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Abstract

The Glanville fritillary (Melitaea cinxia) butterfly is a long-term model system for
metapopulation dynamics research in fragmented landscapes. Here, we provide a
chromosome level assembly of the butterfly’s genome produced from Pacific Biosciences
sequencing of a pool of males, combined with a linkage map from population crosses. The
final assembly size of 484 Mb is an increase of 94 Mb on the previously published genome.
Estimation of the completeness of the genome with BUSCO, indicates that the genome
contains 93 - 95% of the BUSCO genes in complete and single copies. We predicted 14,830

gene models using the MAKER pipeline and manually curated 1,232 of these gene models.
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The genome and its annotated gene models are a valuable resource for future comparative

genomics, molecular biology, transcriptome and genetics studies on this species.
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Data Description

Context

Identifying and characterizing genes underlying ecologically and evolutionarily relevant
phenotypes in natural populations has become possible with novel genomic tools that can
also be utilized in ‘non-model’ organisms. The Glanville fritillary (Melitaea cinxia) butterfly,
and in particular its metapopulation in the Aland Islands (SW Finland), is an ecological
model system in spatial ecology[1,2]. In short, within this archipelago, the species inhabits a
network of dry outcrop meadows and pastures, and persists as a classic metapopulation with
high turnover in patch occupancy[1]. The network of 4,500 potential habitat patches has been
systematically surveyed bi-annually for butterfly occupancy and abundance since 1993[3],
providing a vast amount of ecological data on population dynamics[2]. Experimental
manipulations under more controlled conditions are also possible due to the small size, high
fecundity and relatively short generation time of the species. Consequently, the ecological
understanding of the species expands to the life history ecology across development stages[4]
(e.g. Kahilainen et al. unpubl.), dispersal dynamics[5,6], species interactions (host plants and
parasitoids)[7-11], and stress tolerance[12,13]. During the last decade, the system has also

been used to study genetic and evolutionary processes, such as identifying candidate genes
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underlying variation and evolution of dispersal in fragmented habitats[14] and host plant
preference[15], and assessing allelic variation and their dynamics in space and time with SNP
data across populations[16-18]. Several approaches have been used to explore the genetic
underpinnings of phenotypic variation in the Glanville fritillary metapopulation, ranging from
candidate gene approaches[12,19] to quantitative genetics[20,21], and whole-genome
scans[22,23] (including transcriptomics; Kahilainen et al. unpubl.), and included both

laboratory and natural environmental conditions.

The first M. cinxia genome was released in 2014[24]. This genome was produced from a
combination of 454 sequencing for contig assembly, followed by scaffolding with Illumina
paired-end (PE), SOLiD mate-pair reads and PacBio data. The size of the final assembly was
390 Mb made up from 8,261 scaffolds, with a scaffold N50 of 119,328. Scaffolds were
assigned to chromosomes based on a linkage map produced from RAD sequencing[25]. It
was considered that a new genome, sequenced using longer PacBio reads, would result in a

more complete assembly and better represent the repetitive areas of the genome.

Here, a new sequencing and assembly of the M. cinxia genome has been carried out using a
pool of seven male butterflies from a single larval family collected from Sottunga, an island
in an eastern part of the archipelago. Sequencing was conducted using the PacBio RSII
sequencer. An initial assembly was created using FALCON][26,27] followed by polishing
performed with Quiver[26]. A new linkage map was created and used to assign the assembled
scaffolds to their correct positions and orientations within the 31 chromosomes. The scaffolds
were then gap-filled producing a final assembly of 484 Mb with a scaffold N50 of 17,331,753
bp. Gene prediction on the genome assembly was carried out using MAKER v 2.31.10[28]
that was run iteratively using several independent training sets. Manual annotation was
performed for 1,232 of the gene models. The genome assembly increases greatly in

contiguity and completeness compared to the first genome (Table 1) with superscaffold N50
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values of 17,331,753 bp in the new genome compared to 9,578,794 bp in the version 1

genome.

Table 1. Assembly statistics were calculated for the M. cinxia v2 genome, M. cinxia v1

scaffolds, M. cinxia vl chromosomes and B. mori using the assembly-stats program

(https://zenodo.org/badge/latestdoi/20772/rjchallis/assembly-stats). Statistics for H.

melpomene v2.5 and P. napi v1.1 were obtained from LepBase[64].

M. cinxia M. cinxia M. cinxia Heliconius Bombyx Pieris napi
Version 2 Version 1 Version 1 melpomene | mori vli.l
Scaffolds Chromo- Hmel2.5
somes

Length (bp) 484,462,241 | 389,907,520 | 250,926,848 | 275,245,813 | 460,334,017 | 349,759,982
N(%) 0.00 7.42 7.84 0.38 0.10 22.47
GC(%) 33.83 32.56 32.38 32.79 38.54 33.32
AT(%) 66.17 67.44 67.62 67.21 61.46 66.68
Scaffold count 31 8,261 31 332 696 2,969
Longest scaffold | 22,190,643 668,473 13,295,773 18,127,314 | 21,465,692 15,427,984
(bp)
Scaffold N50 17,331,753 119,328 9,578,794 14,308,859 | 16,796.068 | 12,597,868
length (bp)
Scaffold N50 13 970 12 9 13 13
count (L50)
Contig Count 529 48,180 26,662 3,126 726 53,510
Contig N50 1,831,849 14,057 15,707 328,886 12,201,325 10,538
length (bp)
Contig N50 79 7,366 4,286 214 16 6,914

count (L50)

Methods

An overview of the processing pipeline for the work is shown in Figure 1.
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Genomic samples and DNA extraction

Owing to the facultatively univoltine life cycle of the butterfly in Finland, experimental
inbreeding of the species would have taken several years. Therefore, we chose to sample
individuals from an island population, Sottunga, expected to harbour low genetic diversity.
Sottunga is part of the Aland Islands archipelago in the northern Baltic Sea, and the
population was introduced here in 1991 using individuals collected on the mainland of Aland
Island[29]. This introduction was carried out with 71 larval families. The distance to the
nearest M. cinxia population across the water is 5 km, and we therefore assume that the
introduced population has been (almost) completely isolated ever since. Furthermore, the
effective population size of M. cinxia in Sottunga has been very low during the last 24 years
(on average 57 larval nests/year in 1993-2019), and it has experienced several strong
bottlenecks[30]. Using genomic markers, Fountain et al.[16] demonstrated that samples from

the Sottunga population separate clearly from samples collected on the mainland.

During the fall survey of 2014 (see Ojanen et al. for details of the survey[3]) we collected
individuals from one larval group on the island of Sottunga (patch number 1439, see Schulz
et al. for specific location[31]). The larvae were collected once they were in diapause and
most likely comprise full-sibs[17]. The larval group was kept in diapause (+5 °C) until the
following spring and then reared to adulthood under common garden conditions (28:8°C;
12L:12D) at the Lammi Biological Station, University of Helsinki. After eclosion, butterflies
were sexed and stored at -80°C. High-molecular-weight DNA was isolated from seven adult

males using the caesium chloride (CsCl) method[24].
SMRT sequencing libraries and sequencing

Library construction for Pacific Biosciences sequencing was carried out using the protocols

recommended by the manufacturer (Pacific Biosciences, Menlo Park, CA, USA). Genomic
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DNA was sheared using a Megaruptor (Diagenode, Seraing, Belgium) followed by damage
repair, end-repair, hairpin ligation, and size selection using BluePippin (Sage Science,
Beverly, MA, USA). After primer annealing and polymerase binding, the DNA templates
were sequenced on a PacBio RSII sequencer using P6/C4 chemistry and 360 min video time
at the DNA Sequencing and Genomics Laboratory, Institute of Biotechnology, University of

Helsinki, Finland[32].

Genome Assembly

The genome was assembled using the FALCON assembler (FALCON-Integrate-
1.8.6)[26,27] with a read cut-off of 18,000. This cut-off was experimentally found to give the
best contiguity for the assembly, while minimizing (within a small margin of error) the
percentage of possibly erroneous contigs. The assembly errors were evaluated based on a
genetic map from the previously published genome[24]. The assembly was based on
1,939,889 PacBio reads, 24,409,505,551 bp in total, with an N50 of 18,479 bp which is
approximately 50x coverage based on the final genome size. With the selected read cut-off
the data produced 10.8 Gb of corrected reads which were further assembled using the Falcon
software. The assembly yielded 4,559 primary contigs containing 739.9 Mb with an N50 of
340 kb and 1,661 alternative contigs containing 118.1 Mb with an N50 of 85,246 bp. The
data were also assembled using miniasm software (0.2-r137-dirty)[33] which yielded similar

results.

To evaluate the putative chimeric contigs and assembly errors suggested by the genetic map,
the raw SMRT sequencing data were mapped to the assembly using the Burrows-Wheeler
Aligner (BWA-0.7.17) with the MEM algorithm[34]. The alignments of the 425 regions
discovered as possibly chimeric were visually inspected. Of these regions, 92 showed even

read coverage and no evident signs of assembly errors, while 333 regions contained areas
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with low coverage and/or repeat regions that led to erroneous overlaps and misassemblies.
The assembly was split in the positions where the error was observed. The resulting assembly
was polished using the SMRT sequencing data and Quiver[26] software from the SMRT

Tools-package (PacBio).
Linkage Map

Linkage mapping was constructed from whole genome resequencing data of F2 crosses of M.
cinxia (Ahola et al., unpublished). The grandparents of these F2 crosses are offspring of wild
collected M. cinxia originating from two distantly related M. cinxia populations around the
Baltic Sea; the Aland Islands (AL)[1] and Pieni Tytérsaari (PT) populations[35]. Between
population crosses of type ALGXPTQ and ALRxPTJ were established to create the F1
population. Part of these F1 individuals were used to establish the F2 families, actively
avoiding mating among siblings. A subset of the resulting full-sib families were reared to
adulthood, and five of these F2 families, together with their parents and grandparents, were
selected for resequencing. In total, resequencing included ten grandparental individuals, ten

F1 parents and 165 F2 individuals (N=185).

All the larvae from different generations completed development under common garden
conditions (28:15°C; 12L:12D) utilizing fresh leaves of greenhouse grown Veronica spicata.
Diapausing larvae were kept in a growth chamber at +5°C and 80% RH for approximately
seven months to mimic the normal wintertime conditions for these butterflies. Adults were
kept in hanging cages (of 50 cm height and 40 cm diameter) at ~26:18°C; 9L:15, and fed ad

libitum with 20% honey-water solution throughout the experiments.

Before DNA extraction the adult butterflies were stored at -80°C, and either thorax or
abdomen tissue of these individuals was used for sequencing. Tissues were homogenized

prior to extraction using TissueLyser (Qiagen, Venlo, The Netherlands) at 30/s for 1.5 mins
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with Tungsten Carbide Beads, 3 mm (Qiagen, Venlo, The Netherlands) and ATL buffer
(Qiagen, Venlo, The Netherlands). DNA was extracted using the NucleoSpin 96 Tissue Core
Kit (Macherey-Nagel) according to the manufacturer’s protocol with the exception that lysing
time was extended to overnight. The samples were additionally treated with RNase A
(Thermo Scientific) before sequencing. Sequencing was made using [llumina Hi-Seq with

125 bp paired-end reads.

The mapping procedure followed the Lep-MAP3[25] pipeline. First, individual fastq files
were mapped to the contig assembly using BWA MEM (BWA-0.7.17) [34] and individual
bam files were created using SAMtools (1.6)[36,37]. SAMtools mpileup and the scripts
pileupParser2.awk and pileup2posterior.awk were used to obtain input data for Lep-MAP3.
Then ParentCall2 (parameter: ZLimit=2) and Filtering? (parameters: dataTolerance=0.0001;
removeNonInformative=1; familyInformativeLimit=4) were run to obtain data with at least
four informative families for each marker, resulting in a final input with almost 2.5M

markers.

SeparateChromosomes2 was run on the final data (parameters lodLimit=20;
samplePair=0.2;numThreads=48) to obtain 31 linkage groups with a total of 2.4M markers.
OrderMarkers2 was run (parameter recombination2=0) on each linkage group (chromosome).
This map was used to anchor the contig assembly into chromosomes. To validate anchoring,
the map construction was repeated in the same way except that OrderMarkers2 was run on
the physical order of markers to reduce noise in the linkage map. Finally, the raw data were
re-mapped to the gap-filled chromosome level assembly and the linkage map was re-done in

the new physical order to infer final recombination rates.

Anchoring the genome and resolving haplotypes using the linkage map
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