther
gene families, due to their broader classification (Supplementary
Table 7).

Chromosome number evolution

Within the tribe Epicaliini of the Biblidinae subfamily, the chromo-
some numbers of multiple Catonephele species have been estab-
lished through karyotype analysis, ranging from 14 to 23.
Catonephele numilia has 15 chromosomes (De Lesse 1970) while no
counts have previously been reported for C. acontius. Our specula-
tive estimate for C. acontius (24 contigs) (based on contiglength visu-
alization in Supplementary Fig. 2) is slightly larger than previous
estimates for this genus (14-23) (Brown et al. 2007; Challis et al.
2023). However, a telomere-to-telomere analysis found very short
telomeric repeat regions (<100 repeats of AACCCT) on both ends
of 34 of the C. acontius contigs (Supplementary Table 10). All contigs
without any telomeres were small, with the largest being 76Kb. We
would expect 100+repeats to give confidence in a
telomere-to-telomere chromosome, based on results across the in-
sect phylogeny (Lukhtanov and Pazhenkova 2023). As butterflies
have holocentric chromosomes (Pazhenkova and Lukhtanov
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Table 2. Genome completeness (BUSCO) and contiguity statistics for subsequent genome versions.
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Fig. 5. Repetitive landscape: a) pie charts showing proportions of
repetitive elements. b) The distribution plot on the figure’s right shows
the Kimura substitution levels of repeat elements and their proportion in
the genome. Supporting data can be found in Supplementary Table 5.
LTR, long terminal repeats; LINE, long interspersed nuclear element;
SINE, short interspersed nuclear element.

Table 3. Gene prediction summary statistics, as computed with
AGAT v.1.4.3.

Annotation statistics C. acontius
Total repeat sequence masked (Mbp) 234.4
Total genes 18,935.0
Number of transcripts 21,502.0
Mean gene length (bp) 8255.0
Mean transcript size (bp) 8214.0
Gene density (per Mb) 35.9
% genome covered by genes 30.1
Total single exon genes 4791.0
Total introns in coding sequence 86,773.0
Longest gene length (bp) 241,003.0
Mean exon length (bp) 226.0
Longest exon length (bp) 22,124.0
Mean intron length in coding sequence (bp) 1517.0
Longest intron length in coding sequence (bp) 91,121.0

Table 4. Full BUSCO summary for final genome annotation.

Complete Single Duplicated Fragmented Missing
BUSCOs (%) copy BUSCOs (%) BUSCOs (%) BUSCOs
BUSCOs (%)
(%)
95.9 94.3 1.6 1.2 2.8

BUSCO scores were calculated on the longest gene isoforms against the
Lepidoptera gene set (n = 5193) with BUSCO v5.8.2 in protein mode (Manni et al.
2021).

2023), we do not expect a single centromeric region per chromo-
some. The contrast between the chromosome number estimated
based on size and that estimate by telomere presence highlights
that we cannot reliably determine chromosome number from
this assembly. Future work on chromosome numbers in these
taxa should include Hi-C or cytological analyses.

Broad-scale genome comparison with

Melitaea cinxia (Nymphalidae)

We used the Melitaea cinxia genome (MelCinx1.1) (Vila et al. 2021;
Kumar et al. 2022) as an outgroup to study potential large-scale gen-
ome rearrangement, illustrated by a dotplot (Fig. 6). These clades di-
verged 56MYA (Espeland et al. 2018). We found that broad-scale
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Fig. 6. Conserved synteny between catonephele acontius and the outgroup nymphalidae butterfly melitaea cinxia. Contigs are numbered by original scaffold
number to ease comparison and description. For visualization, we filtered alignments by size (<1000 bp) and contigs by size (<1 Mbp), meaning 12 contigs
of C. acontius are not shown. The M. cinxia sex chromosome (Z) is NC_059424.1 (far right).

genome structure was conserved across these 2 species, which was
expected because, in Lepidoptera, gene order synteny is generally
conserved, even if in some taxa chromosome number is more dy-
namic (D’Alencon et al. 2010; Ahola et al. 2014; Wright et al. 2024).
We found evidence of correspondence between the sex (Z) chromo-
some of M. cinxia (NC_059424.1) and contigs 14 and 24 in C. acontius
(Fig. 6), indicating that these contigs likely belong to the Z chromo-
some. These findings are supported by our coverage analysis via
BlobToolKit that found these contigs have approximately half of
the coverage of the other large contigs (22 and 20 x in these contigs
compared to 39 x genome-wide), which would be expected as our
sample was female (ZW). Further, we identified 2 small contigs
(<300kbp) with approximately half of the coverage expected: contigs
36 and 45 (both 22x). Neither aligned well with an M. cinxia chromo-
some, but as MelCinx1.1is male (ZZ), this may be because contigs 36

and 45 are W-linked. We may also have missed many other small
W-linked contigs due to this limitation.

Potential implications

Here, we generate and present a high-coverage long-read refer-
ence genome for C. acontius, providing a valuable genomic re-
source for future studies on Biblidinae butterflies. This species
joins other Neotropical butterflies that have had their DNA se-
quenced to a high-quality scaffold-level assembly, with
B. hypochlora as the only other genome available in Biblidinae, a
subfamily found across Central and South America (Pham et al.
2025). There is recent and growing interest in the Biblidinae sub-
family, including in Panacea prola, B. hypochlora (Pham et al. 2025)
and Catonephele species (Hicks et al. 2026). The resources pre-
sented here therefore provide a foundational tool for comparative
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genomics and other techniques, such as transcriptomics and epi-
genomics, to understand micro- and macro-evolutionary patterns
and processes in this subfamily. For example, the Catonephele spe-
cies are being used as a case study for understanding the evolu-
tion of traits that benefit insects living in seasonal environments
(Hicks et al. 2026). To date, analyses in this Nymphalidae subfam-
ily have been largely limited to phenotypic studies. The newly as-
sembled and annotated genomes of C. acontius and B. hypochlora
will provide a foundation for investigating the genomic basis of
trait evolution and ultimately inform the potential for future re-
sponses to changing environments in the wild.

Data availability

The raw sequence data and corresponding metadata supporting
the results of this article are available in the European
Nucleotide Archive (ENA) at EMBL-EBI under accession number
PRJEB86113, sample SAMEA117752281.

The Catonephele acontius whole genome shotgun (WGS) project
has the NCBI project accession JBYBQP0O0OOO0000O (BioProject
PRJNA1265232, BioSample SAMN48590164). The version de-
scribed in this paper is (01) and has the accession number
JBYBQP010000000. For submission to NCBI, 262 single-exon gene
annotations were removed from the genome as they overlapped
the exon region of another, larger gene which was flagged auto-
matically by the system. The original genome assembly and asso-
ciated gtf annotation file (without the aforementioned annotation
removal) have also been uploaded to the GSA Figshare (DOL
https://doi.org/10.25387/g3.31379740) in  association  with
this manuscript—mamed as follows: “acontius_reference-
genome.fasta” and “SP_Acontius_annotation_v2_longest.gtf.”

The pipeline for quality control, assembly, polishing, decon-
tamination and annotation is uploaded on Figshare, as well as
an “NCBI_README.txt’ file that explains exactly how the genome
annotation was filtered for upload to NCBI, DOI: https://doi.org/10.
6084/m9.figshare.30217813 (Hicks et al. 2025).

Supplemental material available at G3 online.
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