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Abstract 
We present a genome assembly from an individual male Mimas tiliae 
(the lime hawk-moth; Arthropoda; Insecta; Lepidoptera; Sphingidae). 
The genome sequence is 478 megabases in span. The complete 
assembly is scaffolded into 29 chromosomal pseudomolecules, with 
the Z sex chromosome assembled.
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Species taxonomy
Eukaryota; Metazoa; Ecdysozoa; Arthropoda; Hexapoda; Insecta; 
Pterygota; Neoptera; Endopterygota; Lepidoptera; Glossata;  
Ditrysia; Bombycoidea; Sphingidae; Smerinthinae; Smerinthini;  
Mimas; Mimas tiliae (Linnaeus, 1758) (NCBI:txid522848).

Background
Mimas tiliae (lime hawk-moth) is characterised by scalloped 
edges to the forewing, along with bold green and buff mark-
ings, which are thought to disrupt object perception by predators  
through ‘disruptive coloration’ (Stevens et al., 2006). The wing 
markings also show ‘edge enhanced colouration’ which may also 
slow object recognition by a predator (Sharman et al., 2018).  
Mimas tiliae is common throughout southern England, particu-
larly London, and has spread further north in recent years, with 
one record of breeding as far north as Glasgow, Scotland (Payne,  
2020). The species can be found in woodland and in suburban 
habitats, and flies in May and June. The genome of M. tiliae 
was sequenced as part of the Darwin Tree of Life Project, a  
collaborative effort to sequence all of the named eukaryotic  
species in the Atlantic Archipelago of Britain and Ireland. Here 
we present a chromosomally complete genome sequence for 
M. tiliae, based on one male specimen from Wytham Woods,  
Oxfordshire, UK.

Genome sequence report
The genome was sequenced from a single male M. tiliae  
(Figure 1) collected from Wytham Woods, Oxfordshire, UK 
(latitude 51.768, longitude -1.337). A total of 37-fold coverage 
in Pacific Biosciences single-molecule long reads and 80-fold  
coverage in 10X Genomics read clouds were generated.  
Primary assembly contigs were scaffolded with chromosome 
conformation Hi-C data. Manual assembly curation corrected  
10 missing/misjoins and removed 2 haplotypic duplications, 
reducing the assembly length by 0.05% and the scaffold number  
by 21.62%.

The final assembly has a total length of 478 Mb in 29 sequence 
scaffolds with a scaffold N50 of 18 Mb (Table 1). Of the assem-
bly sequence, 100% was assigned to 29 chromosomal-level  
scaffolds, representing 28 autosomes (numbered by sequence 
length), and the Z sex chromosome (Figure 2–Figure 5; Table 2).  
The assembly has a BUSCO v5.1.2 (Simão et al., 2015)  
completeness of 98.8% (single 98.5%, duplicated 0.3%) using 
the lepidoptera_odb10 reference set. While not fully phased, the 
assembly deposited is of one haplotype. Contigs corresponding  
to the second haplotype have also been deposited.

Methods
Sample acquisition and DNA extraction
A single male M. tiliae (ilMimTili1) was collected from Wytham 
Woods, Oxfordshire, UK (latitude 51.768, longitude -1.337) 

Table 1. Genome data for Mimas tiliae, ilMimTili1.1.

Project accession data

Assembly identifier ilMimTili1.1

Species Mimas tiliae

Specimen ilMimTili1

NCBI taxonomy ID NCBI:txid522848

BioProject PRJEB43536

BioSample ID SAMEA7520521

Isolate information Male, head/thorax/abdomen

Raw data accessions

PacificBiosciences SEQUEL I ERR6394585

10X Genomics Illumina ERR6054525-ERR6054528

Hi-C Illumina ERR6054524

Genome assembly

Assembly accession GCA_905332985.1

Accession of alternate haplotype GCA_905333085.1

Span (Mb) 478

Number of contigs 40

Contig N50 length (Mb) 17.8

Number of scaffolds 29

Scaffold N50 length (Mb) 17.9

Longest scaffold (Mb) 26.0

BUSCO* genome score C:98.8%[S:98.5%,D:0.3%], 
F:0.3%,M:0.8%,n:5286

*BUSCO scores based on the lepidoptera_odb10 BUSCO set using v5.1.2. 
C= complete [S= single copy, D=duplicated], F=fragmented, M=missing, 
n=number of orthologues in comparison. A full set of BUSCO scores is 
available at https://blobtoolkit.genomehubs.org/view/Mimas%20tiliae/
dataset/ilMimTili1_1/busco.

Figure 1. Image of the ilMimTili1 specimen taken during 
preservation and processing.
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by Douglas Boyes, UKCEH, using a light trap. The speci-
men was identified by the same individual and preserved on  
dry ice.

DNA was extracted at the Tree of Life laboratory, Wellcome 
Sanger Institute. The ilMimTili1 sample was weighed and  
dissected on dry ice with tissue set aside for Hi-C sequencing. 

Abdomen tissue was disrupted using a Nippi Powermasher 
fitted with a BioMasher pestle. Fragment size analysis of  
0.01-0.5 ng of DNA was then performed using an Agilent  
FemtoPulse. High molecular weight (HMW) DNA was extracted 
using the Qiagen MagAttract HMW DNA extraction kit. Low  
molecular weight DNA was removed from a 200-ng aliquot of 
extracted DNA using 0.8X AMpure XP purification kit prior 

Figure 2. Genome assembly of Mimas tiliae, ilMimTili1.1: metrics. The BlobToolKit Snailplot shows N50 metrics and BUSCO gene 
completeness. The main plot is divided into 1,000 size-ordered bins around the circumference with each bin representing 0.1% of the 
477,981,037 bp assembly. The distribution of chromosome lengths is shown in dark grey with the plot radius scaled to the longest 
chromosome present in the assembly (25,978,239 bp, shown in red). Orange and pale-orange arcs show the N50 and N90 chromosome 
lengths (17,899,878 and 11,870,120 bp), respectively. The pale grey spiral shows the cumulative chromosome count on a log scale with 
white scale lines showing successive orders of magnitude. The blue and pale-blue area around 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 lepidoptera_odb10 set is shown in the top right. An interactive version of this figure is available at https://blobtoolkit.genomehubs.
org/view/Mimas%20tiliae/dataset/ilMimTili1_1/snail.
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to 10X Chromium sequencing; a minimum of 50 ng DNA was 
submitted for 10X sequencing. HMW DNA was sheared into 
an average fragment size between 12-20 kb in a Megaruptor  
3 system with speed setting 30. Sheared DNA was purified by 
solid-phase reversible immobilisation using AMPure PB beads 
with a 1.8X ratio of beads to sample to remove the shorter frag-
ments and concentrate the DNA sample. The concentration of  
the sheared and purified DNA was assessed using a Nanodrop 

spectrophotometer and Qubit Fluorometer and Qubit dsDNA 
High Sensitivity Assay kit. Fragment size distribution was  
evaluated by running the sample on the FemtoPulse system.

Sequencing
Pacific Biosciences HiFi circular consensus and 10X Genom-
ics read cloud sequencing libraries were constructed according 
to the manufacturers’ instructions. Sequencing was performed  

Figure 3. Genome assembly of Mimas tiliae, ilMimTili1.1: GC coverage. BlobToolKit GC-coverage plot. Scaffolds are coloured by phylum. 
Circles are sized in proportion to scaffold length. Histograms show the distribution of scaffold length sum along each axis. An interactive 
version of this figure is available at https://blobtoolkit.genomehubs.org/view/Mimas%20tiliae/dataset/ilMimTili1_1/blob.
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by the Scientific Operations core at the Wellcome Sanger Insti-
tute on Pacific Biosciences SEQUEL II and Illumina HiSeq 
X instruments. Hi-C data were generated from head/thorax  
tissue using the Arima Hi-C+ kit and sequenced on  
HiSeq X.

Genome assembly
Assembly was carried out with Hifiasm (Cheng et al., 2021); 
haplotypic duplication was identified and removed with 
purge_dups (Guan et al., 2020). One round of polishing was  
performed by aligning 10X Genomics read data to the assem-
bly with longranger align, calling variants with freebayes  

(Garrison & Marth, 2012). The assembly was then scaffolded 
with Hi-C data (Rao et al., 2014) using SALSA2 (Ghurye  
et al., 2019). The assembly was checked for contamination 
and corrected using the gEVAL system (Chow et al., 2016) as 
described previously (Howe et al., 2021). Manual curation (Howe  
et al., 2021) was performed using gEVAL, HiGlass (Kerpedjiev 
et al., 2018) and Pretext. The mitochondrial genome was assem-
bled using MitoHiFi (Uliano-Silva et al., 2021) and annotated 
using MitoFinder (Allio et al., 2020). The genome was ana-
lysed and BUSCO scores generated within the BlobToolKit 
environment (Challis et al., 2020). Table 3 contains a list of all  
software tool versions used, where appropriate.

Figure 4. Genome assembly of Mimas tiliae, ilMimTili1.1: cumulative sequence. BlobToolKit cumulative sequence plot. The grey 
line shows cumulative length for all scaffolds. Coloured lines show cumulative lengths of scaffolds assigned to each phylum using the 
buscogenes taxrule. An interactive version of this figure is available at https://blobtoolkit.genomehubs.org/view/Mimas%20tiliae/dataset/
ilMimTili1_1/cumulative.
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Table 2. Chromosomal pseudomolecules in the 
genome assembly of Mimas tiliae, ilMimTili1.1.

ENA 
accession

Chromosome Size (Mb) GC%

HG995238.1 1 25.98 38.2

HG995240.1 2 21.59 37.9

HG995241.1 3 20.90 38

HG995242.1 4 20.30 38

HG995243.1 5 20.14 38

HG995244.1 6 19.20 37.9

HG995245.1 7 18.59 37.9

HG995246.1 8 18.42 38

HG995247.1 9 18.34 38.2

HG995248.1 10 18.23 38.1

HG995249.1 11 17.90 38.1

HG995250.1 12 17.80 37.7

HG995251.1 13 17.67 37.9

HG995252.1 14 17.29 38.1

Figure 5. Genome assembly of Mimas tiliae, ilMimTili1.1: Hi-C contact map. Hi-C contact map of the ilMimTili1.1 assembly, visualised 
in HiGlass. Chromosomes are given in order of size from left to right and top to bottom.

ENA 
accession

Chromosome Size (Mb) GC%

HG995253.1 15 17.06 37.9

HG995254.1 16 16.43 38.3

HG995255.1 17 16.25 38.1

HG995256.1 18 15.70 38.4

HG995257.1 19 15.64 38.4

HG995258.1 20 14.79 38.5

HG995259.1 21 14.46 38.6

HG995260.1 22 14.12 38.3

HG995261.1 23 11.87 39.2

HG995262.1 24 11.51 39.3

HG995263.1 25 11.37 38.9

HG995264.1 26 9.77 39.5

HG995265.1 27 7.02 39.6

HG995266.1 28 6.71 39.4

HG995239.1 Z 22.90 37.3

HG995267.1 MT 0.02 19.7
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Table 3. Software tools used.

Software tool Version Source

Hifiasm 0.12 Cheng et al., 2021

purge_dups 1.2.3 Guan et al., 2020

SALSA2 2.2 Ghurye et al., 2019

longranger align 2.2.2 https://support.10xgenomics.com/genome-exome/
software/pipelines/latest/advanced/other-pipelines

freebayes 1.3.1-17-gaa2ace8 Garrison & Marth, 2012

MitoHiFi 1.0 https://github.com/marcelauliano/MitoHiFi

gEVAL N/A Chow et al., 2016

HiGlass 1.11.6 Kerpedjiev et al., 2018

PretextView 0.1.x https://github.com/wtsi-hpag/PretextView

BlobToolKit 2.6.2 Challis et al., 2020

Ethics/compliance issues
The materials that have contributed to this genome note have 
been supplied by a Darwin Tree of Life Partner. The submission 
of materials by a Darwin Tree of Life Partner is subject to the  
Darwin Tree of Life Project Sampling Code of Practice. By 
agreeing with and signing up to the Sampling Code of Prac-
tice, the Darwin Tree of Life Partner agrees they will meet the  
legal and ethical requirements and standards set out within 
this document in respect of all samples acquired for, and sup-
plied to, the Darwin Tree of Life Project. Each transfer of  
samples is further undertaken according to a Research Col-
laboration Agreement or Material Transfer Agreement entered 
into by the Darwin Tree of Life Partner, Genome Research Lim-
ited (operating as the Wellcome Sanger Institute), and in some  
circumstances other Darwin Tree of Life collaborators.

Data availability
European Nucleotide Archive: Mimas tiliae (lime hawk-moth). 
Accession number PRJEB43536: https://www.ebi.ac.uk/ena/
browser/view/PRJEB43536.

The genome sequence is released openly for reuse. The M. 
tiliae genome sequencing initiative is part of the Darwin Tree 
of Life (DToL) project. All raw sequence data and the assembly  
have been deposited in INSDC databases. The genome will be 

annotated and presented through the Ensembl pipeline at the 
European Bioinformatics Institute. Raw data and assembly  
accession identifiers are reported in Table 1.

Author information
Members of the University of Oxford and Wytham Woods  
Genome Acquisition Lab are listed here: https://doi.org/10.5281/
zenodo.5746938.

Members of the Darwin Tree of Life Barcoding collective are  
listed here: https://doi.org/10.5281/zenodo.5744972.

Members of the Wellcome Sanger Institute Tree of Life  
programme are listed here: https://doi.org/10.5281/zen-
odo.5744840.

Members of Wellcome Sanger Institute Scientific Operations:  
DNA Pipelines collective are listed here: https://doi.org/10.5281/
zenodo.5746904.

Members of the Tree of Life Core Informatics collective are  
listed here: https://doi.org/10.5281/zenodo.5743293.

Members of the Darwin Tree of Life Consortium are listed  
here: https://doi.org/10.5281/zenodo.5638618.

References

	 Allio R, Schomaker-Bastos A, Romiguier J, et al.: MitoFinder: Efficient 
Automated Large-Scale Extraction of Mitogenomic Data in Target 
Enrichment Phylogenomics. Mol Ecol Resour. 2020; 20(4): 892–905.  
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Challis R, Richards E, Rajan J, et al.: BlobToolKit - Interactive Quality 
Assessment of Genome Assemblies. G3 (Bethesda). 2020; 10(4): 1361–74. 
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Cheng H, Concepcion GT, Feng X, et al.: Haplotype-Resolved de Novo 
Assembly Using Phased Assembly Graphs with Hifiasm. Nat Methods. 2021; 
18(2): 170–75.  
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Chow W, Brugger K, Caccamo M, et al.: gEVAL - a web-based browser for 
evaluating genome assemblies. Bioinformatics. 2016; 32(16): 2508–10. 
PubMed Abstract | Publisher Full Text | Free Full Text 

Page 8 of 12

Wellcome Open Research 2021, 6:357 Last updated: 28 FEB 2022

https://support.10xgenomics.com/genome-exome/software/pipelines/latest/advanced/other-pipelines
https://support.10xgenomics.com/genome-exome/software/pipelines/latest/advanced/other-pipelines
https://github.com/marcelauliano/MitoHiFi
https://github.com/wtsi-hpag/PretextView
https://www.darwintreeoflife.org/wp-content/uploads/2021/03/DToL-Sampling-Code-of-Practice.pdf
https://www.ebi.ac.uk/ena/browser/view/PRJEB43536
https://www.ebi.ac.uk/ena/browser/view/PRJEB43536
https://www.ebi.ac.uk/ena/browser/view/PRJEB43536
https://www.darwintreeoflife.org/
https://www.darwintreeoflife.org/
https://www.ensembl.org/
https://doi.org/10.5281/zenodo.5746938
https://doi.org/10.5281/zenodo.5746938
https://doi.org/10.5281/zenodo.5744972
https://doi.org/10.5281/zenodo.5744840
https://doi.org/10.5281/zenodo.5744840
https://doi.org/10.5281/zenodo.5746904
https://doi.org/10.5281/zenodo.5746904
https://doi.org/10.5281/zenodo.5743293
https://doi.org/10.5281/zenodo.5638618
http://www.ncbi.nlm.nih.gov/pubmed/32243090
http://dx.doi.org/10.1111/1755-0998.13160
http://www.ncbi.nlm.nih.gov/pmc/articles/7497042
http://www.ncbi.nlm.nih.gov/pubmed/32071071
http://dx.doi.org/10.1534/g3.119.400908
http://www.ncbi.nlm.nih.gov/pmc/articles/7144090
http://www.ncbi.nlm.nih.gov/pubmed/33526886
http://dx.doi.org/10.1038/s41592-020-01056-5
http://www.ncbi.nlm.nih.gov/pmc/articles/7961889
http://www.ncbi.nlm.nih.gov/pubmed/27153597
http://dx.doi.org/10.1093/bioinformatics/btw159
http://www.ncbi.nlm.nih.gov/pmc/articles/4978925


	 Garrison E, Marth G: Haplotype-Based Variant Detection from Short-Read 
Sequencing. 2012; arXiv: 1207.3907.  
Reference Source

	 Ghurye J, Rhie A, Walenz BP, et al.: Integrating Hi-C Links with Assembly Graphs 
for Chromosome-Scale Assembly. PLoS Comput Biol. 2019; 15(8): e1007273.  
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Guan D, McCarthy SA, Wood J, et al.: Identifying and Removing Haplotypic 
Duplication in Primary Genome Assemblies. Bioinformatics. 2020; 36(9): 
2896–98.  
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Howe K, Chow W, Collins J, et al.: Significantly Improving the Quality of 
Genome Assemblies through Curation. Gigascience. 2021; 10(1): giaa153. 
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Kerpedjiev P, Abdennur N, Lekschas F, et al.: HiGlass: Web-Based Visual 
Exploration and Analysis of Genome Interaction Maps. Genome Biol. 2018; 
19(1): 125.  
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Payne AP: Evidence for Breeding Lime Hawkmoth (Mimas Tiliae) in Glasgow, 
Scotland. Glasgow Naturalist. 2020; 27: (Part 2).  
Publisher Full Text 

	 Rao SSP, Huntley MH, Durand NC, et al.: A 3D Map of the Human Genome at 
Kilobase Resolution Reveals Principles of Chromatin Looping. Cell. 2014; 
159(7): 1665–80.  
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Sharman RJ, Moncrieff SJ, Lovell PG: Dissociating the Effect of Disruptive 
Colouration on Localisation and Identification of Camouflaged Targets.  
Sci Rep. 2018; 8(1): 6599.  
PubMed Abstract | Publisher Full Text | Free Full Text 

	 Simão FA, Waterhouse RM, Ioannidis P, et al.: BUSCO: Assessing Genome 
Assembly and Annotation Completeness with Single-Copy Orthologs. 
Bioinformatics. 2015; 31(19): 3210–12.  
PubMed Abstract | Publisher Full Text 

	 Stevens M, Cuthill IC, Alejandro Párraga C, et al.: The Effectiveness of 
Disruptive Coloration as a Concealment Strategy. Prog Brain Res. 2006; 155: 
49–64.  
PubMed Abstract | Publisher Full Text 

	 Uliano-Silva M, Nunes JGF, Krasheninnikova K, et al.: marcelauliano/MitoHiFi: 
mitohifi_v2.0. 2021.  
Publisher Full Text 

Page 9 of 12

Wellcome Open Research 2021, 6:357 Last updated: 28 FEB 2022

https://arxiv.org/abs/1207.3907v2
http://www.ncbi.nlm.nih.gov/pubmed/31433799
http://dx.doi.org/10.1371/journal.pcbi.1007273
http://www.ncbi.nlm.nih.gov/pmc/articles/6719893
http://www.ncbi.nlm.nih.gov/pubmed/31971576
http://dx.doi.org/10.1093/bioinformatics/btaa025
http://www.ncbi.nlm.nih.gov/pmc/articles/7203741
http://www.ncbi.nlm.nih.gov/pubmed/33420778
http://dx.doi.org/10.1093/gigascience/giaa153
http://www.ncbi.nlm.nih.gov/pmc/articles/7794651
http://www.ncbi.nlm.nih.gov/pubmed/30143029
http://dx.doi.org/10.1186/s13059-018-1486-1
http://www.ncbi.nlm.nih.gov/pmc/articles/6109259
http://dx.doi.org/10.37208/tgn27217
http://www.ncbi.nlm.nih.gov/pubmed/25497547
http://dx.doi.org/10.1016/j.cell.2014.11.021
http://www.ncbi.nlm.nih.gov/pmc/articles/5635824
http://www.ncbi.nlm.nih.gov/pubmed/29700366
http://dx.doi.org/10.1038/s41598-018-25014-6
http://www.ncbi.nlm.nih.gov/pmc/articles/5920097
http://www.ncbi.nlm.nih.gov/pubmed/26059717
http://dx.doi.org/10.1093/bioinformatics/btv351
http://www.ncbi.nlm.nih.gov/pubmed/17027379
http://dx.doi.org/10.1016/S0079-6123(06)55004-6
http://dx.doi.org/10.5281/zenodo.5205678


Open Peer Review
Current Peer Review Status:   

Version 1

Reviewer Report 14 February 2022

https://doi.org/10.21956/wellcomeopenres.19335.r47759

© 2022 Timp W et al. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Winston Timp   
Department of Biomedical Engineering, Johns Hopkins University, Baltimore, MD, USA 
Ariel Gershman  
Department of Molecular Biology and Genetics, Johns Hopkins University School of Medicine, 
Baltimore, MD, USA 

The authors present the work “The genome sequence of the lime hawk-moth, Mimas tiliae” where 
they assemble the genome of the lime hawk-moth. Overall, the genome assembly is very high 
quality and the authors did a great job presenting the assembly statistics in their figures. This is 
the first time this species has been assembled, therefore it is obvious that it is beneficial to the 
field to have such a high quality reference genome. I will note that it’s unfortunate that the 
authors used a male rather than female as that precludes an assembly of chrW - but in my mind 
that does not preclude publication in any way. 
 
My only comments to increase the impact of the study would be to: 

In the background section of the paper introduce why the genome of this species is 
valuable and what biological questions can now be answered.  
 

1. 

I would also suggest citation of karotyping and the expectation of the number of 
chromosomes (which matches the assembly of Traut et al. (20071)). 
 

2. 

Utilize the new assembly to answer specific phylogenetic questions by comparing this 
species to other lepidopterans.  
 

3. 

These suggestions are minor and the assembly quality is impressive, I recommend this 
manuscript for publication. 

4. 
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High-quality chromosome-level assembly of a widespread hawk-moth (collected in southern 
England), including all 29 chromosomes and the mitochondrial genome. This will prove useful for 
comparative genomics, phylogenetics, and studies of phenotypic variation and adaptation.

In Fig. 4 it's not clear why only 28, rather than 29, scaffolds are assigned to Arthropoda. 
 

○

It would be helpful to state explicitly if the absence of any mention of cobionts represents 
real absence or omission.

○
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