
The Genome Assembly and Annotation of the Apollo

Butterfly Parnassius apollo, a Flagship Species for

Conservation Biology

Lars Podsiadlowski1,†, Kalle Tunström2,†, Marianne Espeland3,*, and Christopher W. Wheat2,*

1Centre for Molecular Biodiversity Research, Zoological Research Museum Alexander Koenig (ZFMK), Bonn, Germany
2Department of Zoology, Stockholm University, Sweden
3Centre of Taxonomy and Evolutionary Research, Zoological Research Museum Alexander Koenig (ZFMK), Bonn, Germany

†These authors contributed equally to this work.

*Corresponding authors: E-mails: m.espeland@leibniz-zfmk.de; chris.wheat@zoologi.su.se.

Accepted: 25 May 2021

Abstract

Conservation genomics has made dramatic improvements over the past decade, leveraging the power of genomes to infer diverse

parameters central to conservation management questions. However, much of this effort has focused upon vertebrate species,

despite insects providing similar flagship status with the added benefit of smaller genomes, shorter generation times and extensive

historical collections in museums. Here we present the genome of the Apollo butterfly (Parnassius apollo, Papilionidae), an iconic

endangered butterfly, which like many species in this genus, needs conservation genomic attention yet lacks a genome. Using

68.7 Gb of long-read data (N50¼ 15.2 kb) we assembled a 1.4 Gb genome for the Apollo butterfly, making this the largest

sequenced Lepidopteran genome to date. The assembly was highly contiguous (N50¼ 7.1 Mb) and complete (97% of

LepidopteranBUSCOsweresingle-copyandcomplete) andconsistedof1,707contigs.UsingRNAseqdataandArthropodaproteins,

we annotated 28.3K genes. Alignment with the closest-related chromosome-level assembly, Papilio bianor, reveals a highly con-

servedchromosomal organization, albeit genome size is highly expanded in the Apollobutterfly, due primarily to a dramatic increase

in repetitive element content. Using this alignment for superscaffoldingplaces the P. apollo genome in to31 chromosomal scaffolds,

and together with our functional annotation, provides an essential resource for advancing conservation genomics in a flagship

species for insect conservation.
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Introduction

The use of genomic scale data to inform upon conservation

issues has dramatically increased over the past decade, giving

rise to the fast-growing field of conservation genomics

(Primmer 2009; Allendorf et al. 2010; Ouborg et al. 2010;

Steiner et al. 2013; Benestan et al. 2016; Supple and

Shapiro 2018; Hohenlohe et al. 2021). Aided by high-

quality reference genomes, research projects now routinely
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use individual-level resequencing data to gain detailed insights

into population structure, gene flow, inbreeding, genetic

load, as well as admixture dynamics with closely related spe-

cies (Hu et al. 2020; Wright et al. 2020). DNA from historical

and ancient samples is providing insights into historical levels

of genetic diversity, inbreeding and introgression, enabling

important benchmarks for assessing species statuses today

(Bi et al. 2013; van der Valk et al. 2019; Gauthier et al.

2020; Wu et al. 2020). Unfortunately, the vast majority of

conservation genomic projects have been conducted with ver-

tebrate systems, which have been the primary focus of many

conservation management programs (Saremi et al. 2019;

Eldridge et al. 2020). Insects, and butterflies in particular, pre-

sent a unique opportunity given their detailed study, extensive

historical samples from collections, generally smaller

genomes, and much shorter generation times.

Much is known about the ecology, phylogenetic relation-

ships, and biogeography of Apollo butterflies (Genus

Parnassius, Papilionidae, Lepidoptera) (Nakonieczny et al.

2007; Condamine 2018; Condamine et al. 2018), but cur-

rently a genomic data set is lacking. Comprising about 40

species, the genus has a northern circumpolar and mainly

montane distribution. The Mountain Apollo (Parnassius

apollo) has a wide distribution mainly in mountain regions

of the Palearctic—from Spain to Western China and from

Norway to southern Italy and the Caucasus. More than 200

subspecies have been described, largely based on subtle dif-

ferences in wing coloration (Glassl 2017). The 20th century

saw a substantial decline of this species throughout Europe,

mainly due to habitat loss in the heavily industrialized coun-

tries (Nakonieczny et al. 2007).

Today, the Mountain Apollo is the only nontropical butter-

fly on the CITES list (appendix II, https://cites.org/eng/app/ap-

pendices.php). Being a charismatic and easily recognizable

species, it has become a special focus for conservation efforts

in multiple countries, for example, France, Germany, Poland,

Sweden (Nakonieczny et al. 2007). Currently, conservation

managers need information regarding the inbreeding status

of remnant populations and insights into which among these

are suitable for restocking efforts, which are questions geno-

mic tools can provide cost effective insights.

Although many butterfly species have a moderate genome

size of 200� 500 Mb, Parnassius species seem to be an ex-

ception in having much larger genomes; the estimated ge-

nome size for Parnassius orleans is 1.25 Gb (Liu et al. 2020).

The closest relatives with genome data available are the swal-

lowtails (Papilio sp.), which share a last common ancestor with

Parnassius more than 50 Ma (Espeland et al. 2018; Allio et al.

2020), and with assembly sizes ranging between 230 and 400

Mb. Among these Papilio assemblies, the smaller assemblies

relied solely upon Illumina short reads that likely underesti-

mate repeat content and genome size, whereas the 400

Mb genome of Papilio bianor was assembled to high accuracy

at the chromosome level using PacBio long reads and Hi-C

data (Lu et al. 2019). Thus, there is at least a 3-fold increase in

genome size in Parnassius compared with Papilio. This is a

burden for genome sequencing cost and complicates the as-

sembly and annotation process, but also provides more sites

with variation to inform population genomics analyses.

Here we present the first genome assembly of P. apollo,

generated with a long-read sequencing approach, comple-

mented with genomic polishing using short-reads and

RNAseq data to facilitate annotation. Analyses of repeat con-

tent and synteny in comparison with a high-quality swallow-

tail genome sheds light on the genome expansion process in

Apollo butterflies. This reference genome will enable future

population genomics studies with Apollo butterflies.

Results and Discussion

Genome Sequence Statistics

Long-read sequencing (Oxford Nanopore) yielded an output

of 10 million reads (68.7 Gb, N50¼ 15.2 kb) for the Apollo

butterfly (fig. 1), for an estimated genome coverage of 49.1�,

assuming a genome size of 1.4 Gb for the Apollo butterfly.

We generated 98.6 million reads of Illumina data from geno-

mic DNA (14.7 Gb), a coverage of roughly 10� as assumed

from assembly size. Illumina data were used to correct

remaining nonrandom sequencing errors frequently associ-

ated with ONT long-read data. The resulting polished genome

consisted of 1.39 Gb spread across 1,707 contigs with an N50

of 7.1 Mb and BUSCO score of >98%, with 97% of genes

being single-copy and complete (fig. 1). A superscaffolded

assembly using the chromosome-scale assembly of P. bianor

as reference resulted in a slightly lower number of contigs

(1,451) and massively increased the N50 to 40.9 Mb (see

below for details on the high synteny between these species,

which justifies superscaffolding). Although being the largest

Lepidopteran genome sequenced to date, our estimated ge-

nome size was close to that estimated from flow cytometry

for a related Parnassius species (Liu et al. 2020).

Illumina reads from RNAseq experiments (male, female,

larva) sum up to 75 million reads (11.2 Gb). An average of

99.12% of the three libraries of RNAseq mapped to the ge-

nome, which we used alongside Arthropoda proteins for an-

notation model training. Protein prediction yielded 28,334

genes and 30,102 transcripts. BUSCO analysis of the annota-

tion resulted in 95.5% complete BUSCOs (single copy:

85.7%, duplicated: 9.8%).

Comparative Analysis

To assess the genome size expansion in P. apollo, we com-

pared this genome against that of Papilio bianor (Lu et al.

2019), the closest relative with a high-quality, chromosome-

scale assembly. Whole-genome alignment revealed a high

degree of chromosomal synteny between the species, sug-

gesting no large-scale chromosomal rearrangements
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between these species, consistent with the vast majority of

Lepidoptera (Ahola et al. 2014; Hill et al. 2019). Given this

high degree of synteny, this alignment allowed us to place

79.9% (1.11 Gb) of the P. apollo genome into a chromosomal

framework. On average, we find that the P. apollo chromo-

somes are three times larger than their P. bianor counterparts

(fig. 2A).

We next estimated the repeat content of the P. apollo ge-

nome (65.2%) and compared this with P. bianor (55.3%),

finding that it had many of the usual suspects (fig. 2B).

However, although several of the repeat classes that

expanded were also those that were the largest in P. bianor,

other classes went from being relatively rare in P. bianor to

common in P. apollo (e.g., SINEs and rolling-circle transpo-

sons). There is a disproportionately higher amount of LINEs

and LTRs in P. apollo than expected from genome expansion

alone.

We then conducted a more detailed analysis of the shared

single-copy orthologs (from the BUSCO Lepidoptera set) be-

tween these two species by estimating the chromosomal dis-

tances between flanking genes on the same chromosome or

contig (n¼ 1,142; fig. 2C). There is a clear correlation of

FIG. 1.—Wing voucher of the specimen of P. apollo used for long-read sequencing; sequence data, assembly and BUSCO statistics.

FIG. 2.—Comparison of the assemblies of P. apollo and Papilio bianor. (A) Synteny between selected chromosomes and contigs. (B) Repeat content of

the two assemblies (DNA, DNA transposons; RC, rolling circle elements; UnKn, unknown repeat elements). (C) Distances (bp) of homologous BUSCO gene

pairs found on the same chromosome or contig in both assemblies.
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distances between gene pairs on the same contig or chromo-

some between the two species, with an almost threefold

higher distance in P. apollo. This corresponds roughly with

the genome size difference, with P. apollo having a genome

of about 3.3-fold size compared with P. bianor.

Conclusions

Here we present a high-quality genome assembly for the

Apollo butterfly, Parnassius apollo, an iconic, rare, and endan-

gered species. With 1.39 Gb, it is the largest Lepidopteran

genome published so far. Comparative assessment and as-

sembly metrics indicate a highly contiguous and accurate as-

sembly for which we generated a functional annotation. The

genome expansion is associated with an increase in repeat

elements at frequencies consistent with related species. This

genome will serve as an important resource to the numerous

ongoing conservation efforts for P. apollo, and its congeners,

including many endangered species around the world.

Materials and Methods

DNA Extraction and Sequencing

A male P. apollo sample was collected in northern Italy, in the

village of Etirol (Valle d’Aosta, Comune di Torgnon). Samples

were placed in ethanol (70%) upon collection and stored at -

20 �C until laboratory analysis. For extracting high molecular

weight (HMW) DNA we used half of the whole thorax as

input for the Nanobind Tissue Big extraction kit

(Circulomics, MD). The tissue was first washed and rehydrated

in an ethanol removal buffer as recommended by

Circulomics. The rehydrated tissue was then submerged in

liquid nitrogen and ground with a ceramic pestle until it

turned into fine dust, followed by the Circulomics extraction

protocol instructions. The resulting HMW DNA was treated

with the Short Read Eliminator Kit XS (Circulomics) to reduce

sequences below 10 kb long. Final DNA purity and concen-

trations were measured using Nanodrop (ThermoFisher, MA)

and Qubit (ThermoFisher).

Sequencing libraries were constructed using the HMW

DNA as input for the Nanopore LSK-110 ligation kit (Oxford

Nanopore Technologies, UK) following the manufacturer’s

protocol with the following modifications suggested by

Circulomics: NEB end-prep and repair times were extended

6� to 30 min at 20 �C and 30 min at 65 �C, adapter ligation

time was extended to 1 h, and the elution of magnetic beads

was extended to 20–60 min, depending on the sample. All

DNA extractions and sequencing library preparations were

carried out in the laboratories at the Department of Zoology

of Stockholm University. We used a total of four new MinION

R9.4.1 flow cells and one partially used R9.4.1 flow cell, with

1 nuclease wash for each run (except for the partially used

R9.4.1 flow cell). All sequencing was performed in the

modern laboratory facilities at the Centre for

Palaeogenetics, Stockholm University where DNA cross-

contamination is minimal.

De Novo Assembly

Raw ONT sequence data were first basecalled using Guppy

v4.2.2 (community.nanoporetech.com), then assembled us-

ing the Shasta long-read assembler (Shafin et al. 2020; v0.7,

modified version of NanoporeSep2021 config). We expected

a genome size of >1 Gb for the Apollo butterfly, based upon

estimates of 1.25 Gb from flow cytometric determination

methods with another species of the genus, P. orleans (Liu

et al. 2020). The resulting draft assemblies were then polished

with the same ONT sequence data used for the assembly with

the pepper-polish pipeline v0.1 (github.com/kishwarshafin/

pepper), to improve base accuracy and reduce assembly

errors. The assembly was additionally polished with Illumina

short-read data generated from an ethanol-preserved male

collected in Germany with POLCA (from MaSuRCA v.4.0.2)

(Zimin and Salzberg 2020). Finally, the polished draft assembly

was filtered for alternative haplotypes using purge_dups

v.1.2.5 (Liu et al. 2020), resulting in a haploid genome assem-

bly. Superscaffolding was performed using Ragtag (github.-

com/malonge/RagTag; a successor of RaGoo; Alonge et al.

2019) with the genome of Papilio bianor as reference genome

(Lu et al. 2019; downloaded from GigaScience repository).

Quality Assessment

We assessed assembly quality using QUAST (Gurevich et al.

2013), the stats.sh utility in bbmap v.38.08 (Bushnell B, sour-

ceforge.net/projects/bbmap) and BUSCO v.3.0.2 (Sim~ao et al.

2015) with the “lepidoptera_odb10” data set for the Apollo

butterfly. Synteny comparison with a published assembly of

Papilio bianor (Lu et al. 2019), was done using the nucmer

utility included in MUMmer4 (Marcais et al. 2018), as this

species is the most closely related to our focal species with

a chromosomal level genome assembly. Candidates for con-

taminations were checked using short-read coverage of con-

tigs and BLAST comparisons with Uniprot (UniProt

Consortium 2021), using the Blobtoolkit (Challis et al. 2020).

Genome Annotations and Repetitive Content

The final polished genomes were assessed for repetitive con-

tent using RepeatModeler and RepeatMasker (Flynn et al.

2020), and then annotated with BRAKER2 (Brůna et al.

2021) automated annotation pipeline using RNAseq data

from larvae, adult males and adult females of P. apollo, as

well as the Arthropoda protein data set from OrthoDB v.10

(Kriventseva et al. 2019) to train the algorithm. Functional

annotation was done using EggNog mapper v.2.0.8-2

(Huerta-Cepas et al. 2017) against the eggNOG database

Podsiadlowski et al. GBE
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v.5.0.1 (Huerta-Cepas et al. 2019) using Diamond v.2.0.6

(Buchfink et al. 2015).

RNA Isolation and Sequencing

Tissue of adults (male, female) and larvae (sex not determined)

from lab reared P. apollo samples from the Moselle valley,

Germany, were initially stored in RNA later. RNA extraction

was performed with a spin column method using Qiagen

RNeasy mini kits (Qiagen, Hilden, Germany) following the

manufacturer’s protocol. Total RNA was sent to a sequencing

company (STARseq, Mainz, Germany), which performed the

purification of mRNA, library preparation, and subsequent

short read sequencing (Illumina Nextseq platform).
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Condamine FL, Rolland J, Höhna S, Sperling FAH, Sanmart�ın I. 2018.

Testing the role of the Red Queen and Court Jester as drivers of the

macroevolution of Apollo butterflies. Syst Biol. 67(6):940–964.

Eldridge MD, et al. 2020. The Oz Mammals Genomics (OMG) initiative:

developing genomic resources for mammal conservation at a conti-

nental scale. Aust Zool. 40(3):505–509.

Espeland M, et al. 2018. A comprehensive and dated phylogenomic anal-

ysis of butterflies. Curr Biol. 28(5):770–778.

Flynn JM, et al. 2020. RepeatModeler2 for automated genomic discovery

of transposable element families. Proc Natl Acad Sci U S A.

117(17):9451–9457.

Gauthier J, et al. 2020. Museomics identifies genetic erosion in two but-

terfly species across the 20th century in Finland. Mol Ecol Resour.

20(5):1191–1205.

Glassl H. 2017. Parnassius apollo – seine Unterarten [Parnassius apollo – its

subspecies]. 3rd ed. Heroldsbach (Germany): Schmetterlingsfreund.

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality assess-

ment tool for genome assemblies. Bioinformatics 29(8):1072–1075.

Hill J, et al. 2019. Unprecedented reorganization of holocentric chromo-

somes provides insights into the enigma of lepidopteran chromosome

evolution. Sci Adv. 5(6):eaau3648.

Hohenlohe PA, Funk WC, Rajora OP. 2021. Population genomics for wild-

life conservation and management. Mol Ecol. 30(1):62–82.

Hu J, Fan J, Sun Z, Liu S. 2020. NextPolish: a fast and efficient genome

polishing tool for long-read assembly. Bioinformatics

36(7):2253–2255.

Huerta-Cepas J, et al. 2017. Fast genome-wide functional annotation

through orthology assignment by eggNOG-mapper. Mol Biol Evol.

34(8):2115–2122.

Huerta-Cepas J, et al. 2019. eggNOG 5.0: a hierarchical, functionally

and phylogenetically annotated orthology resource based on

5090 organisms and 2502 viruses. Nucleic Acids Res.

47(D1):D309–D314.

Kriventseva E, et al. 2019. OrthoDB v10: sampling the diversity of animal,

plant, fungal, protist, bacterial and viral genomes for evolutionary and

Genome Assembly and Annotation of the Apollo Butterfly P. apollo GBE

Genome Biol. Evol. 13(8) doi:10.1093/gbe/evab122 Advance Access publication 11 June 2021 5



functional annotations of orthologs. Nucleic Acids Res.

47(D1):D807–D811.

Liu G, et al. 2020. Genome size variation in Butterflies (Insecta, Lepidotera,

Papilionoidea): a thorough phylogenetic comparison. Syst Entomol.

45(3):571–582.

Lu S, et al. 2019. Chromosomal-level reference genome of Chinese pea-

cock butterfly (Papilio bianor) based on third-generation DNA se-

quencing and Hi-C analysis. GigaScience 8(11):giz128.

Marcais G, et al. 2018. MUMmer4: A fast and versatile genome alignment

system. PLoS Comp Biol. 14(1):e1005944.

Nakonieczny M, KeRdziorski A, Michalczyk K. 2007. Apollo butterfly

(Parnassius apollo L.) in Europe – its history, decline and perspectives

of conservation. Funct Ecosyst Commun. 1:56–79.

Ouborg NJ, Pertoldi C, Loeschcke V, Bijlsma RK, Hedrick PW. 2010.

Conservation genetics in transition to conservation genomics. Trends

Genet. 26(4):177–187.

Primmer CR. 2009. From conservation genetics to conservation genomics.

Ann N Y Acad Sci. 1162(1):357–368.

Saremi NF, et al. 2019. Puma genomes from North and South America

provide insights into the genomic consequences of inbreeding. Nat

Commun. 10(1):4769.

Shafin K, et al. 2020. Nanopore sequencing and the Shasta toolkit enable

efficient de novo assembly of eleven human genomes. Nat Biotechnol.

38(9):1044–1053.

Sim~ao FA, Waterhouse RM, Ioannidis P, Kriventseva EV, Zdobnov EM.

2015. BUSCO: assessing genome assembly and annotation com-

pleteness with single-copy orthologs. Bioinformatics

31(19):3210–3212.

Steiner CC, Putnam AS, Hoeck PE, Ryder OA. 2013. Conservation ge-

nomics of threatened animal species. Annu Rev Anim Biosci.

1(1):261–281.

Supple MA, Shapiro B. 2018. Conservation of biodiversity in the genomics

era. Genome Biol. 19(1):1–12.

UniProt Consortium. 2021. UniProt: the universal protein knowledgebase

in 2021. Nucleic Acids Res. 49(D1):D480–D489.

van der Valk T, D�ıez-del-Molino D, Marques-Bonet T, Guschanski K,

Dal�en L. 2019. Historic genomes reveal the genomic consequences

of recent population decline in eastern gorillas. Curr Biol.

29(1):165–170.

Wright BR, et al. 2020. A demonstration of conservation genomics for

threatened species management. Mol Ecol Resour.

20(6):1526–1541.

Wu MY, et al. 2020. Historic and modern genomes unveil a domestic

introgression gradient in a wild red junglefowl population. Evol

Appl. 13(9):2300–2315.

Zimin AV, Salzberg SL. 2020. The genome polishing tool POLCA makes

fast and accurate corrections in genome assemblies. PLoS Comput

Biol. 16(6):e1007981.

Podsiadlowski et al. GBE

6 Genome Biol. Evol. 13(8) doi:10.1093/gbe/evab122 Advance Access publication 11 June 2021




