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Abstract

Project Psyche is a trans-national initiative to generate and study chromosome-level
reference genomes of all ca. 11,000 described species of Lepidoptera (butterflies and
moths) found in Europe. The Project Psyche community encompasses diverse researchers,
amateur lepidopterists, practitioners, and industry experts united by a common vision of the
importance of genomics for Lepidoptera. Lepidoptera are at the forefront of biodiversity
genomics with genomes for over 1,000 species already generated - the highest number
across all eukaryotic orders. Here, we outline how Project Psyche is generating and
harnessing these genomes. This pan-European catalogue of openly accessible lepidopteran
genomes will transform our understanding of evolution and ecology, inform conservation,
and foster advances in pest management.

Highlights

e Project Psyche aims to generate openly accessible, chromosome-level reference
genomes for all 11,000 species of Lepidoptera occurring in Europe, with 1,000
genomes already completed.

e This ambitious goal will be achieved by a decentralised network of collection and
sequencing hubs across Europe. Genome analysis will be conducted in a highly
collaborative and inclusive way.

e Thousands of lepidopteran genomes will propel diverse research areas including
comparative genomics, phylogenomics, molecular evolution and population
genomics.

e |Lepidoptera are key indicators of ecosystem health. Genomes will facilitate
monitoring and the conservation of Lepidoptera, which in turn will protect
ecosystems.

e |Lepidoptera include many species of economic and agricultural importance. The
genomes will fuel the development of more effective pest management strategies.

Introduction

With approximately 160,000 described species [1], Lepidoptera encompass ~10% of known
species. This mega-diversity is the product of over 230 million years of evolution [2—4], with
numerous species central to many vital ecological functions, including herbivory and
pollination. Lepidoptera comprise flagship species for conservation and the protection of
entire ecosystems [5]. Some species represent devastating agricultural, forestry and textile
pests [6,7]. Their spectacular phenotypic diversity, intimate interactions with host plants and
social insects, and cultural importance have fascinated researchers, hobbyists and the public
alike for centuries, making them ideal for citizen science and connecting society with nature.
This long-term interest in butterflies and moths has made them one of the best-studied
orders, with detailed knowledge of their taxonomy, life history, distribution, demography, and
ecology. The lepidopteran research community has been proactive in adopting genomics to
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understand the evolution and ecology of specific species, including the genetics of wing
patterns [8], the impacts of climate change [9], and the biology of migration [10]. Coupled
with citizen recordings and extensive long-term monitoring programs, genomes allow us to
gain unique insights into the drivers of ever faster insect declines and ecosystem changes
[11]. Moreover, many natural history collections, which encompass millions of Lepidoptera
specimens, are now being catalogued [12], offering opportunities for integrating insights from
museum collections with genomic studies.

Reference genomes are the foundation for all genomic studies. They unite
microevolutionary studies using short-read resequencing, RNA or epigenetics data that are
mapped to the reference genome, while providing connections to macroevolutionary
studies via phylogenomics and comparative genomics. Generating chromosomally-resolved,
high-quality genomes from the outset, rather than producing a larger number of cheaper,
low-quality genomes, provides broad, future-proof utility. Due to ongoing technological
advances and reduced sequencing costs, generating thousands of chromosome-level
genomes is now feasible. Indeed, the Earth Biogenome Project (EBP) aims to generate
reference genomes of all eukaryotic life on Earth [13]. This moonshot goal will be reached
through the collaborative efforts of many biodiversity genomics initiatives. Here we present
Project Psyche, an ambitious trans-national project to generate chromosome-level
reference genomes for all ca. 11,000 species of Lepidoptera occurring in Europe. The
project was named after the Greek goddess of the soul, Psyche, depicted with butterfly
wings. Project Psyche strives to make all reference genomes and analytic datasets openly
available and easily accessible to all. Through a decentralised workflow for genome
generation and analysis, together with early-career researcher training, Project Psyche
promotes equity in biodiversity genomics.

Lepidopteran genomes are often small (~500 Mb) and their holocentric chromosomes [14]
lack large, often difficult-to-assemble localised centromeric regions [15]. These features
permit a standardised, large-scale approach to genome assembly and analysis, enabling
cross-species comparisons with minimised methodological biases. Project Psyche also
benefits from the progress made by other large-scale biodiversity sequencing projects such
as the Darwin Tree of Life (DToL) project [16] and the European Reference Genome Atlas
(ERGA) [17], that have developed standardised, high-throughput methods for sequencing
biodiversity.

Generating chromosome-level reference genomes across an entire, highly diverse order
represents a paradigm change for biology. Reference genomes for all species of Lepidoptera
in Europe will enable the exploration of general principles in evolutionary biology and
ecology, and allow pressing societal challenges to be addressed. Here, we highlight how
Psyche genomes will deepen our understanding of the drivers of species and ecological
diversification, genome and co-biont evolution, and the evolutionary basis of adaptation. We
also discuss the potential of genomics for conservation and new solutions to societal
problems. Accelerating research in these areas is timely given the pressing threats of global
change and biodiversity loss.
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The importance of natural history and taxonomy

Sequencing high-quality genomes of all species of a diverse order across an entire continent
is a formidable endeavour involving collective efforts and careful planning (Box 1). Currently
11,665 species of Lepidoptera have been recorded in Europe [18], although their
systematics is a dynamic field of research, with revisions and descriptions of new species
being regularly published. Project Psyche fosters reciprocal knowledge exchange between
systematists and genomicists, as generating reference genomes relies on taxonomic
expertise to sample and identify specimens. Conversely, reference genomes, combined with
morphological and biogeographical data, help to resolve taxonomic uncertainties.

Due to the decline of taxonomists [19], the successful sampling of all Lepidoptera species in
Europe requires close engagement with amateur lepidopterists and their detailed knowledge
of local faunas, knowledge that is rarely documented in a formal way. Close collaboration
between taxonomists and genomicists can identify essential knowledge about phenotypic
and behavioural variation, which opens novel research directions. This includes resolving
taxonomic uncertainties, understanding host specialisation and elucidating
genotype-phenotype associations. Engagement with natural history museums and their
curators [20,21] provides further historical and contemporary data to complement field
observations and genomic data. Project Psyche strives to be open and inclusive,
encouraging new members, particularly from under-represented countries and regions (Box
1). While sequencing is Europe-focused, the genome users are global.

The rank abundance and distribution of Lepidoptera in Europe forms a continuum from
common species that are easy to identify and collect, to rare or localised species often
belonging to difficult species complexes, requiring specialised taxonomic knowledge and/or
barcoding for identification. Among the first 1,000 genomes, Project Psyche has covered
many of the easily identifiable and widespread taxa. Joint collecting trips will target regions
with high endemicity, such as the Balkans, the Iberian Peninsula, the Alps, and the
Mediterranean islands. Finally, challenging species complexes will be resolved in close
partnership with taxonomists, and complemented by population genomic studies to inform
species’ delimitation, and inform an updated European checklist.

Sequencing Lepidoptera at scale

Project Psyche is committed to ethical and sustainable sampling practices [17]. We use a
standardised methodology from sample collection to genome generation (DOI:
dx.doi.org/10.17504/protocols.io.yxmvmbk1bg3p/v1) (Figure 1), building on protocols
developed by the DToL project [22]. In brief, sampling aims for 1-5 females depending on
body size. Females are preferred because they are the heterogametic sex in Lepidoptera,
and thus allow the identification and assembly of all sex chromosomes. Collected specimens
are dissected on dry ice and snap-frozen in liquid nitrogen or -80°C freezers. Crucially,
specimens remain deep-frozen until DNA extraction. The continuity of the cold chain is
essential, although tests of alternative DNA preservation methods are underway (Box 2).
Typically, the head is used for long-range sequencing (currently Hi-C), the thorax for
long-read sequencing (currently Pacific Biosciences, PacBio) and the abdomen or another
individual for gene annotation using RNA sequencing [23] (Figure 1A). For some
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specimens, genitalia, or legs for DNA barcoding, may also be removed to confirm
identification. For small specimens, the entire body may be needed for a single type of
sequencing; hence several specimens are required. Wings provide voucher material that will
be stored at local natural history museums and their photos are made available on Biolmage
Archive (https://doi.org/10.6019/S-BIAD1504) [24]. Databases and online systems are used
to track sampling status with standardised metadata in real time. To facilitate coordinated
sample collections both within Psyche and with other biodiversity genomics projects, we
have developed a portal (https://psyche.tol.sanger.ac.uk/) that shows the status for each
species. Our species list is also integrated into the Genomes on a Tree (GoaT) database
(https://goat.genomehubs.org) [25], which is used to coordinate ongoing reference genome
sequencing efforts across many projects, to minimise duplication of genome sequencing.
GoaT also provides an estimate of the genome size, and thus the amount of sequencing
data needed, and the expected chromosome number for a given species. Currently, PacBio
sequencing is done to 25-30-fold coverage (>20 kb fragment lengths) and we generate 100
Gbp lllumina data for Hi-C.

We use quality assessments throughout the production pipeline to ensure adherence to
quality standards. Symbionts, parasites and other microbiota are frequently sequenced
alongside Lepidoptera [26,27]. Their genomes are assembled separately from the
lepidopteran mitochondrial and nuclear genome. Next, the nuclear genome is assembled
and scaffolded from the long-read and long-range (Hi-C) data (Figure 1B), using EBP
best-practice approaches. The high heterozygosity of lepidopteran genomes [28] allows
using new algorithms to separate the data into two haplotypes (whenever PacBio and Hi-C
data come from the same individual). These two haplotypes are manually curated, improving
scaffolding accuracy to produce a haplotype-phased chromosome-level assembly that meets
EBP standards ([29]; https://www.earthbiogenome.org/). This time-consuming manual task is
achieved at scale through decentralised curation of the genomes by Project Psyche
members across Europe, trained by the Wellcome Sanger Institute (WSI) curation team
(Box 2). Once complete, all components (both nuclear haplotypes, mitochondrial genome,
cobiont genomes, raw data), are submitted to the European Nucleotide Archive (ENA) [30].
In addition, DNA barcode sequences used to confirm specimen identification are uploaded to
the Barcode of Life Data Systems (BOLD) [31]. Each genome is announced to the
community through a Genome Note, which describes the genome and credits sample
collectors and genome curators through authorship
(https://wellcomeopenresearch.org/gateways/treeoflife/projectpsyche). Standardised
analytical resources are being generated for each genome and for sets of genomes (Figure
1C), including gene annotations, genome metrics, k-mer profiles, sequence alignments,
variant calls and repeat annotations. These resources are made publicly available and can
be interactively examined and compared (https://gap.cog.sanger.ac.uk: www.lepbase.org).
The development of these open resources is driven by the Project Psyche community to
ensure the resources meet researcher needs while facilitating collaborative science.

Strengthening the genomics community across Europe and beyond

Project Psyche has made rapid progress since launching in Summer 2023, having achieved
its first milestone of 1,000 assembled genomes and 2,000 species collected (Figure 2,
Supplementary Figure 1). Note, the number of genomes includes 512 species sequenced
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at the WSI as part of the DToL project. Similarly, species sequenced by Project Psyche also
contribute to the aims of other projects including ERGA and EBP. Currently, Lepidoptera are
the most extensively sequenced animal order (Figure 2A). Project Psyche is in its first of
three phases. Phase 1 aims to generate genomes for 2,000 species of Lepidoptera in
Europe. Specimens are collected through seven regional sample collection hubs across
Europe, and sequencing is carried out at the WSI, which is developing high-throughput and
low-input sequencing methods (Figure 2C). We also develop protocols and approaches to
support community growth and include more collectors and sequencing locations. In Phase
1, we strive to sample representatives of all 92 families and 27 superfamilies present in
Europe. In Phase 2, we aim to sequence an additional 5,000 species, including whole
ecosystem sampling for selected locations. In anticipation of this, Project Psyche has
recently established sub-hubs that serve as local collection points that contribute to a
regional collection hub (Box 2). For Phase 3, the ambition is to sequence most of the
remaining ca. 4,000 species while further increasing community participation. Genomes of
Lepidoptera from Europe generated by individual research groups can also be included
under the Project Psyche umbrella provided they fulfil EBP standards ([29];
https://www.earthbiogenome.org/). Project Psyche aims to develop genomics capacity
across Europe and beyond. This includes sharing of protocols and systems, training,
mentorship and collaborative grants. We envision that Project Psyche will motivate and
empower similar initiatives for other taxonomic groups and geographic regions.
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The scientific potential of 11,000 lepidopteran genomes

Lepidoptera are a powerful model for understanding genome evolution, the genetic basis of
phenotypic diversity, species richness, and the ecological dynamics of a mega-diverse clade.
By providing large-scale, standardised genomic resources, Project Psyche allows for the
extensive ecological, life history, phenological, and distributional understanding of
Lepidoptera to be integrated for insightful evolutionary inquiry. Crucially, thousands of
chromosome-level assemblies increase accuracy in detecting and determining genomic
changes (e.g. in gene content, transposable elements, or chromosomal rearrangements)
associated with phenotypic divergence over 230 million years of evolution. The assemblage
of lepidopteran species found in Europe constitutes ~7% of all lepidopteran species globally.
This non-random sampling of evolutionary diversity [1] highlights the need for similar
regional initiatives. Nonetheless, with representatives from the 92/136 families and 27/46
superfamilies that occur in Europe [18], the Project Psyche dataset is an unprecedented
resource for addressing evolutionary questions (Figure 2B).

Genome evolution

Large-scale genomic datasets allow the systematic study of chromosomal evolution across
Lepidoptera. Lepidoptera are known to vary dramatically in rates of karyotypic evolution,
which may have influenced diversification rates by generating reproductive isolation barriers.
For instance, most Lepidoptera have 30-31 chromosomes [32,33], which closely resemble
the inferred ancestral linkage groups known as Merian elements [34]. Most species have
experienced few chromosome fusions, while fissions are restricted to some genera.
However, several lineages have recently undergone extensive genomic rearrangements,
with or without dramatic changes in chromosome number [34]. Thousands of reference
genomes will enable detailed comparisons between close relatives that differ in their
genome structure (Figure 3A). This will shed light on the mechanistic basis and cause of
chromosome rearrangements, the evolutionary constraints on rearrangement [35], and the
effects of these chromosomal rearrangements on recombination, adaptation and speciation.

A key question is how holocentricity evolved in Lepidoptera and its sister order Trichoptera.
Characterisation of the holocentromere in the silk moth, Bombyx mori, found that a key
component of eukaryotic centromeres, CENP-A/CenH3, has been lost [36], while many
others are conserved [37]. A diverse set of reference genomes will reveal the evolutionary
dynamics of kinetochore composition, including the loss of CENP-A and possible loss of
other centromeric components. The holocentric architecture requires meiotic adaptations
such as restricted kinetochore activity during chromosome segregation [38,39], which affect
the recombination landscape and, in turn, shape the distribution of genes and repeats across
the genome. Thousands of genomes provide the foundations for characterising
recombination landscapes across the order, revealing the genomic correlates of
recombination rate variation.

W chromosomes are typically repeat-rich and historically were difficult to assemble.
However, assembly of W chromosomes is now routine thanks to high-quality long reads,
combined with long-range information and careful manual genome curation. The Project
Psyche data will also allow us to resolve the longstanding debate of how W chromosomes in
Lepidoptera arise [40]. Hypotheses include the emergence via the adoption of a B
chromosome, acquisition of a novel female-determining locus by another chromosome, or
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fusion of sex chromosomes with autosomes [41,42]. Current evidence suggests that W
chromosomes evolved multiple times independently in Lepidoptera, and were lost in some
species [41]. Indeed, sex chromosome-autosome fusions are the most frequent type of
inter-chromosomal rearrangement in Lepidoptera [34] and the resulting neo-sex
chromosomes can retain homology in regions derived from original autosomes [35,43,44].
As female Lepidoptera likely do not recombine [45], W chromosomes are expected to
degenerate over time. The availability of neo-sex chromosomes of various ages offers new
opportunities to investigate the temporal dynamics of W chromosome degeneration and the
consequences of Z-linked inheritance. Finally, W chromosome sequences will shed light on
their role in sex determination and the evolution of diverse primary sex-determining
mechanisms in Lepidoptera. More than one sex determination mechanism is known in
Lepidoptera [46], including a dominant W-linked female determiner in B. mori [47], sex
determination based on the Z chromosome to autosome ratio in Samia cynthia [48], and
zygosity-based sex determination in a hypervariable Z locus in Bicyclus anynana [49].

The chromosome conformation (Hi-C) data used to scaffold Psyche genomes also allows for
comparative analyses of genome organisation to include three-dimensional (3D)
chromatin architecture. The high conservation of linear genome organisation across many
lepidopteran species raises the question whether this conservation also applies to the 3D
chromatin structure. Conversely, in lineages that have undergone extensive genomic
rearrangements, it remains unclear whether changes in 3D genome organisation are a
consequence of, or a constraint upon, alterations in linear genome structure. The spatial
genome organisation of Lepidoptera is remarkable: Firstly, chromosome territoriality is
extremely pronounced with limited inter-chromosomal contacts (Figure 3B) [50,51].
Secondly, in addition to the active A and inactive B compartments described in various
invertebrates and vertebrates [52], B. mori chromosomes also fold into a third compartment,
S, with a unique contact pattern [50,51]. The Psyche dataset will allow the investigation of
whether strong territoriality and the S compartment are general characteristics of
Lepidoptera, and conservation of other levels of organisation including topologically
associating domains (TADs) (Figure 3C). Ultimately, this information will facilitate the
identification of the cellular mechanisms that underlie their formation, their functional
relevance, and whether these patterns are functionally linked to evolutionary patterns in the
linear genome.

Drivers of diversification in Lepidoptera

An outstanding question is how Lepidoptera became extremely species-rich and
phenotypically diverse. An exceptional burst of diversification occurred ~100-150 MYA,
where nearly all superfamilies in Ditrysia evolved, comprising 99% of all extant Lepidoptera
species [4,53]. This diversification roughly coincides with the origin of flowering plants [2,54],
although considerable temporal uncertainty remains. A broader diversity of reference
genomes will allow us to infer more accurately dated phylogenies, drawing upon both coding
and non-coding regions, (Figure 3D, 3E), accounting for topological variation due to
incomplete lineage sorting or introgression.

Why some lineages diversified much faster and more extensively than others remains an
open question [55]. Factors that may facilitate rapid speciation include high genetic variation
[56,57], chromosomal rearrangements [58], introgression [59], expansion of transposable
elements [60] and gene birth/death dynamics [61]. By comparing representative genomes
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from all Lepidoptera lineages in Europe that cover the spectrum of diversification rates, we
can disentangle factors unique to rapidly evolving taxa from slower clades. For instance,
introgression provided key genetic variation in many cases of rapid diversification [62], but it
is unknown if introgression is equally common among slowly speciating lineages. Similarly,
chromosomal rearrangements are thought to contribute to speciation through hybrid
dysfunction or recombination suppression [63—65], but this is yet to be systematically
investigated. Direct quantification of chromosomal rearrangement rates and comparisons
between conserved and rearranged genomes [66], will allow us to investigate whether all or
specific types of rearrangements generally impact diversification rates.

Molecular drivers of adaptation

Project Psyche will also fuel the study of the genetic basis of diverse adaptations. The
genomic basis of novel traits have been elucidated in select species. For example, gene
duplication enabled Pieridae to overcome the glucosinolate chemical defenses of their
Brassicales host plants [67,68], while transposable element insertions have been found
causing wing colour polymorphism in a wood tiger moth [69] and the peppered moth [70],
and alternative life-history strategies in a clouded yellow butterfly [71]. These genomic
changes can arise de novo, or through the exchange of genetic material. For example,
horizontal gene transfer led to venom production in asp caterpillars (Megalopygidae) [72],
whereas introgression facilitated pyrethroid insecticide resistance through gene flow from
resistant invading Helicoverpa armigera into the native pest species Helicoverpa zea in
Brazil [73]. With a large and densely sampled dataset of lepidopteran genomes, researchers
will be able to upscale these analyses and assess their generality (Figure 3G).

Lepidoptera in Europe display a huge range of life histories and phenologies, including
associations with ants in Lycaenidae, keratin feeding in Tineidae, and shifts between
nocturnal and diurnal activity in many groups. Reference genomes will empower researchers
to embark upon mechanistic investigations of numerous evolutionary novelties. Importantly,
these studies will benefit from standardised genome annotations for all species, which will
facilitate quantification of gene birth/death dynamics that minimise bias from heterogeneous
annotations [74], and references for mapping diverse transcriptomic data. By examining the
rate and mode of gene gain, duplication and loss (Figure 3H), and their consequences for
gene expression (Figure 3l), as well as shifts in selective pressures and recombination
acting on genes during these transition events, we can begin to disentangle the genetic
basis of adaptation and its evolution. Thousands of genomes, spanning a large range of
divergence times, also increases our power to test major theoretical predictions including the
repeatability of evolution at the genomic and phenotypic level [75,76]. For example, whether
higher divergence time among taxa experiencing similar selection, predicts a lower likelihood
of parallelism at the genetic level [77].

We lack a general understanding of how gene regulatory networks are structured and evolve
in Lepidoptera, beyond a small number of intensely studied gene regulatory networks, such
as those involved in wing colour patterning [78] and Hox genes [79]. Therefore, the extent to
which regulatory networks pose a constraint on the reorganisation of genetic material is
unknown. This is pertinent given the extremely high levels of conservation of gene order
[34,80] but low sequence similarity between non-coding regions [28]. Non-coding regions
can drive evolutionary novelty. For example, a long non-coding RNA generates a miRNA
that drives wing colour variation in butterflies [81-83]. Through denser sampling of species,


https://paperpile.com/c/ocgmDJ/jX0S
https://paperpile.com/c/ocgmDJ/OquR+BWW3+mkxd
https://paperpile.com/c/ocgmDJ/hytu
https://paperpile.com/c/ocgmDJ/cBNB+rNL5
https://paperpile.com/c/ocgmDJ/sGqW
https://paperpile.com/c/ocgmDJ/8msG
https://paperpile.com/c/ocgmDJ/mrBo
https://paperpile.com/c/ocgmDJ/Oiwo
https://paperpile.com/c/ocgmDJ/WFH4
https://paperpile.com/c/ocgmDJ/6uyT
https://paperpile.com/c/ocgmDJ/Onxt+EopN
https://paperpile.com/c/ocgmDJ/i2vJ
https://paperpile.com/c/ocgmDJ/WHHc
https://paperpile.com/c/ocgmDJ/54t1
https://paperpile.com/c/ocgmDJ/f1cO+lWOi
https://paperpile.com/c/ocgmDJ/2vEz
https://paperpile.com/c/ocgmDJ/ZrOd+uPJJ+q3GL

the evolutionary history of non-coding sequences can be traced at a finer scale, leading to
analyses of strong conservation associated with selective constraint and opening the door to
understanding their function. In addition, chromosome conformation data will enable the
investigation of whether regulatory rewiring, through changes in 3D architecture, contributes
to trait evolution [84—86] (Figure 3C).

Evolution of cobionts

Genome sequencing of wild specimens often provides information about their associated
microbiomes, endosymbionts, parasites, viruses, and other cobionts. Reference genomes
will fuel knowledge on the spectrum of cobionts associated with Lepidoptera. Wolbachia and
Spiroplasma are bacteria commonly found in Lepidoptera that can manipulate sex ratios and
cause cytoplasmic incompatibilities in their hosts [26,87,88]. The Project Psyche dataset will
enable patterns of cobiont presence and host switching events to be mapped across
Lepidoptera (Figure 3F), building on previous work that indicated limited co-evolution
between cobionts such as Wolbachia and their insect hosts [26]. This dataset will also
enable investigations into the complex interplay of viral and host evolution. For example,
Wolbachia can itself be parasitised by double-stranded DNA temperate bacteriophages [89].

Applications to conservation and society

There is an urgent need to understand and predict how, and how quickly, populations will
adapt to a changing environment, allowing the persistence of ecological communities [90].
This is an issue more tractable in Lepidoptera given detailed information on current and past
distributions, as well as biotic interactions and life histories. Additionally, Lepidoptera are
often used as important indicators of ecosystem health [5]. Genomics can provide insight
into the genomic bases of evolutionary responses to environmental change that may
increase ecological resilience [91]. Psyche genomes also provide a foundation for
understanding genetic diversity over time (Figure 3J). A powerful approach will be to
combine Psyche genomes with re-sequencing data from many individuals to trace genetic
diversity across regions and time, via museum collections (Figure 3K, Figure 3L). This
approach will be employed by projects including the European Lepidopteran Population
Genomics Consortium (LepEU; https://lepeu.github.io/). This will provide insights into
population sizes, connectivity, and local adaptation and inform conservation management
(Figure 3P) [92]. There is growing consideration of population structure and genetic diversity
in addition to taxonomic units in legislation (e.g. Convention of Biological Diversity), although
standardised genetic diversity assessments are yet to be developed [93]. Population
genomics will also enable the association of adaptive traits with genomic features, informing
captive breeding and genetic rescue efforts [94], as well as the identification of limits to
evolutionary rescue [95]. The dense genomic sampling will also permit studies of species
delimitation, including within cryptic species complexes [96,97], improving our
understanding of biodiversity at the continental scale [98] and inform conservation measures
(Figure 3Q). The use of environmental DNA metagenomics to monitor biodiversity is rapidly
growing in response to a greater appreciation of the value of ecosystem-oriented
conservation. This will benefit from a suite of reference genomes, allowing more accurate
tracking of patterns of species’ loss as their critical environmental limits are exceeded.
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Project Psyche genomes will also accelerate our ability to address societal challenges.
Lepidoptera have potential for biotechnology that can be enhanced with reference genomes,
as exemplified by the production of more extensible silk in the moth B. mori [99]. Additionally,
the Greater wax moth (Galleria mellonella) can degrade polyethylene, a prevalent form of
plastic [100] and is used as a model for immune responses against human pathogens [101]
(Figure 3N).

As well as critical sources of food security for many human societies [102], with potential for
domestication and commercial cultivation in future food economies, some Lepidoptera are
pests, causing high economic and societal costs. Genomes provide a powerful resource to
monitor outbreaks, investigate the genomic basis of invasiveness and harness this
understanding to provide solutions for pest management (Figure 3M). Traditionally,
broad-spectrum insecticides have been the main form of control. Reference genomes of pest
species and their close relatives enable deciphering the mechanisms of insecticide
resistance, sometimes acquired via introgression [73]. Artificial intelligence can search the
genomes for novel targets for highly specific insecticides. However, given the strong impact
of insecticides on biodiversity [103] and human health [104], an alternative approach is to
implement lower ecological impact strategies including biocontrol and agroecology,
benefitting from natural enemies of pests [105]. Likewise, microbiome and virome data
[106—108] and genomic insights into how co-bionts manipulate host fitness [109,110] are
opening new approaches to pest control. Another potential avenue for pest control facilitated
by genomes is gene drive [111], although this is not without risks [112]. Ultimately, Project
Psyche aims to work synergistically with policy makers to integrate genomics and the
ecological knowledge generated by the data into sustainable pest management (Figure 30).

Concluding remarks

The human reference genome underpinned a paradigm shift in our understanding of human
health and disease. Twenty-five years on from its draft assembly, the vast majority of species
on Earth are yet to have a reference genome. This limits our understanding of their ecology
and evolution, and how this genomic and phenotypic diversity contributes to the resilience of
ecosystems and their outputs. Project Psyche will provide reference genomes for 11,000
species of Lepidoptera and propel scientific discovery and novel solutions for major societal
challenges, including food production and biodiversity conservation (see Outstanding
Questions). Reference genomes from across this entire order, about which we already have
remarkable natural history and historical knowledge, will transform research, shifting
single-species foci towards understanding the general principles of evolutionary mechanisms
across all levels of genome organisation. We are already seeing Project Psyche inspire and
empower similar collaborative projects for other taxonomic groups and geographic areas.
This is central to achieving the overarching aim of the Earth Biogenome Project to sequence
all eukaryotic species. With the ever-improving approaches to utilise reference genomes with
methods including artificial intelligence, these reference genomes will provide a rich and vital
resource for the ecological and climate emergencies challenges of our era.
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Outstanding questions

e How generalisable are findings from previous genomic studies based on selected
single species or genera when thousands of genomes are studied?

e How and why do lineages differ in their species richness, rates of genomic
rearrangements and/or genetic diversity?

e What genomic features are associated with major evolutionary transitions, such as
changing between diurnal and nocturnal lifestyles, monophagous or polyphagous
feeding behaviours, or aquatic and terrestrial habitats? Studying many transitions will
reveal whether specific genomic features are repeatedly involved, and whether such
changes are reversible, or consistently rapid.

e How can genomics be integrated into a standardised framework of conservation
management, and what are the key parameters relevant to conservation that can be
obtained from genomics?

e What new approaches for sustainable pest management will be possible thanks to a
comprehensive catalogue of lepidopteran genomes in Europe? A key aim for pest
management is reducing the ecological impact, with more geographically and
taxonomically-restricted effects.

e What new discoveries in bioengineering will be facilitated by thousands of genomes?

Box 1: Inclusivity and Accessibility

The Psyche network currently has 184 members from 34 countries (Figure 2C). Inclusivity is
a cornerstone of our consortium, shaping how we generate and share knowledge in
lepidopteran genomics. Our commitment to open data ensures transparency and access to
genomic resources for diverse stakeholders, from scientists and funders to the public. To
minimise the need for restrictive publishing embargoes, we will foster collaboration and fair
data use agreements. We also have clear publication guidelines for using Project Psyche
genomes to recognise the efforts of the Project Psyche community in studies that are made
possible by these genomes (https://www.projectpsyche.org/participate/genome-analysis/).
During in-person meetings, considerations are made to ensure equitable attendance and
opportunities for socialising, together with accessibility of premises and caregiving
responsibilities, to support a representative and inclusive community. Finally, project outputs
will be openly shared and promoted through peer-reviewed articles, conferences, and media
outreach in multiple languages, highlighting scientific value and public investment returns.

Gender inclusivity is another key priority, given the traditionally male-dominated landscape of
entomology [113]. Although the current Psyche consortium is only 38.6% women, the project
has women in key leadership roles, and we actively promote inclusive leadership with
equitable decision-making and supportive work environments. These actions, aligned with
the EU Gender Equality Strategy [114], aim to improve publication and funding rates for
women and provide visible role models to inspire future generations. Public engagement
activities further amplify diverse voices within the project including early-career scientists.
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Equity also means addressing structural disparities across Europe. Partners in European
Widening Countries often face challenges in access to infrastructure, training, and funding
opportunities. These gaps are compounded by undervalued taxonomic expertise and
comparatively lower genomic literacy. We aspire to address this through tailored
capacity-building, including joint sampling events, mobility schemes and data hackathons.
The successful establishment of a COST action “10kLepGenomes” focused around Psyche
has released funding to support these collaborations and training opportunities, particularly
for early career researchers. We are building a “genome native” generation of researchers
who will be able to deploy genomic and genetic tools and approaches throughout their future
careers. By embedding inclusivity into our structure and research - from gender equity to
geographic balance and open knowledge sharing - we aim to build a collaborative model that
advances biodiversity genomics and fosters a good research culture.
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Box 2: Overcoming challenges

Project Psyche relies on the generosity of research teams across the continent, who
voluntarily contribute to the project. However, a large network of people with diverse
interests comes with the challenge of coordinating and maintaining momentum. To overcome
this challenge, Project Psyche uses many communication channels, including online
meetings, email, Discord, as well as in person meetings, to enable open communication and
broad input. Another challenge is encouraging long-term participation and ownership. We do
this through acknowledging contributions in diverse ways, including through publications and
community-awards (for example, genome curator of the month). Managing expectations is
also key. For example, not all collected specimens will be sequenced and timelines for
genome production are not always linear. The development of the Project Psyche portal
helps avoid duplication of collection efforts, and tracking of species through the genome
generation pipeline.

A major challenge is the need for a dynamic checklist of European Lepidoptera that is
generally accepted and implemented across sequencing databases. An updated checklist
will represent a key deliverable of Project Psyche. To extend the network of collaborators
and geographic areas, we are implementing further sub-hubs to temporarily store samples.
However, maintaining a cold chain for samples is not always possible, especially in remote
areas. We are working towards breaking the cold chain by developing new protocols that
relax this requirement.

Sequencing 11,000 species will require massive upscaling of processes. As the easiest
species to find and identify are sequenced, the remaining species will be challenging to
collect and identify. DNA barcoding and genital determination by taxonomists will become
crucial. It will also become necessary to develop protocols to extract and sequence small
amounts of DNA for extremely small specimens. Methods such as Picogram input
multimodal sequencing (PiMmS) [115] are promising avenues. Currently, the most
time-consuming step in genome assembly remains manual curation, limiting the rate of
genome generation. Alongside increasing numbers of trained curators, Project Psyche will
work with other biodiversity sequencing projects to develop automated tools for curation.
Another challenge is fully resolving highly repetitive genomic regions such as those on many
W chromosomes. Methods to extract and sequence very long DNA molecules (>150 kb)
using Oxford Nanopore technologies are being developed and are expected to help resolve
such difficulties.
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Glossary

B chromosomes: Non-essential chromosomes that are only found in some individuals in a
population or species. The number of B chromosome copies varies from none to several.

Chromosome-level reference genome: The majority of the genome is assembled into
scaffolds that represent entire chromosomes, with one scaffold per chromosome. These
genomes are highly complete and have high base-level accuracy.

Chromosome territory: The region of the nucleus that is preferentially occupied by a
chromosome during interphase of the cell cycle.

Cobionts: Organisms that live alongside the host such as contaminants, symbionts and
parasites.

Cryptic species complex: Two or more species that have been treated as the same
species, usually due to morphological similarity.

Contig: A sequence without gaps that is produced by assembling DNA reads.

DNA barcoding: An approach that enables identification of a biological specimen to a
species based on the sequencing of short, standard fragments of DNA.

Scaffold: A sequence composed of two or more contigs that are joined with gaps, e.g. by
evidence from Hi-C data or genetic linkage maps.

Heterogametic sex: The sex that has two different types of sex chromosomes. In most
mammals, males are heterogametic, carrying an X and a Y chromosome, while females are
homogametic, carrying two X chromosomes. In Lepidoptera, females tend to be the
heterogametic sex, typically carrying a Z and a W, whereas males have two Z
chromosomes. In some Lepidoptera species, there are multiple Z chromosomes and/or
multiple or no W chromosomes.

Haplotype: Physically linked genomic variants that were inherited together on the same
chromosome from a single parent.

Holocentric chromosomes: Chromosomes where centromere activity is distributed along
the entire length of the chromosome as opposed to monocentric chromosomes with a single
centromere.

Long read data: DNA sequence data with reads of kilobases in length, such as Pacific
Biosciences (PacBio) or Oxford Nanopore Technologies (ONT) reads. These are typically
used for the assembly of contigs during genome assembly.

Long-range data: DNA sequence data capturing long-range chromatin interactions within
the 3D structure of the nucleus, e.g. using Hi-C sequencing. DNA regions that are close to
each other in 3D space are cross-linked prior to preparing the DNA for sequencing.
Short-read sequencing (e.g. lllumina sequencing) then provides two reads that are from
physically close genomic regions. This data is typically used for assembling scaffolds and for
studying the 3D chromatin structure and gene interactions.
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Macroevolution: Patterns and processes above the species level and at a large temporal
scale. Typically investigated using tools from phylogenetics, comparative studies, or
modelling of traits or rates, such as diversification rates.

Microevolution: Changes in allele frequency within a population, species or closely related
set of species over short periods of time. Typically, using tools from population genetics.

Topologically associating domains (TADs): Regions of the genome where DNA
sequences within the domain physically interact with each other more frequently than with
sequences outside the domain. TADs are thought to influence gene regulation as regulatory
elements and their target genes are typically found within the same TAD. They can be
identified with long-range data such as Hi-C data.

Three-dimensional (3D) chromatin architecture: Spatial organisation of the complex of
DNA and its proteins (e.g. histones) within the nucleus. This 3D structure plays a crucial role
in regulating gene expression and other nuclear processes. It can be assessed with Hi-C
data.

European Widening Countries: European Union member states and countries associated
with the Horizon Europe Programme designated as well-performing (strengthening) or
under-performing (widening) in research and innovation indicators, generally characterised
by stronger research institutional frameworks and support (REA 2023).

17



A Sample collection and preservation

Long-range reads

R
“\',\!, Wﬁ

HHlHH\HH‘HH|IHI‘H\
m 1 2

B Genome assembly -‘,-"
DI ID) W) W) WD

Contigs

e | S E—

Haplotype 2 2 »
—

e e =
Long reads e e . E—
(e.g.PacBio) /3 &= /=24 ——= Initial assembly into two sets of contigs that
9. Pactio — — represent the two phased haplotypes

) O e /3

e W
Long-range reads R
(e.q. HI-C) [ L
L9 Ly Ay

Each set of contigs are independently
scaffolded using long-range reads
Long-range reads

i w & L] [ ] & bd_n 6 b4 »
[ ' RS e a N ™ 4 v 4 b

p sy DT EEED IDED ) D WD

Scaffolds Scaffolds
Scaffolds are manually curated
to produce chromosomes

Chromosome Joins made

Database submission of nuclear Publication of genome
genome + mitochondrion+ cobionts
Genome Note
Variant calls
European Nucleot\de Archive
. —
C Annotation of genomes —a—
T Chromosome —

Sequence features

=
:I EEI I:I RNA-seq reads Methylanon calls
D—:—D Gene model —> \ Q Q (P

Figure 1: The Project Psyche workflow: From catching Lepidoptera to annotated
reference genomes.

A. Lepidoptera are caught with traps or nets and photographed in a standardised way. For most
specimens the head is used for long-range (Hi-C) sequencing, the thorax for long-read (PacBio)
sequencing and the abdomen for RNA sequencing. The wings are stored in glassine envelopes.

B. PacBio reads are aligned against each other to reconstruct contiguous sequences (contigs) for
each haplotype separately. Hi-C reads are used to identify the set of contigs belonging to the same
haplotype. Because some regions are not sequenced well, e.g. repeat-rich regions, there are gaps
between contigs. Hi-C reads are used to bridge those gaps and join contigs in the right order and
orientation together into scaffolds. After manual curation, these scaffolds mostly represent entire
chromosomes.

C. Protein-coding genes in the genome are annotated using species-specific RNA sequencing
(RNA-seq) data and protein homology evidence. Standardised resources will also be generated for
each genome, including variant calls, annotation of sequence features such as transposable
elements, and 5mC methylation calls obtained from PacBio data. These annotations will all be
available in LepBase [116].
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Figure 2: Sequencing the diversity of Lepidoptera found in Europe.
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A. Comparison of the status of sequencing for Lepidoptera compared to the other orders within

Arthropoda. Showing the ten orders with the highest numbers of chromosome-level genomes. Data

derived from GoaT on 05.09.2025.

B. The tree shows family relationships between all families of Lepidoptera which have representatives

in Europe. The tree structure is adapted from [54,117]. The outer ring shows a stacked bar chart of

the number of species sequenced (dark pink) out of the total number per family in Europe (light pink).
The figure was generated using iToL (https://itol.embl.de/). Representative species are shown
alongside the phylogeny; Micropterix aruncella (Micropterigidae), Triodia sylvina (Hepialidae), Adela
croesella (Adelidae), Tinea trinotella (Tineidae), Yponomeuta malinellus (Yponomeutidae), Notocelia
uddmanniana (Tortricidae), Apatura iris (Nymphalidae), Zygaena filipendulae (Zygaenidae),

Recurvaria leucatella (Gelechiidae), Blastobasis adustella (Blastobasidae), Parapoynx stratiotata

(Crambidae), Thyatira batis (Drepanidae), Lymantria monacha (Erebidae).
C. Map of locations of sample collection hubs (yellow stars) and sequencing hubs (blue star).
Locations of member organisations that are part of the Project Psyche consortium are represented by

red circles. Note that there are also partners outside of Europe (Canada, Turkey, Georgia, Israel,

USA), some of which are not depicted.
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Figure 3: The potential of Psyche genomes to address evolutionary questions and

impact society.

A. Evolution of chromosome structure through fusions, fissions and inversions.

B. 3D genome, chromosome territories.

C. Compartments and topologically associated domains (TADs).

D. Time-calibrated species phylogeny.
E. Diversification rates over time of two lineages.

F. Discordance between phylogenies (e.g. horizontal gene transfer, cobionts, mitochondria,

hybridisation).

G. Gene duplication, loss, transfer, and gain of new regulatory elements.
H. Gene evolution/copy number variation in the context of a tree, and correlation with phenotypic

traits.

I. Gene expression across different conditions/states and association with phenotypic traits.

J. Population size changes over time in three lineages.

K. Tracking species range expansion or genetic connectivity across space.

L. Correlates of genetic diversity with traits such as range size.

M. Food security. Lepidoptera are an important source of food and protein which has potential for
expansion facilitated by genomics. In addition, genomics aids tracking and management of species of

Lepidoptera which are major agricultural pests.
N. Discovery of new compounds for biotechnology.

0. Integrating genomics with ecology and taxonomy will feed into knowledge dissemination to the

public and influence policy
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P. Genetic comparisons between populations, informing conservation units and species
re-introductions
Q. Conservation case studies, Large Blue and Apollo butterflies
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