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Thesis Abstract

Gene novelty is one of the mechanisms by which phenotypic novelty may arise and has
contributed to the animal diversity observed today. This thesis aims to advance our
understanding of evolutionary innovation arising from gene novelty through the integration
of multiple levels of analysis, incorporating genomic novelty, expression and morphological

function.

Chapter 2 explores and discusses the rationale for the development of a pipeline to identify
new genes, and how this requires modification when working with nodes spanning different
evolutionary timescales. Chapter 3 demonstrates that gene duplication and divergence are
the primary drivers of novel gene emergence and describes two examples of extensive
duplication within Lepidoptera, one of which was identified as a putative HGT named
‘Propellin’. Chapter 4 integrates these molecular insights with phenotypic evolution,
exploring how changes in gene expression may contribute to the morphological reduction of
T1 legs in Nymphalid butterflies, and how this may have resulted in the evolution of a
chemosensory function in these appendages. Chapter 5 extends this perspective across
Bilateria, specifically investigating novel genes which demonstrate tissue-specific enrichment

in gut, nerve cord / nervous system and muscle tissue.

Together, this research highlights the coordination between gene sequence innovation,
regulatory dynamics and morphological diversification, offering a comprehensive view of
how genomic and developmental processes may contribute to evolutionary novelty. Through
the combination of these multi-level analyses, this research offers both conceptual and
methodological advances, establishing a model for studying the molecular mechanisms
underlying trait evolution across diverse animal lineages, in the context of novel gene

evolution.
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Chapter 1: General Introduction

Genetic diversity is one of the factors that allow the variety of species to exist as observed
today, and new genes have been major contributors to the origin of adaptive evolutionary
novelties (Kaessmann 2010). Despite this being such a fundamental part of the diversity of
life, comparatively little is understood about how evolutionary new genes arise, where they
come from, whether they confer an adaptive benefit, and how this all relates to phenotypic
change. In this research, | explore the methods by which new genes arise, their functions
and how this relates to animal evolution. There are several major transitions in the tree of
life at which gene evolution can be studied, however this thesis investigates two:

Lepidoptera and Bilateria.

1.1 The explosion of animal diversity

The origin and evolution of life on Earth have been influenced by a combination of factors,
both environmental and biological (Kaessmann 2010). As the Earth has changed throughout
geological time, life has reflected this and resulted in increased species variety and
complexity as a response to a changing environment and either more favourable or more

challenging conditions for survival (Payne et al. 2020).
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1.1.1 Biological evolution and geological change go hand in hand

Biological evolution and geological change go hand in hand in understanding the
diversification of life on Earth (Herrera-Alsina et al. 2021). Studying fossils and their
corresponding layers of rock formation allows for the understanding of Earth at different
periods in historical time. It is also clear that geological events have contributed to the
evolution and extinction of species (Herrera-Alsina et al. 2021; Foster et al. 2023). Examples
of this include moving tectonic plates, changes in atmospheric composition and mass

extinction events (Grant et al. 2017).

The Earth’s crust and upper mantle comprise seven major tectonic plates and smaller minor
plates which are able to move independently (Stern and Gerya 2023). It is this movement
which resulted in the rearrangement of continents from the supercontinent Pangaea and
geological features such as volcanoes, mountains and earthquakes. This resulted in the
emergence of new environments and the isolation of species, thereby facilitating the

evolution of different species on different continents (Willen 2003; Stern 2016).

This movement also gave rise to the Earth’s early atmosphere. This was largely dominated by
volcanic gases such as carbon dioxide, water vapour, ammonia and methane, with little to no
oxygen (Zahnle et al. 2010). The oldest evidence of life on Earth are stromatolites which are
found in rocks approximately 3.5 billion years old (Noffke et al. 2013), however it is possible
that life began as early as 4.1 billion years ago (Bell et al. 2015). Stromatolites are round
sedimentary rock formations that were made by cyanobacteria which photosynthesised,

using sunlight and carbon dioxide from the atmosphere to chemically produce
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carbohydrates as a food source. As a waste product of this reaction, oxygen was formed and

resulted in an increased proportion of oxygen in the Earth’s atmosphere (Blaustein 2016).

This increased availability of oxygen in the Earth's atmosphere stimulated the evolution of
new species. An example of this is some bacteria acquiring the ability to use oxygen to digest
carbohydrates to release energy and produce carbon dioxide as a waste product
(respiration) (Peter Jurtshuk 1996). Around 2.3 billion years ago, the atmospheric oxygen
level reached ~2% and resulted in the formation of a layer of ozone in the stratosphere. This
allowed for the protection of life from solar radiation and hence facilitated the expansion of

life to what we know today (Takahashi and Ohnishi 2004).

A sudden disappearance of fossil records often represents large-scale extinction of biological
species and occur as a result of abrupt changes in the Earth. There have been at least five
major extinction events in the last 500 million years of the Earth, the most well-known
occurred 65 million years ago near the end of the Cretaceous and resulted in the extinction
of the non-avian dinosaurs (Brusatte et al. 2015). Extinction events can be beneficial for the
long-term evolution of life on earth, resulting in increased biodiversity and the evolution of
new adaptations as it can provide opportunities for new species to emerge and diversify by
clearing out existing species and freeing up ecological niches (Jablonski 2001). This is
observed following the extinction of non-avian dinosaurs, resulting in the diversification of

mammals from small rodent-like forms to the variety observed today (Upham et al. 2019).
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1.1.2 Evolution and diversification of life on Earth

The Ediacaran period occurred between 635 and 542 million years ago and marked the first
widespread appearance of complex multicellular organisms (Retallack 2013). This followed
the end of the snowball Earth glaciation event which resulted in the Ediacaran Evolutionary
Radiation (EER) and the emergence of diverse, soft-bodied organisms (Landing et al. 2018).
The snowball Earth was a period when the entire Earth was likely covered in a sheet of ice,
followed by rapid greenhouse warming resulting from a buildup of carbon dioxide over
multiple cycles. It is also hypothesised that the end of the snowball Earth provided nutrient-
rich conditions, resulting in a favourable environment for diversification of Ediacaran biota
(Agic et al. 2024). The fossils identified from the Ediacaran period are widely considered
evolutionary predecessors of the Cambrian explosion of marine animal phyla (Erwin et al.

2011).

The first widely accepted bilaterian fossil - an animal possessing bilateral symmetry - is Ikaria
warioota which is roughly 555 million years ago and dates to the Ediacaran period. /karia

warioota is a small (2-7mm length) worm-like organism which likely had burrowing habits. It
represents a link between the Ediacaran and the subsequent explosion of bilaterian diversity

observed during the Cambrian period (Evans et al. 2020).

Around 540 million years ago, during the early Cambrian period, the diversity of life
expanded through a “three-phased explosion” of animal body plans, episodic
biomineralization, pulsed change of generic diversity, body size variation and progressive

increase of ecosystem complexity which is collectively known as the Cambrian Explosion
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(Zhang and Shu 2021). Although this phenomenon does not have a single isolated cause, the
Cambrian Explosion could not have taken place without molecular evolution (Zhang and Shu
2021). The Cambrian Explosion was first noticed as a result of a palaeontological
phenomenon where there was a sudden emergence of the skeletal remains of diverse
animals in the lowest known fossiliferous rocks of the Cambrian, which was first noted by
William Buckland (Conway Morris 2000). During this period there was a rapid increase in the
diversity of bilaterian animals in particular. While the Ediacaran period marks the
emergence of early bilaterians, the Cambrian explosion (around 541 million years ago) saw a
rapid diversification of many major animal groups, including the development of most

bilaterian body plans (Zhang and Shu 2021).

Although it is considered as a more controversial hypothesis, it has also been proposed that
the diversification which occurred during the Cambrian may have taken place over a greater
period of evolutionary time and was therefore more gradual. It could therefore be suggested
that this was a “slow burn” evolution event rather than a “short fuse” as illustrated in Figure
1.1 (Conway Morris 2000). Despite this, most evidence points towards a rapid diversification

i.e. a Cambrian ‘explosion’ (Zhang and Shu 2021).
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Figure 1.1 — One (controversial) proposal for the dating of Cambrian and Ediacaran fossils
demonstrating a number of old “ghost” lineages. This evolutionary tree implies a “slow
burn” as opposed to a “short fuse” when considering the Cambrian diversification event,
which would have resulted in gradual diversification of organisms rather than the rapid
divergence as described in the Cambrian Explosion hypothesis (Royal Ontario Museum 2025).

1.2 Mechanisms of gene novelty

Diversification and adaptation are dependent on genetic change; however identifying
specific genes which result in phenotypic change can be difficult. Changes in existing genes
cannot explain all adaptive evolution and therefore it is likely that this can be at least partly
explained by gene number variation, gene duplications, and gene novelty in driving
evolution and adaptation. Whatever the mode of origin, novel genes likely reflect novel

biology as they will encode proteins with potentially distinct activity or function absent in

7
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the outgroup taxa. Although further mechanisms for phenotypic novelty will be discussed,

this thesis aims to focus on gene novelty in this context.

1.2.1 Gene duplication

Gene duplication occurs when a gene-containing region of DNA is altered such that a
descendent individual inherits more than one copy (Ohno 1970; Birchler and Yang 2022). This
could occur through recombination between misaligned homologous chromosomes causing
tandem duplication, retro-transposition from the insertion of an RNA transcript, whole
genome duplication resulting in ohnologues, replication slippage or accidental capture by a
selfish genetic element that undergoes copying (Hastings Philip and Rosenberg Susan 1998;
Suzuki David T et al. 2000; Zhang 2003; Eickbush and Jamburuthugoda 2008; Choudhuri 2014;
Qiao et al. 2018; Velicky et al. 2018). Occasionally one or more of the duplicate copies may
undergo radical sequence change, although it may retain a functional domain (Holland et al.
2017). In this case, the gene duplicate would have recognisable distant homologues but, by

the definition of novelty explored through this thesis, it has become a novel gene.

1.2.2 Gene duplication outcomes

Gene duplication usually results in one of three outcomes (Figure 1.2). Firstly, gene
duplication may result in sub-functionalisation (Birchler and Yang 2022). This is a neutral
mutation process and means that no new adaptations are formed and instead the function
of the original gene is distributed between the two duplicated paralogs. As a result, neither

gene can be lost but equally neither can possess novel functionality, however this does not
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mean that the function cannot be elaborated through this process (Ohno 1970; Conrad and
Antonarakis 2007; Sémon and Wolfe 2008). Secondly, gene duplication may result in
neofunctionalization. This is an adaptive mutation process where one of the gene copies
undergo mutation to develop a new function that did not exist within the ancestral gene,
while the second copy retains its original function present within the ancestral gene (Ohno
1970; Rastogi and Liberles 2005; Conrad and Antonarakis 2007; Kleinjan et al. 2008). Thirdly,
gene duplication may result in degeneration or gene loss. Neutral, beneficial and deleterious
mutations can be lost or spread through the population through genetic drift, while
selection may fix beneficial mutations. When the mutation is detrimental, it is unlikely to be

preserved (Lee and Lupski 2006).

EELE Gene with four
different functions
l Duplication
ENL N
iJ LN
Dlvergence
B B iJ I LN RNl N

XOMOI XD DXOXDXDA
Subfunctionalisation Neofunctionalisation Degeneration / gene loss

Figure 1.2 — Evolutionary fates of duplicate genes can result in one of three outcomes: sub-
functionalisation - a neutral mutation process of constructive neutral evolution and means that no
new adaptations are formed and instead the function of the original gene is distributed between the
two duplication paralogs. As a result the descendant duplicate genes split the original ancestral
functions between them meaning they are only able to perform some of the original functions, while
the ancestral gene was capable of performing all of the functions. Therefore neither gene can be lost
but equally neither can poses novel functionality. Neofunctionalization - where one of the gene
copies undergo mutation to develop a new function that did not exist within the ancestral gene, while
the second copy retains its original function present within the ancestral gene. Degeneration / gene
loss - this is where one copy is lost and is likely due to detrimental or lack of useful function.
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1.2.3 Transposable elements and gene shuffling

Transposable elements (TEs) are DNA sequences which can replicate themselves within a
genome, often translocating to new genomic locations (McClintock 1950). For example, DNA
transposons including terminal inverted repeat TEs and rolling-circle TEs (Helitrons) can
capture coding DNA from neighbouring genes and copy them to elsewhere in the genome.
This process can duplicate genes in the genome, which could then diverge in sequence, or
they can contribute to generate novel genes by copying exons which become fused to other
genes (Bourque et al. 2018; Catoni et al. 2019; Ma et al. 2023). Gene shuffling is the process
by which existing genes and genetic elements within the genome are recombined to create
novel genetic combinations which can result in the generation of novel genes or novel

functions (Meyer et al. 2013).

1.2.4 Horizontal gene transfer

Horizontal gene transfer (HGT) is probably an underappreciated mode by which novel genes
may arise in animals. It could be argued that HGT-derived genes are not ‘novel genes’ as
they also exist in the donor genome, or a progenitor gene does. In the context of functional
adaptation, however, they certainly give rise to novelty because an HGT event suddenly
introduces new protein-coding potential into an evolutionary lineage (Eyres et al. 2015;
Wybouw et al. 2016; Nowell et al. 2024). Furthermore, many HGT-derived genes seem to
undergo radical sequence change, presumably during adaptation to the new cellular and
physiological conditions (Barraclough 2015). For a horizontally transferred gene to be

incorporated into a eukaryotic genome, it must be integrated into the germ line to be
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transferred to offspring (Husnik and McCutcheon 2018). This could be achieved by exposure
to ectopic DNA within the reproductive tissues, or during early developmental stages which
include precursor cell lineages for the germ cells (Huang 2013). It is notable that some
intracellular bacteria have a close association with the germ line, for example Wolbachia in

arthropods (Kondo et al. 2002).

1.2.5 Genes arising ‘de novo’

Genes may also arise ‘de novo’, meaning they emerge from ancestrally non-protein coding
DNA sequence which may or may not be transcribed (Andersson et al. 2015). There is
evidence that some new genes have evolved from non-coding sequences in insects (Wu and
Zhang 2013). Examples include the Drosophila genes Goddard and Saturn required for male

fertility (Gubala et al. 2017).

1.2.6 Whole Genome duplication (Polyploidy)

Whole genome duplication (WGD) is the process by which a whole genome of a cell of an
organism is doubled. This means the doubling of coding regions, non-coding regions and
regulatory sequences, and results in the presence of an additional set of chromosomes
(Moriyama and Koshiba-Takeuchi 2018). This duplication results from errors in cell division
and is often considered to be an evolutionary ‘dead end’ (Van De Peer et al. 2017). Although
the number of duplications which occur and remain fixed are small, evidence suggests that
at least some evolutionarily successful lineages are derived from lineages which experienced

whole genome duplications. Major ancient WGD events occurred during the origins of
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vertebrates (Dehal and Boore 2005; Meyer and Van De Peer 2005) which were rapidly fixed
at population level and resulted in the evolution of novel genes over 500-600 million years.
Most WGD events have occurred in angiosperm lineages which were rapidly fixed, followed
by evolution of new genes over 150-200 million years (Soltis et al. 2009). In fungi there is

only evidence of one WGD (Scannell et al. 2007). In some instances therefore, WGD may be

advantageous to evolutionary success.

Further examples include rotifers, barnacles, land snails and slugs. Bdelloid rotifers have
likely undergone tetraploidisation followed by extensive gene loss (degenerate tetraploidy)
which may facilitate survival in habitats which often involve desiccation and rehydration
(Mark Welch et al. 2008). Barnacles have undergone a single WGD event which is
hypothesised to have assisted with adaptation to the stressful intertidal environment, such
as enrichment in the temperature stress pathway (Au et al. 2025). Similarly, slugs and land
snails have also undergone WGD which is hypothesised to have facilitated the development
of novel traits which have allowed their survival on land e.g. duplication of the HOX cluster
(McHale et al. 2025). In contrast, although a single research article implies that WGD has
taken place within the insects (Li et al. 2018), this has since been refuted (Nakatani and

McLysaght 2019; Roelofs et al. 2020).
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1.3 Further mechanisms for phenotypic novelty

Although this thesis will focus on gene novelty, it is important to acknowledge that this is not
the sole mechanism for phenotypic novelty. Further mechanisms include regulatory
mechanisms, developmental mechanisms, and ecological influences. All of the above can
also result in species evolution and diversity, and mechanisms are often interconnected, with
multiple mechanisms acting together to result in novelty within an organism (Bush et al.
2017). This section aims to outline these mechanisms and give examples of where they act

in the animal kingdom.

1.3.1 Regulatory Mechanisms

In this context, regulation refers to changes in location, timing and how genes are activated
to generate new traits without alteration in underlying coding sequence (Peter & Davidson,
2015). Examples of different regulatory mechanisms include cis/trans-regulation, promoters
and enhancers, microRNAs, piRNAs, epigenetic changes, DNA methylation and histone
modification. Regulatory changes may also be driven by co-option and repurposing existing

genes (Rebeiz et al. 2011).

Cis and trans-regulatory elements maintain gene expression (Signor and Nuzhdin 2018). Cis-
regulatory elements are DNA sequences in close proximity to a gene, such as promoters or
enhancers, and influence the expression of a gene. Trans-regulatory elements such as
transcription factors act on many genes (Hansen et al. 2024). Due to the direct, local impact

on single genes, cis-regulatory changes are typically linked to species-specific traits and
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morphological differences while trans-regulatory changes can globally influence multiple

genes and regulatory networks despite typically being more conserved (Hansen et al. 2024).

Cis-regulatory changes are often linked to species-specific traits and morphological
differences due to their direct and local impact on single genes, such as genetic variation on
a gene’s promoter or enhancer region, which has been linked to the emergence of novel
traits. An example of this is the reduction of pelvic fins in freshwater sticklebacks resulting
from deletion of a Pitx1 enhancer (Chan et al. 2009). Trans-regulatory changes contribute to
phenotypic novelty through globally influencing multiple genes and regulatory networks
which can lead to new developmental patterns or traits within an organism. Mutations in
trans-acting factors may be located anywhere across the genome and can affect downstream
target genes, leading to new gene expression patterns over time which can result in
phenotypic novelty (Signor and Nuzhdin 2018). An example of this is in Drosophila wing
patterning where trans regulatory elements bind to cis-regulatory elements related to
pigmentation genes, therefore resulting in the observation of new wing pigmentation

patterns (Hanly et al. 2019).

Promoters and enhancers are cis-regulatory DNA elements which share common features
such as transcription factor binding and histone modification, however differ slightly in their
function and location in which they act (Kim and Shiekhattar 2015). Promoters are DNA
sequences which are necessary for the initiation of transcription and are located at the start
of a gene. Mutations or changes in promoters can impact timing, location and quantity of
transcription which can lead to modification of existing traits or the emergence of new ones

(Ruiz-Narvaez 2013). Enhancers differ from this as they are located far away from the
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relevant gene and therefore regulate and activate transcription from a distance (Agrawal et
al. 2018). They act more like switches and bind to transcription factors to increase or
decrease gene expression and are typically less constrained than enhancers, which can result

in new gene expression patterns (Medina-Rivera et al. 2018).

MicroRNAs and piRNAs are examples of small noncoding RNAs (sncRNAs) which are involved
in regulatory mechanisms giving rise to phenotypic novelty. MicroRNAs are small, single-
stranded molecules which can block protein synthesis or cause the breakdown of messenger
RNA (mRNA). This results in destabilising of the target mRNA and the resulting gene silencing
of the target (O’Brien et al. 2018). MicroRNAs are therefore crucial for regulation of gene
expression and allow for rapid cellular response to environmental change, developmental
cues of disease states, allowing evolutionary adaptation and phenotypic plasticity (Huang et
al. 2024). PiRNAs form complexes with the piwi proteins of the Argonaute family and as a
result cause the silencing of transposable elements during the critical time of germ-line
development, therefore maintaining genome integrity (Wu and Zamore 2021). Despite this,
evolutionary gain and subsequent diversification of novel piRNA clusters can result in
modification of gene expression patterns or the silencing of new genomic elements,

therefore contributing to novel phenotypes (Grimson et al. 2008; Huang et al. 2024).

Phenotypic novelty may also be obtained without any alteration of the DNA sequence via
epigenetic changes. Modifications such as DNA methylation or histone modification may
lead to new expression patterns, while maintaining the original DNA sequence (Duncan et al.
2022). DNA methylation involves the addition of a methyl group to a cytosine. This chemical

modification influences transcriptional activity by blocking the binding of transcription
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factors and hence affecting transcriptional activity (Hanson and Liebl 2022). An example of
this is the variation in seasonal colour morphs in Siberian hamsters, resulting from variation
in extent of DNA methylation at the DIO3 gene in the hypothalamus as a response to shifts
in daylength (Husby 2020). This influences a lightening or darkening of coat colour in

response to seasonal change (Duncan et al. 2022).

Histone modifications include acetylation and methylation, which alter chromatin structure.
This directly impacts accessibility of genes for transcription, therefore regulating gene
expression (Shirvaliloo 2022). This is observed in D. melanogaster where the H3K27R
mutation prevents methylation of the histone H3 at Lysine 27, leading to an alteration in the
expression of key genes such as Ubx, Abd-B, Scr and en (Lavarone et al. 2019; Sankar et al.
2022). This results in homeotic transformations, i.e. where differentiated cells develop into
the wrong structure or body part and gives rise to new phenotypes (Yung et al. 2015).
Epigenetic changes often occur as a result of environmental change and are partly

responsible for phenotypic plasticity (Angers et al. 2020).

Co-option, often referred to as gene recruitment is the method by which pre-existing genetic
networks or regulatory sequences are recruited into a new regulatory system. Here, they
serve a novel function within an existing biological processes or pathway, which is often in a
different tissue or developmental context (Shirai et al. 2012; Liang 2024). This process often
results in the evolution of lineage specific traits (Xia et al. 2021). This can occur as a result of
environmental change such as the resulting response to acute stress, leading to evolutionary

change in populations of organisms (Eyck et al. 2019; Love and Wagner 2022). An example of
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this is when Drosophila melanogaster is exposed to brief heat shocks at a young age, which

can result in increased longevity and thermotolerance in adults (Le Bourg et al. 2001).

It is also possible for single genes to be repurposed for new functions, for example
crystallins. The ancestral proteins, which include small heat-shock proteins and By-crystallins
have gained new structural and functional properties such as high solubility, longevity and
stability which have allowed crystallins to become the primary structural components of the
eye lens (Slingsby et al. 2013). It is likely that this was a gradual process, occurring through
stepwise modification to gene promoters which were already expressed at low levels in the

lens (Cvekl et al. 2004).

1.3.2 Developmental mechanisms

Developmental mechanisms, in combination with genetic change, give rise to phenotypic
diversity (Nijhout 2025). This includes heterochrony, heterotopy, heterometry, heterotypy,
modularity and integration. The first four are mechanisms by which developmental
processes can be altered during evolution to result in changes in an organism’s form (Zhang
et al. 2014). Modularity involves the organisation of an organism into semi-independent
units and integration describes how each unit is constrained and influences others (Gilbert

2000; Hall and Hanken 2023).

Heterochrony can be described as the changes in timing of developmental events such as
paedomorphosis or peramorphosis. Paedomorphosis is the retention of juvenile traits in an

adult descendant, while peramorphosis is delayed maturation, resulting in the extension or
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overdevelopment beyond the ancestral adult form (McNamara 2012). An example of
paedomorphosis is the axolotl which is the juvenile form of the Mexican Salamander
Ambystoma mexicanum. It retains juvenile features such as external gills into its sexually
mature adult stage, allowing it to continue an aquatic lifestyle (De Groef et al. 2018). Other
salamanders undergo thyroid-hormone regulated metamorphosis to transition to a
terrestrial life, however a disruption in this process allows the axolotl to exploit aquatic
habitats (Crowner et al. 2019). Peramorphosis can be observed in the Irish Elk and it’s
resulting large antlers as a result of extended development during their growth and

maturation period (Moen et al. 1999; Mooi 2009).

Heterotopy occurs when there are spatial changes in where genes are expressed during
development, leading to new developmental pathways and resulting in the alteration of a
type or quality of a trait, often giving rise to new structures (A Dictionary of Biology. 2019a).
Heterotopy can be observed in the muscles of tetrapod forelimbs which can originate from

different segments of the early embryo (somites) (West-Eberhard 2003).

Heterometry can be defined as the change in quantity or level of gene product, and this
directly influences the scale or “amount” of a feature (Yanai et al. 2011). Heterometry can be
observed in the land snail Capaea nemoralis which can vary in the number of black bands
observed on its shell (Johansen et al. 2023). Heterometry is responsible for the number of
bands observed on an individual’s shell in this species as it influences the quantity of

expression of the supergene controlling shell traits (Gonzalez et al. 2019).
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Heterotypy is responsible for change in the type of gene products through regulatory genes
and coding mutations and can lead to the evolution of a novel structure or body part in an
organism (A Dictionary of Biology. 2019). One of the best examples of heterotypy is in the
Antennapedia mutant of Drosophila melanogaster where legs replace the antennae and in
Bithorax mutants where wings grow in the location of the halteres (Webster and Zelditch
2005). This occurs due to a mutation in the Antp gene and BX-C gene cluster respectively,
and results in the transformation of one segment into another (Bender et al. 1983; Emerald

and Cohen 2004).

The interaction between modularity and integration can influence phenotypic novelty
through the creation of developmental pathways which can facilitate rapid evolution or
generate diverse and novel structures (Zhang et al. 2014). This can be observed in the
evolution of flatfish cranial asymmetry which has resulted from coordinated changes in the
skull and the production of a novel and highly integrated trait which has allowed adaptation
to a new environment (Black and Berendzen 2020). Developmental studies have revealed
that this change takes place through a combination of thyroid hormone expression and
changes in swimming behaviour (Schreiber 2006). This innovation allowed for the
domination of the benthic aquatic habitat and the modularisation of his trait allowed for the
evolution of skull shape without impacting the remainder of the body plan (Evans et al.

2021).
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1.3.3 Ecological and Evolutionary influences

Ecological and evolutionary influences, in combination with genetic change may also be
considered as mechanisms for phenotypic novelty and include hybridisation, phenotypic
plasticity, niche construction and environmental feedback, and sexual selection (Sommer
2020). Ecological factors such as resource availability, climate and biotic interactions shape
these phenotypic novelties, while evolutionary processes such as natural selection refine

these traits over generations (Riley et al. 2023).

Hybridisation occurs when two species or populations of the same species crossbreed which
results in the mixing of genomes and can produce new trait combinations which are not
observed in either parent species or population (Stelkens et al. 2009). If these traits are
beneficial to the organism, they may become fixed over time (Atsumi et al. 2021). One of the
most well-studied examples of hybridisation is observed in the Galapagos Finches, where the
hybrid cross of two species has resulted in transgressive segregation on beak shape and size.
This novelty allowed these finches to feed on previously inaccessible sources of food and
contributed to their ecological success and formation of a new species (Grant and Grant

2008).

Phenotypic plasticity refers to the ability of an organism to vary its phenotype in response to
environmental conditions, without permanently fixing that trait and without modifying its
genotype (Sommer et al. 2017). The nematode Pristionchus pacificus exhibits feeding
plasticity in response to environmental factors such as starvation and crowding (Bento et al.

2010; Sommer et al. 2017). These nematodes are capable of expressing two different mouth
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phenotypes depending on whether they are under bacterial or predatory conditions to
maximise survival (Bento et al. 2010). This contributes to evolution through allowing the

selection of the most optimal phenotype, in response to environmental cues.

Niche construction is the process where organisms alter environmental states, directly
modifying the conditions that they and surrounding organisms experience and therefore
influencing the source of natural selection that acts upon them, which is known as
environmental feedback (Lala 2024). Beavers constructing a dam is an example of both of
these processes. The construction of a dam alters water flow and therefore results in the
formation of new aquatic habitats (Laland and O’Brien 2011). This in turn influences
biodiversity and selection pressures for the beaver and other organisms residing in these

habitats (Wright et al. 2002).

Finally, sexual selection occurs when new or unique traits evolve directly as a result of
providing a reproductive advantage in mate selection or competition, such as ornamentation
or specialised calls and do not occur due to environmental pressures or influence alone (Fox
et al. 2019). This is observed in male fiddler crabs in the family Ocypodidae, which have
evolved one enlarged “major” claw which has an ornamental function to attract females and
is used as a weapon when fighting against rival males (Swanson et al. 2013). This feature has
a high metabolic cost and a lower endurance capacity, however is still maintained as it is
favoured by females of the species and therefore increases the likelihood of mating (Allen

and Levinton 2007).
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1.4 Bilateria

Bilateria are a clade of animals which represent a major transition in the tree of life,
representing phenotypic novelty on a wide scale (Holland 1998). The Cambrian Explosion
involved a significant increase in ecosystem complexity coupled with rapid diversification
and the development of new behaviours such as burrowing and swimming (Holland 2015).
Bilateria are believed to have originated during the Ediacaran period, roughly 555 million
years ago (Evans et al. 2020). They are one of the five main lineages of animals and are
characterised by bilateral symmetry during embryonic development which is often
maintained into adulthood (Namigai et al. 2014). Genetic novelty is hypothesised to have

been a major driver in the phenotypic novelty observed within this lineage (Holland 2015).

1.4.1 Physiology

Bilateria are characterised by having bilateral symmetry as an embryo, which often
continues into adulthood. They have a front and rear end (anterior-posterior axis) and top
and bottom (dorsal-ventral axis) (Brusca and Shuster 2016). Bilateria also have a complete
digestive tract with a separate mouth and anus, and the presence of cephalisation resulting
from a concentration of sense organs such as eyes, ears and a brain at the anterior end of
the body (Minelli 2009). Additionally, the Bilateria possess muscle blocks which allow
crawling and burrowing in sediment, in addition to other forms of movement. In
combination with the above features, this allowed the bilateria to explore this changing

world in three dimensions (Holland 2015) (Figure 1.3).
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Figure 1.3 — Basic model of a bilaterian animal, demonstrating the presence of a complete digestive
tract with a separate mouth and anus, cephalisation, muscle blocks and bilateral symmetry

One such theory is that developmental genetic changes may have contributed to the rapid
emergence of bilaterian diversity of life observed during the Cambrian explosion. It has been
observed that ANTP-class homeobox genes increased in number in the bilaterian stem
lineage and earlier, resulting in the generation of a large array of ANTP class genes (Holland
2015). This includes three distinct gene clusters: NK, Hox and ParaHox. Evidence suggests
that NK genes are mainly involved in patterning the bilaterian mesoderm, Hox genes were
responsible for coding position along the central nervous system, and it is likely that
ParaHox genes originally specified the mouth, midgut and anus of the newly evolved
through-gut (Holland 2015). For this reason, it is implied that the diversification of the ANTP
class genes mentioned above were involved in the patterning systems which resulted in
animal bodies capable of high-energy directed locomotion, and therefore contributing to
the Cambrian Explosion (Holland 2015). However it should be noted that Homeobox genes
may play only one small part in the genetic change observed during this period. During the
Cambrian explosion, phenotypic evolution was ~4 times faster and molecular evolution was
~5.5 times faster in comparison to all subsequent parts of the Phanerozoic eon (Lee et al.
2013a). The Phanerozoic eon is the period during which abundant animal and plant life has

existed, covering 538.8 million years ago to the present (Cohen et al. 2013) .

23



University of Oxford Chapter 1 | A. E. Hoile (2025)

1.4.2 Phylogeny

There are multiple hypotheses on the placement of outgroups at the base of the Bilateria

(Li et al. 2021; Juravel et al. 2023) (Figure 1.4). The Phylum Xenacoelomorpha is an example
of this and consists of two sister groups: Xenoturbella and Acoelomorpha. Xenacoelomorpha
are marine worms which are characterised by bilateral symmetry, but an absence of other
common bilaterian features such as an anus, nephridia, and a circulatory system (Hejnol and
Pang 2016). There are two main debated locations for the Xenacoelomorpha: within the
deuterostomes and sister to Ambulacraria, or as a sister to the Nephrozoa (protostomes and

deuterostomes) (Kapli et al. 2021; Mulhair et al. 2022; Worsaae et al. 2023).

There are also debates surrounding the placement of non-bilaterian outgroups such as the
aquatic invertebrates Ctenophora, Cnidaria, Placozoa and Porifera (Li et al. 2021).
Ctenophora are commonly known as comb jellies and are the largest animals to swim with
the aid of cilia and exhibit bi-radial symmetry (Malakhov and Gantsevich 2022). The Cnidaria
are characterised by an un-centralised nervous system, which consists of a nerve net that is
distributed throughout a gelatinous body and the presence of cnidocytes for capture of prey.
They reproduce both sexually and asexually and this phylum includes jellyfish, hydroids, sea
anemones and corals (Schierwater and DeSalle 2021). Placozoa are often described as “The
simplest animals on earth”. They move along surfaces using a ciliary motion and consume
food by engulfment (Pennisi 2021). Porifera are commonly known as sea sponges and lack
true tissues or organs. They have a porous body structure and a network of internal

channels, used for water circulation, filter feeding and respiration (Wérheide et al. 2012).

24



University of Oxford Chapter 1 | A. E. Hoile (2025)

Although many variations of placement of these bilaterian outgroups exist (Figure 1.4),
currently the most supported placement is Cnidaria as a sister to Placozoa, these as a sister
clade to Bilateria, Ctenophora as sister to this and then Porifera. Another common iteration
is to transpose Ctenophora and Porifera, making Ctenophora the outmost outgroup (Jékely
et al. 2015). For the purpose of this thesis, in Chapter 5 | only focus on the placement of the
Xenacoelomorpha in the context of Bilaterian phylogeny. As the aim of this chapter is
exploration of gene novelty in the Bilateria, locations of these outgroups would not impact
gene novelty on the Bilaterian node, however it is still important to acknowledge that there

are many possible iterations of the Bilaterian tree and its outgroups.

Genome Gene Content Morphology

Cnidaria

Ambulacraria

Chordata

Lophotrochozoa

Ecdysozoa

Figure 1.4 - Representation of the variety of the placements of bilaterian outgroups on a
phylogenetic tree (Juravel et al. 2023).
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1.5 The Lepidoptera

The Order Lepidoptera (moths and butterflies) are another example of a major transition in
the tree of life. They form one of the largest insect radiations, comprising up to 10% of all
described animal species and are believed to have diversified in sync with angiosperms
which has facilitated their unique ecological roles as herbivores and pollinators (Kawahara et
al. 2019; Wright et al. 2024). They also serve as important indicators of environmental

change (Martay et al. 2016).

1.5.1 Physiology

Typically, Lepidoptera have bodies which are divided into a head, thorax and abdomen, have
wings and three pairs of legs attached to the thorax (Figure 1.5A). They also undergo
complete metamorphosis, meaning they go from egg to larva, pupa and finally adult (Powell

2009).

The word ‘Lepidoptera’ translates to ‘scale wing’ and refers to the small, modified scales
which overlap to comprise the wings of all organisms in this order (Navarro et al. 2017). In
addition to this, the majority of Lepidoptera lay terrestrial eggs, exhibit enhanced olfaction
through the development sophisticated olfactory structures such as Androconia scales in
males which attract females for mating, undergo metamorphosis and demonstrate
phytophagy in larvae, allowing them to be well adapted to the variety of niches they occupy
and allowing them to inhabit almost all terrestrial ecosystems (Li et al. 2024; Baral et al.

2025).
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Larvae of the earliest lepidopteran lineages likely fed on nonvascular land plants as ‘internal
feeders’ while adult forms had mandibulate chewing mouthparts which were likely used to
feed on pollen (Young and Montgomery 2020). This is observed in basal extant lepidopteran
species such as Micropterigidae (Erenler and Gillman 2010) (Figure 1.5B). The majority of
Lepidoptera have a tube-like proboscis which allows for nectar feeding and may have
resulted in the ability to colonise new niches through feeding on new plant food sources

(Reinwald et al. 2022) (Figure 1.5A).

Antennae

Mandibles

equally-sized
legs

Abdomen

Thorax

Figure 1.5 — Labelled diagrams of lepidopteran anatomy. A Example of a “typical”
lepidopteran e.g. Papilio machaon, demonstrating a proboscis for nectar feeding. B
Micropterix aruncella, representing more basal moths with mandibles used for pollen
feeding, and representing what the ancestral lepidopteran may have looked like.
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1.5.2 Phylogeny

Lepidopteran phylogeny is complex and undergoing constant revision (Kawahara et al. 2019).
Although the monophyly of Lepidoptera is well established, research to resolve relationships
within the Ditrysia (a major clade within the Lepidoptera) is still ongoing (Mitter et al. 2017).
The earliest ancestors of the Lepidoptera crown group appeared approximately 300mya
during the late Carboniferous period (Kawahara et al. 2019), however the oldest known
lepidopteran fossil Archaeolepis mane is only believed to be 190 million years old, while the
earliest evidence of scale wings dates to 201 million years old (Van Eldijk et al. 2018; Wang

et al. 2022).

1.6 The lepidopteran family Nymphalidae

The lepidopteran family Nymphalidae are also known as the brush footed butterflies due to
their unusual, reduced legs in the first thoracic segment (T1) (Hamm and Fordyce 2015). This
family is the largest butterfly family, comprising over 6,000 species which occupy a variety of
niches across the world (Wahlberg et al. 2009). The majority of nymphalid species have
brightly coloured forewings and dull hindwings which are believed to mimic dead leaves to

produce a cryptic effect for camouflage (Otak 2020).
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1.6.1 Morphological differences

The most notable defining characteristic of the Nymphalidae is their reduced T1 legs (Figure
1.6), a trait which is shared with one other taxonomic family within the Lepidoptera,
Riodinidae, which is believed to have evolved in parallel (Wolfe et al. 2011). What sets them
apart is the reduced forelegs are observed in both sexes of nymphalid butterflies, but
present only in male riodinids. This reduction in the prothoracic (T1) legs means that
nymphalids walk on the legs of the second (T2) and third (T3) thoracic segments only. This
loss of walking function in the T1 legs suggests that they may have acquired a new function

which is unique to the Nymphalidae (Wolfe et al. 2011).

In addition to their unique leg morphology, the nymphalid butterflies have additional
defining characteristics such as 12 veins on the forewing and tricarinate (three-ridged)
antennae in the adult form (Berry et al. 2008). Nymphalid larvae typically have hairs or

spines to deter predators (Mullen 2002).

Wings

Antennae

Palps

T1 legs

T3 legs

T2 legs Thorax

Figure 1.6 - Labelled diagram of Maniola jurtina as an example of a Nymphalid butterfly,
highlighting the presence of reduced T1 legs which distinguish Nymphalids from other
lepidopteran families.
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1.6.2 Hypotheses for the use of brush feet

Although true function of the T1 legs in the Nymphalids remains unclear, it is speculated that
T1 legs may have a role in sensory function. It is possible that labial palps and arthropod legs
have evolved from a common ancestral appendage type as they are considered to be serially
homologous structures (Panganiban et al. 1997; Hughes and Kaufman 2002). We know that
lepidopteran labial palps are involved in chemoreception and tactile sensing which guides
feeding behaviour (Myers 1969; Diiak et al. 2023). Furthermore, T1 legs are covered with
small, sensory hairs called sensillae which are known to be implicated in host plant
recognition and oviposition (Calvert and Hanson 1983; Baur et al. 1998). It has also been
demonstrated that T1 legs react differently to T2 and T3 legs when exposed to stimuli such
as sugar solution, a behaviour that is not observed in non-Nymphalid lepidopterans (Fox
1966). This evidence points toward a potential similarity of T1 legs to known sensory
functions such as the palps, or a novel sensory function which may be unique to the

Nymphalidae.

Female nymphalids have been known to ‘drum’ on host plant leaves as a taste-test. They
rapidly brush their T1 legs against the desired leaf’s surface to release plant sap (Briscoe et
al. 2013; Thiele et al. 2016). This is used as a means to sample the leaf’s chemical properties
through the sensillae and assess its suitability for egg laying by determining whether it will
be a good food source for offspring (Briscoe et al. 2013; Thiele et al. 2016). This again points

to the suggestion of a specialised function within the Nymphalid butterflies.
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1.6.3 Modes of feeding

Although most butterflies are nectar feeding, many adult nymphalid butterflies not only visit
flowers, but also feed on carrion, dung, fungi, tree sap or juices from decaying fruits (Krenn
et al. 2001). Morphometric studies have demonstrated that Nymphalidae have specialised a
proboscis, including variations in proboscis length, wall composition, structure of tip wall
and number of sensillae in comparison to other butterflies (Krenn et al. 2001). Among these
adaptations, Nymphalid butterflies also have a specialised valve at the entrance to the
sucking pump in the head which separates the counter current flow of nutrient fluid uptake
and discharge of saliva (Eberhard and Krenn 2005). The purpose of this valve is to control
liguid intake and saliva discharge and may assist with feeding modes of non-flower visiting
Nymphalids as fluid discharge from the proboscis tip can assist the feeding process, such as
extraction of amino acids from non-flower material (Penz and Krenn 2000; Knopp and Krenn
2003) and pollen (Krenn and Penz 1998; Estrada and Jiggins 2002; Young and Montgomery

2020).

It is possible that the function of T1 legs may have evolved in response to differing modes of
feeding within the Nymphalidae, as observed in the insect family Corixidae (water boatmen)
whose forelegs are modified into sensory scoop-like structures which assist with feeding on
algae and detritus and assist with discrimination between edible and inedible material

(Usinger 1956; Popham 1961; Nowinska et al. 2023).
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1.7 Project aims and contributions

The concept of gene novelty is complex and multi-faceted. In this thesis | define ‘novel
genes’ as protein-coding loci that are lineage-specific (i.e. taxonomically restricted genes),
without close homologues in other taxa. This definition can be considered pragmatic rather
than a mechanistic, as it is not always possible to determine the mechanism by which a
novel gene arose. Although there are multiple mechanisms giving rise to phenotypic novelty
across the animal tree of life, | focus on the emergence of gene novelty at different
evolutionary timescales, the functional roles of these new genes, how genomic environment
impacts the evolution of new genes and how these genes contribute to phenotypic variation

in the aforementioned species.

In this thesis, | determine a consistent strategy to better understand the origin, function and
importance of evolutionarily novel genes, and apply this to two big transitions in the tree of
life: the Lepidoptera and the Bilateria. Until now, high-quality data from species across the
animal tree of life has been limited. Data published by the Darwin Tree of Life project (DTol)
(Blaxter 2022) provides high-quality genome annotation data across a breadth of species,
allowing for new insights into the role of genetic novelty in the early evolution of the

Lepidoptera, Ditrysia, Nymphalidae and Bilateria.
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1.7.1 Chapter 2: Developing a methodology for identification of new genes arising at
metazoan nodes of interest

At present a universally agreed approach on how to identify, classify and define functions of
evolutionary novel genes does not exist. In this chapter, | establish the strategy used
throughout my thesis to identify gene novelty on nodes of interest in the tree of life,
determine the mechanism by which they arose, and downstream analyses to further
understand their putative function. | also discuss limitations such as overcoming genomes
annotated using different methods, defining and determining gene novelty and pitfalls

concerning the pipelines used.

1.7.2 Chapter 3: Gene novelty and gene family expansion in the early evolution of
Lepidoptera

Previous studies have either constructed deep-level phylogenies of Lepidoptera using a large
density of species but relatively few loci or have studied specific gene families in depth. In
this chapter | utilise the phylogenetically comprehensive dataset generated by the Darwin
Tree of Life Project (DTolL) to ask how many novel genes arise on the branch leading to
Lepidoptera and ask what proportion arose by gene duplication, horizontal gene transfer or
are entirely novel to the Lepidoptera. | also describe examples of new genes which were

retained and duplicated further in all lepidopteran species, suggesting putative functions.
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1.7.3 Chapter 4: Gene expression in the reduced first thoracic legs of a nymphalid butterfly

Previous studies have suggested that the reduced T1 legs of Nymphalid butterflies may have
chemosensory functions. In this chapter | investigate whether nymphalid T1 legs
transcriptomically resemble T2 and T3 legs (waking legs). | also ask whether nymphalid T1
legs have transcriptomic similarity or overlap to labial palps in nymphalids, thereby testing if
they have co-opting biochemical or physiological characteristic of palps. Finally, | ask
whether any transcriptomic expression differences between T1 and walking legs were
related to whether this had arisen through genetic novelty originating during nymphalid

evolution; for example, whether new genes had evolved specifically for roles in the T1 legs.

1.7.4 Chapter 5: Functional enrichment and gene novelty in bilaterian-specific tissues

Previous studies have investigated evolutionary novelty at the Bilaterian node of interest
across a high number of species or have studied tissue-specific expression across smaller
subsets of phyla within the Bilateria. In this chapter | utilise the phylogenetically
comprehensive dataset generated by the Darwin Tree of Life Project (DToL); to ask how
many novel genes arise on the Bilateria node using two different constrained tree
topologies. | also ask which genes are enriched in Bilateria-specific tissues: namely gut,
nervous system, and muscle, using a broader sampling of species across Bilateria and

suggest a putative function and mode of origin
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Chapter 2: Identification of new genes
arising at metazoan nodes of interest

2.1 Abstract

Genetic diversity is partly responsible for the diversity of life observed today, with other
factors such as environmental pressures contributing to this. Despite this, the understanding
of the origin, function, and importance of evolutionary novel genes is currently limited,
primarily due to the lack of available high-quality data from closely related species. This
project used bioinformatic and laboratory methods to utilise the data published by the
Darwin Tree of Life project (DToL) to further understand how the above factors relate to

animal evolution and phenotype.

This project focussed specifically on species within the Lepidoptera and Bilateria. This was
done using a large and phylogenetically comprehensive dataset of high-quality genomes to
determine how new genes emerge at different evolutionary timescales, the functional roles
of these new genes, how genomic environment impacts the evolution of new genes and
how these genes contribute to phenotypic variation in aforementioned species. At present a
universally agreed approach on how to identify, classify and define functions of evolutionary
novel genes does not exist. This chapter therefore aims to define a consistent strategy to
conduct analysis and discuss any arising limitations such as overcoming genomes annotated
using different methods, defining and determining gene novelty, depths of nodes in

evolutionary time and pitfalls concerning the pipelines used.
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2.2 Introduction

Gene novelty and divergence are highly important for the evolution and adaptation of
species observed today. In this context, the term ‘novel’ refers to protein-coding loci that are
lineage-specific (i.e., taxonomically restricted genes), without close homologues in other
taxa and may arise de-novo from non-coding DNA (Hoile et al. 2025). Divergence may also
occur from duplication followed by divergence, horizontal gene transfer or transposable
elements. It is possible that gene ‘novelty’ may give rise to proteins with distinct activity,
function or expression patterns not observed in outgroup taxa. Determining the
phylogenetic relationships between these genes is therefore integral to understanding the
genetic diversity observed in extant species today. Unsurprisingly, a vast number of software
tools have been developed to understand such a concept. This thesis utilises two of these

tools: OrthoFinder (Emms and Kelly 2019) and GenEra (Barrera-Redondo et al. 2023).

OrthoFinder is considered the “most accurate orthology inference method available based
on testing on community standard benchmarks” (Emms and Kelly 2019). OrthoFinder utilises
an input of amino acid sequences of the protein-coding genes for species of interest. Using
this it generates an unrooted tree for each orthogroup, which are rooted using a generated
rooted species tree. An orthogroup is defined as the set of genes from multiple species
descended from a single gene in the last common ancestor (LCA) of “that set of species and
is the smallest set of genes such that, for all genes it contains, the orthologs of these genes
are also in the same set” (Emms and Kelly 2019). The generation of orthogroups is useful for
understanding gene novelty within groups of species e.g. the Lepidoptera and allows for

greater comparability of genes. Defining orthogroups allows for more effective data analyses
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and comparison across species and taxa, while considering gene families in their entirety
provides greater biological context for interpreting results. For example, gene families may
have shared function, while orthogroups are defined by shared evolutionary ancestry

inferred from sequence similarity alone.

GenEra analyses the emergence of taxonomically restricted genes using a phylostratigraphy
approach, annotating a given gene’s likely maximum age based on shared homology in other
species in context of a species tree. “This gene-family founder inference method aims to
accurately infer gene ages using a small number of species of interest compared with the
entire NCBI non-redundant (nr) database of all available sequences in the tree of life”
(Barrera-Redondo et al. 2023). Genes identified using this method can also be referenced
against the orthogroups identified through OrthoFinder analyses to further understand

evolution across multiple species or taxa.

It is also important to acknowledge that it is possible that genes which duplicate and
undergo extensive divergence may be placed in different orthogroups due to such a high
degree of divergence in sequence. In this instance, the orthogroups would not contain the
set of genes from multiple species descended from a single gene in the last common
ancestor (LCA) of that set of species. This over-splitting can sometimes infer novelty at a
node where this has not truly occurred and instead should exist in an orthogroup containing

outgroup species belonging to more ancestral nodes.

In addition to the methods used to infer novelty within the taxa of interest, it was also

important to develop a method to determine a mode of origin for each gene or orthogroups
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identified. This chapter therefore gives an overview of the protocol developed and adapted
through subsequent chapters to identify ‘novel’ genes, understand their mode of origin and
infer further information about their function, expression and structure. Specimens were
collected for RNA sequencing where sequence availability was limited for specific tissues, as
described in the methods section. RNA data provides an additional layer of confidence that a
gene we find through bioinformatics is real and also provides clues into its potential function

by assessing its expression patterns (i.e. tissue or life stage-specific expression).

2.2.1 Aims:

e Define gene novelty in the context of this project.

e Utilise OrthoFinder and GenEra to develop a method to infer novelty.

e Develop a pipeline to overcome differences in annotation method between genomes
at “shallow” nodes in evolutionary time e.g. order-level and at “deeper” nodes in
evolutionary time.

e Define a consistent strategy to identify, classify and define functions of evolutionary

novel genes.
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2.3 Materials and methods

2.3.1 Specimen collection

Specimen collection was conducted at two sites within the Oxford area to obtain Micropterix
aruncella (White-barred Gold), Parage aegeria (Speckled Wood) and Maniola jurtina
(Meadow Brown) specimens for RNA extraction. Specimens were stored at -70 °C freezer

and dissected on dry ice whilst frozen.

Micropterix aruncella (Micropterigidae) collection

15 Micropterix spp. samples were collected from Bagley Wood on 01-06-23 from three sites
within the wood. Specimens were collected by sweeping through vegetation such as
buttercups and brambles using small butterfly nets. Beating sheets were also used under

hawthorn trees (UK grid reference SP511023).

Parage aegeria (Nymphalidae) collection
P. aegeria (Speckled wood butterfly) were collected using butterfly nets on 07-07-23 and
10-08-23 at Wytham woods (UK grid reference SP 468085). Five and seven specimens were

collected on each date respectively.

Maniola jurtina (Nymphalidae) collection
33 female and 18 male Maniola jurtina (Meadow Brown) individuals were collected using
butterfly nets between 05-07-24 and 22-08-24 at Wytham Woods, Oxford (UK grid reference

SP 468085) and dissected as described in Chapter 4.
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2.3.2 DNA Barcoding Protocol

It was not possible to identify female Micropterix species with 100% confidence from
appearance alone and therefore DNA barcoding was required to clarify this. The barcoding
was conducted as described in “DNA Barcoding Protocol for use with insects” (appendix).
Micropterix specimens were dissected under a microscope on dry ice to ensure that the
specimen remained frozen throughout. Dissection proceeded by removing wings and then
placing the abdomen into one Eppendorf tube, the head into a second Eppendorf and

combined thorax and legs into a third Eppendorf (Figure 2.1).

Following dissection, a DNA extraction was conducted on either the abdomen, head or
combined thorax and legs of female Micropterix to determine the specific species of
Micropterix. The tissue used to barcode each Micropterix specimen can be seen in Figure
2.1. The DNA extraction was conducted using ZymoResearch Quick-DNA insect DNA
extraction kit. Originally, PCR amplification was conducted using LepF1-T1M13 and LepR1-
T1RM13 primers, however this did not appear specific enough to the Micropterix sequence
and instead produced a hit of Rickettsia. As a result, new primers were designed which were

more specific to Micropterix aruncella and used the sequences:

Forward:
TATAATATTTAGAATATTAATTCGAATTGA
Reverse:

AAAGATGTATTTAAATTACGATCTGTTAAT
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To ensure that PCR was successful, amplified DNA was run on a 1% agarose gel. Successful
DNA extractions (with an approximate size of 800bp) were extracted from the gel using a UV
light box and scalpel. DNA was purified using a QlAquick gel extraction kit and following the
relevant protocol within the kit. DNA was eluted in 10pl of ultrapure water. Samples were

sequenced by Source BioScience using the Sanger Sequencing pathway for PCR products.

2.3.3 RNA Extraction Protocol

Once all Micropterix DNA barcoded samples were determined to be Micropterix aruncella,
samples underwent RNA extraction. P. aegeria and M. jurtina samples were identified from
appearance and therefore did not require DNA barcoding. Further tissues were dissected for
P. aegeria and M. jurtina as these were more likely to undergo RNA sequencing successfully
in comparison to smaller M. aruncella tissues. P. aegeria samples were dissected into eight
tissue types: head, palps, front legs, remaining legs, thorax, abdomen, gonads, and wings,
while M. jurtina tissues were dissected into four tissue types: palps, T1, T2 and T3 legs. RNA
was extracted from all species using RNeasy Plus Micro kit and the supplied protocol. Tissues
from samples were pooled to obtain a greater concentration of RNA for each tissue type and

eluted in 15ul of ultrapure water.

RNA sequencing was performed on M. aruncella and P. aegeria tissues using lllumina
NovaSeq platform (Genewiz / Azenta), at a coverage of 10M paired end 150bp reads per
sample. RNA sequencing was performed on M. jurtina replicates using the lllumina NovaSeq
X Plus Series (PE150) Sequencing System (Novogene), at a coverage of 20M paired-end

150bp reads per sample.

41



University of Oxford Chapter 2 | A. E. Hoile (2025)

Figure 2.1 — Micropterix aruncella dissection protocol. A Whole female M. aruncella
specimen B Dissected female M. aruncella specimen with head removed and separated
thorax and abdomen. C M. aruncella female head. D M. aruncella female abdomen (top) and
Malpighian tubules. E M. aruncella female ovaries dissected from abdomen. F M. aruncella
male genitals. G lllustration of M. aruncella dissection into three tissues: 1 — head, 2 — legs
and thorax, 3 — abdomen.
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2.3.4 Computational analysis

OrthoFinder

Proteome data were obtained from Ensembl Rapid Release http://rapid.ensembl.org
(accessed between October 2023 and August 2024 for all analyses); these proteome
predictions are based on the Ensembl genebuild annotation pipeline. Primary transcripts
were obtained from the predicted proteome data and OrthoFinder v2.3.14 was run to
determine orthogroups within the dataset for both Lepidoptera sp analyses and OrthoFinder
v3.0.1b1 was used for Bilateria analyses (Emms and Kelly 2019). To relate these to a species
tree, amino acid sequences from single copy orthologues from the OrthoFinder output, and
present in all species were aligned using MAFFT v7.505 (Katoh and Standley 2013), trimmed
using trimAl v1.4.rev15 build (Capella-Gutiérrez et al. 2009), concatenated with PhyKIT
(Steenwyk et al. 2021) and the concatenated alignment used to generate a species tree
using IQ-TREE version 2.0-rc1 (Minh et al. 2020). Orthogroups gained on nodes of interest
were extracted using Orthoparser (github.com/PeterMulhair/ortho_parser). To test further
whether orthogroups specific to Lepidoptera were present in outgroups but missing from
predicted proteomes, and to identify gene mode of origin, an additional pipeline was

developed (Figure 2.2).
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Figure 2.2 — OrthoFinder analysis pipeline demonstrating required inputs and downstream
analysis to further understand potential function of orthogroups / genes of interest. This
constitutes three main pathways. Firstly is using RNAseq tissue specific expression data to
determine expression patterns. If replicates are available this can also be used for a
differential gene expression analysis. Secondly, a python script can be used to generate gene
copy number for orthogroups of interest to determine whether there are duplication patterns
within specific groups e.g. Nymphalid butterflies. Lastly, BLAST and Pfam can be used to
annotate genes to give further information regarding their function. Sequence data can also
be used to determine synteny and generate 3D models to determine structural homology.
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GenEra

GenEra is a method which can estimate gene-family founder events which uses genomic
phylostratigraphy (Domazet-LoSo et al. 2007). In this thesis GenEra was utilised for nodes in
deep time such as the Bilateria, in combination with OrthoFinder. HOGs are sets or groups of
genes which have descended from a single common ancestor within a taxonomic range of
interest (Altenhoff et al. 2013). Hierarchical orthogroups (HOGs) were obtained for the
bilaterian node as HOGs can distinguish whether a gene family expansion may have taken
place before or after the emergence of the Bilateria, whereas just using orthogroups may
group paralogs together which would result in a lack of clarity as to whether a gene may be
Bilateria-wide or lineage specific within the Bilateria (Zhou et al. 2020). Additionally, HOGs
typically handle gene loss more effectively in comparison to regular orthogroups, aiming not
to overspilt orthogroups when losses occur (Waterhouse et al. 2012). This therefore means
that HOGs typically provide better clarity across multiple evolutionary depths, reducing the
error and stabilizing inferences at deep time. This is less likely to occur on “shallower” nodes
and therefore using orthogroups alone is sufficient for these analyses, as observed in the

case of the Lepidoptera node.

For the same reasons as above, using the pipeline developed in Figure 2.4 would not be

suitable for deep node analyses and therefore GenEra was used to assist in determining the

mode of origin of HOGs of interest within the Bilateria analysis (Figure 2.3).
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Figure 2.3 — GenEra analysis pipeline and required inputs to determine the origination date
for gene families / hierarchical orthogroups (HOGs) of interest. This can be used to infer the
mode of origin of a HOG of interest for deeper nodes such as the bilaterian node.
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2.4 Results and discussion

2.4.1 Development of a pipeline to identify gene mode of origin

Originally, synteny analyses were conducted by hand on the Lepidoptera dataset to
determine the most appropriate methods. First, the ID of the gene of interest from the
relevant orthogroup was obtained from the OrthoFinder output. This gene ID was entered
into Ensembl Rapid Release for the relevant species. From the results of this search,
chromosome number, location and amino acid size of the gene was noted. Two “marker
genes” either side of the gene of interest which had an identifiable domain (four in total)
were selected and noted. Amino acid sequences from the orthogroup gene of interest, plus
four marker genes were used in BLAST searches against the genomes of the Lepidoptera
species: Danaus plexippus, Papilio machaon, Tinea trinotella and Micropterix aruncella, plus
outgroup arthropod species Limnephilus lunatus, Limnephilus marmoratus, Limnephilus
rhombicus, Glyphotaelius pellucidus, Bibio marci, Drosophila melanogaster, Adalia
bipunctata and Vespula vulgaris. Information from BLAST results was used to generate
synteny diagrams and determine if the gene of interest was one of four classes: 1. Arising
from a gene duplication event / fast evolving gene 2. Not a novel Lepidopteran gene 3.

Possible horizontal gene transfer 4. Novel Lepidopteran gene.

This was later developed into a decision tree-style Python script to automate the process
and reduce analysis time (Figure 2.4). This pipeline began by conducting a BLASTp search of
the genes in the orthogroups at the node of origin against all lepidopteran and chosen
outgroup Ensembl Genebuild genomes. If a hit is identified, this suggests that this gene has

arisen via gene duplication, or that this is a fast-evolving gene. This can be further clarified
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by using all the genes in the search subject’s orthogroups and outgroups to build a synteny
map and gene tree. If no hits are identified within the selected Ensembl Genebuild genomes,
there are two possible outcomes. Any genes which did not have a hit were then BLASTed
against BRAKER (Augustus-Gaius) annotated genomes of selected outgroups. In the case of
the Lepidoptera, four Trichoptera species were used. If hits were found to these genomes,
then genes were excluded from further analysis and not deemed to be novel to the
lepidopteran lineage. If no hits were identified in BRAKER-annotated genomes, genes were
BLASTed against all genomes available in the tree of life. If a hit was found in a distantly
related species e.g. fungi or bacteria, this is a potential horizontal gene transfer (HGT) event

and further analyses should be conducted. If no hits were found this is deemed to be a novel

BLAST each gene from
every orthogroup against
lepidopteran and outgroup
genomes

HI'II/ NIO HIT

Subject does not overlap
Ensembl Genebuild gene in

gene, unique to Lepidoptera.

Subject overlaps Ensembl
Genebuild gene in

orthogroup el
l Check if subject overlaps
a BRAKER annotated
Gene duplication event gene
or fast evolving gene
l HIT / \NO HIT
This is not a novel BLAST subjects against
Use all genes in subjects’ lepidopteran gene all genomes available
orthogroups and outgroups in the tree of life
to build a synteny map and

gene tree HIT/ \NO HIT

Possible HGT This is a novel gene

Build synteny maps and
gene trees of lepidopteran
genomes and genome from
hit in tree of life

Figure 2.4 — Gene origin pipeline which leads to four potential outcomes. Genes of interest are used in
BLASTp analysis against Lepidopteran and close outgroup Ensembl Genebuild genomes. If a hit is
identified this gene has arisen from gene duplication or is a fast-evolving gene. If no hit is observed a
BLASTp search is conducted against BRAKER (Augustus-Gaius) annotated genomes for closely related
outgroups. If a hit is observed, the gene of interest is excluded from further analysis. If no hit is observed,
the gene of interest is used in a BLASTp search against all genomes in the tree of life. If a hit is observed in
a distantly related species e.g. bacteria or fungi, this is a potential horizontal gene transfer (HGT) event
and further analysis is required to confirm this. Finally, if no hit is observed, this is deemed a novel
lepidopteran gene.
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2.4.2 Removal of potential artifact genes increases confidence in ‘novel’ gene discovery

Gene copy number was calculated for every orthogroup originating on the desired nodes of
interest throughout this project. Figure 2.5 shows the Lepidoptera node plotted against a
phylogenetic tree as an example. Gene copy number was separated into categories of
1,2,3,4,5 or more than 5 copies (Figure 2.5A and C). It was clear from Figure 2.5A that a large
number of orthogroups had genes present in a small number of relatively distantly related
Lepidoptera species. This raised concern that some of these results may be noise as a result
of incorrectly grouped proteins due to spurious homology. This is because a genuine
orthogroup would be expected to contain genes in a number of closely related species
rather than scattered through a number of distantly related individuals. As a result, an
occupancy graph of number of species present in each orthogroup was created (counting
each species with the gene present only once, therefore discounting more than one gene
copy present). From this graph, a 75% cutoff was applied, meaning that if fewer than 75% of
all Lepidopteran species used in this analysis were present in a given orthogroup, it would be
excluded from the final gene copy number plot (Figure 2.5B). To give an idea of the extent of
this cutoff threshold, of the initial 184 orthogroups identified at this node, 87 were included
following application of the 75% cutoff. Although there is a risk of excluding true novel
orthogroups, this threshold value ensures a high degree of confidence that all genes that

meet the threshold are true novel orthogroups, excluding noise and spurious homologies.

In the Bilateria dataset, a more relaxed cutoff was used due to the extensive gene loss which
has occurred across the Bilateria (Guijarro-Clarke et al. 2020). As a result, genes from a given

orthogroup would only need to be present in 25% of Bilaterian species and present in both
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Amphioxus and Octopus to be considered a real HOG. These species were selected due to

the availability of RNAseq data which was used in subsequent analyses in Chapter 5.
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Figure 2.5 — Demonstration of filtering step employed to reduce the likelihood of identified
orthogroups arising from spurious homology. A gene copy number heatmap of all orthogroups at the
Lepidoptera node and phylogenetic tree (184). Orthogroups on the right-hand side of the figure have
genes present in minimal species and are likely arising from noise. B Occupancy plot of number of
species which have a gene present from a specific orthogroup, showing 75% cutoff. C Gene copy
number heatmap post filtering for the 75% cutoff level leaving 87 orthogroups remaining. Legend
denotes number of genes present in a given species.
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2.4.3 Gene identification protocol assists in novel gene identification and potential
functions

The following protocol has been developed and adapted throughout each of the subsequent
results chapters in this thesis (Figure 2.6). All analyses (Lepidoptera and Bilateria) began with
identification of species of interest within the taxon studied, usually to ensure a strong
representation of phyla or families (depending on the breadth of species in the study).
Where possible, genomes, protein and gtf files were downloaded from Ensembl rapid
release, and if not possible, these were obtained from NCBI. RNAseq data was either

downloaded from NCBI SRA or generated in the laboratory.

Initially, only the OrthoFinder pipeline was used to identify novel genes, however the GenEra
pipeline was also used in the Bilateria analysis (Chapter 5). Both OrthoFinder and GenEra
pipelines were run as described in the methods above. For analysis on the Lepidoptera and
subsequent internal nodes, genes were then run through the gene origin pipeline as

described in Figure 2.4.

Alongside this, RNAseq data was obtained from NCBI SRA. Where this was not possible,
specimens were collected and upon successful identification, dissections were completed on
dry ice, RNA was extracted, and sequencing was conducted to generate tissue-specific
expression data. This allows for creation of expression matrices and differential gene

expression analyses.
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In addition to evaluating expression data, gene copy number was calculated for relevant
orthogroups, in addition to annotation using Pfam (Finn, et al., 2014) and BLAST, synteny
analyses and 3D modelling to understand features of genes of interest, with the aim of
understanding more about the function and importance of these genes. Figures including
phylogenetic trees and heatmaps generated in R used ggtree (Yu, et al., 2016), ggplot2
(Wickham, 2016), and Pheatmap (Kolda, 2019), Chromosome plots were created using
Rldeogram (Hao, et al., 2020) and were edited using Affinity Designer 2 (Affinity, 2024) (used

for data in Chapters 3,4 and 5).
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Figure 2.6 — Overall gene identification protocol involving laboratory and specimen collection
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generate data to conduct downstream analyses to further understand the features, and
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2.5 Conclusions

The overall aim of this chapter was to define a consistent strategy to identify, classify and
define functions of evolutionary novel genes. Analyses have revealed that genes which
duplicate and undergo extensive divergence are often placed in different orthogroups,
meaning they do not always contain a set of genes from multiple species descended from a

single gene in the last common ancestor (LCA) of that set of species.

With this knowledge in mind, a pipeline was developed to categorise novel genes into one of
three categories: novel, arising from duplication or horizontal gene transfer. Additionally, it
utilised BRAKER annotated genomes of outgroup species to avoid falsely determining genes
present in outgroups as novel genes. This allows for overcoming of genomes which are
annotated in different ways. Duplication novelty was identified within the Lepidoptera
dataset used to refine this strategy. For this reason, duplication and divergence is used as a
classification of gene novelty within this analysis. Due to the depth of the Bilaterian node,
GenEra was used to assist in determining the mode of origin of gene families rather than

using the developed pipeline.

From conducting an occupancy analysis, it is possible that false homologues may exist in
orthogroups containing genes present in a small number of distantly related species, likely
arising from poor annotation or truncated sequences. To overcome this, a cutoff threshold
may be applied (where a specific percentage of species used in the analysis must be present
to determine a true orthogroup). Additionally, focusing on genes in high copy number which

are present in many species (as in Chapter 3) can also be used to overcome this.
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This chapter therefore presents a strategy used in subsequent chapters which encompasses
the identification of new genes, methods to determine mode of origin and downstream
analyses to investigate functional analysis. It is also apparent that variation in the depth of
nodes investigated and the evolutionary time period which they encompass requires
variations in the approaches used to ensure the most appropriate prediction possible. As
discussed, the methods are not without limitations, however allow for analysis which

encompasses gene novelty.

55



University of Oxford Chapter 2 | A. E. Hoile (2025)

Appendix

DNA BARCODING PROTOCOL (cytochrome oxidase subunit I); for use with insects*.
Prepared by Michat Jezierski.

N — number of DNA samples

SAFETY PRECAUTIONS: Wear lab coat, gloves and protective glasses at all times. Take special

care during agarose gel preparation (see below).

MATERIALS:

DNA extraction*: use ZymoResearch Quick-DNA insect DNA extraction kit:

3 x N collection tube (provided with kit) or 1.5 mL microcentrifuge tube

e 1x N 1.5 mL microcentrifuge tube — not part of the kit

e ZymoResearch (ZR) Bashing Bead Tubes (1 x N)

e Zymo-Spin IIF filter (1 x N)

e Zymo-Spin IC column (1 x N)

e ZR Bashing Buffer (store at room T); 750 ulL per reaction

e ZR Genomic Lysis Buffer (store at room T; no 2-mercaptoethanol necessary); 1.2 mL
per reaction

e 7R Pre-Wash Buffer (store at room T); 200 ulL per reaction

e ZR gDNA Wash Buffer (store at room T); 500 ul per reaction

e ZR DNA elution buffer (store at room T); 20-30 ul per reaction

56



University of Oxford Chapter 2 | A. E. Hoile (2025)

PCR: 15 ul reactions (with DNA sample):
e GoTag Green Buffer 5x (store at -20C)
e 10 mM dNTPs mix; 1.7 — 2.0 uL per reaction (store at -20 C)
e 10 uM primer solutions: LepF1/R1 or LepF1/R1-M13; 1 uL of each per reaction (store
at -20C). Primer sequences at end of this document.
e molecular biology grade water
e approx. 0.05 uL of GoTaq polymerase per reaction (store at -20C)
e clean 1.5 mL tube (for master mix)

¢ clean PCR tube (one per reaction) + lids

Example volumes with 1 ul of DNA sample:

REAGENT 1 x 15 ul reaction = 14 uL 10 x 15 ul reaction = 140 uL

\Water 7 ulL 70 ulL

5x GoTaq Green

3 ul 30 ul
Buffer
10 uM Primers 1 uL of each primer =2 uL 10 x 1 uL of each primer =20 uL
10 mM dNTP mix |2 uL 20 uL
GoTaq 0.05 ul (negligible volume) 0.5 ul (negligible)
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Thermocycler programme:

START
e 94.0 Cfor 60 seconds -94.0 C for 30 seconds
e 94.0Cfor 30 seconds -54.0 C for 40 seconds x 35

e 50.0Cfor40seconds x5 -72.0C for60 seconds
e 72.0 Cfor 60 seconds - 72.0 C for 10 minutes followed by o at 4.0C

END

Gel electrophoresis quality control:

1% agarose solution

1x TBE buffer (approx. 1 litre)

SYBR Safe; | used 3 uL per 50 mL and 8 uL per 200 mL of agarose

HyperLadder 50 bp or other ladder with same resolution (fragment is 700 bp)
PCR product purification:

e Any PCR purification kit; follow specific protocol
Sequencing (BioSource):

e Atleast 5 uL of DNA sample (as concentrated as possible)

e Atleast 5 ulL of primer per sample at 0.5x concentration of what is used in PCR

* Quick DNA works best with rather large samples (I would say at least 2 mg of tissue); for
possibly (haven’t tested) more efficient extraction methods as well as other thermocycler
programmes check: Kress, W., & Erickson, D. (2012). DNA Barcodes : Methods and Protocols
(Methods in Molecular Biology, Methods and Protocols, 858). Totowa, NJ (available on

SOLO).
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PROTOCOLS:
DNA EXTRACTION:
1. Add tissue sample (up to 10 mg according to manual but will work with more) to ZR

bashing bead tube; add 750 ulL of ZR Bashing Buffer.

2. Secure ZR bashing bead tubes in Tissuelyser 2 (equipment room) [pull the small

piston up to unscrew and release the box for tubes]; once secured (screw tightly and

balance for large sample sizes!) start the machine at 30 x 1/s for 15 minutes.

3. Take out ZR bashing bead tubes from the tissue lyser; centrifuge the ZR bashing

tubes at > 10,000g for 60s.

4. Transfer 400 uL of supernatant from centrifuged ZR bashing bead tubes to Zymo-Spin

II-F filter in a collection tube; centrifuge at 8,000 g for 60s. Discard the filter

afterwards.

5. Add 1.2 mL of ZR Genomic Lysis buffer [2 times 600ul using P1000 works fine] to the

collection tube from step 4; mix by gently pipetting up and down. May get foamy.

6. Transfer 800 uL of mix from step 5 to a Zymo-Spin IC column in a new collection tube;

centrifuge at 10,000 g for 60s. DO NOT DISCARD the remaining mix from step 5.

7. Discard flow through from the collection tube and repeat step 6.
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8. Transfer Zymo-Spin IC column to a new collection tube. Add 200 ul of ZR Pre-Wash

Buffer; centrifuge at 10,000g for 60s. Discard the flow through.

9. Add 500 uL of ZR gDNA Wash Buffer to Zymo-Spin IC column; centrifuge at 10,000 g

for 60s. Discard the flow through.

10. Transfer IC column to a clean 1.5 mL microcentrifuge tube. Add 20 - 30 uL of ZR DNA

Elution Buffer directly onto the column matrix (the white thing); centrifuge at

10,000g for 30s. Discard the column.

11. Store DNA on ice for use on the same day or at -20C.

PCR:

All ingredients should be thawed at room temperature if necessary and stored on ice

afterwards. Remember to include positive control [DNA extracted from a whole insect body

usually works] and negative control [molecular biology grade water].

1. Calculate the necessary volumes of each ingredient in the master mix and decide

what and how much goes into PCR tubes before starting the preparation.

2. Prepare a clean 1.5 mL microcentrifuge tube for master mix.

3. Add water and then GoTaqg Green Buffer to the tube. Vortex to mix.
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4.

10.

Add dNTPs (and primers if you are to use the same ones for every reaction). Vortex

to mix.

Add GoTaq polymerase. Vortex to mix. Store the master mix on ice.

Label the PCR tubes with sample names [writing on the upper part of tubes prevents

ink decay from thermocycling]. Aliquot samples (and primers if not added to master

mix) to PCR tubes.

Aliquot master mix to PCR tubes. Cover with lids and label the lid to identify the PCR

run later.

Put in the block in thermocycler and remember to close it. Samples should be placed

centrally if space permits [e.g. with one strip, place horizontally in the middle].

Use the programme described in Materials section.

After the run samples can be kept in the machine at 4.0 C if used on the same day or

stored at -20C.
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GEL ELECTROPHORESIS QUALITY CONTROL:

1. Prepare 1x TBE buffer; mix 100 mL of 10x stock TBE buffer with 900 mL of pure or

ultra-pure water.

2. Prepare agarose gel solution. Measure out required amount of agarose on a weight

using a plastic well. Pour the agarose into appropriate flask.

3. Add appropriate volume of TBE buffer to the flash with agarose to make 1% agarose
solution [0.5g agarose per 50 mL of TBE for 50 mL gel; 2g of agarose per 200 mL of

TBE for 200 mL gel].

4. Put the flash in a microwave and cover with a beaker to stop evaporation. Heat until

the fluid is clear. BE CAREFUL — see step 6.

5. Prepare the gel setting assembly — you will need one plate, 2 plate holders and 1-2
combs. Enclose the plate with plate holders so that the gel can’t flow out. Put the

combs where you want them.

6. Gently take the beaker away. Grasp the flask using a glove/anything that will prevent
you from burning yourself upon touching it. Agitate the flask gently with the opening
facing away from you — agarose will get superheated in the process and start to boil

upon agitation. You want to control when this happens. Take the flash out.
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7.

10.

11.

12.

13.

14.

15.

Cool down agarose solution to about 50C [use hand to decide, should be hot but not

burning] by pouring cold tap water onto the flask [swirl it gently under the tap —

avoid air bubbles].

Add appropriate volume of SYBR safe to the solution and mix it gently.

Gently pour the gel onto the assembly from step 5.

Leave to set for approx. 45 minutes.

Remove the comb by pulling it out gently. Remove the plate holders by pulling them

away gently. Place the plate with gel in electrophoresis tank.

Pour 1x TBE buffer into the electrophoresis tank so that it covers the gel and the

wells (approx. Imm above the gel is fine).

Load 2 uL of PCR products directly into the wells [Green Buffer contains loading dye].

Load 1 uL of HyperLadder 50 bp.

Put the cover on, attach the cables. Turn the electrophoresis machine on and set at

100V. Run for an hour.

Turn off the machine before removing the gel (you may electrocute yourself). Take

the lid off. Put the gel in gel visualising unit.
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16. Visualise the gel. Auto exposure may aid in seeing the band (select area with

samples not including the ladder).

17. Example of a good gel result is shown on the next page. Bands like this should

successfully be sequenced.

Example of a good gel result
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PCR PURIFICATION AND SEQUENCING:

1. Follow the protocol for your PCR purification kit. Aim to obtain as concentrated DNA

as possible.

2. For BioSource sequencing remember to send in primers (even with M13 add-on; they
can’t get it right without supplied primer). Send in samples and adequate amount of

primers: that is at least 5 uL of DNA and 5 ul of 0.5x primer per each sample.

3. Barcode sequences can be verified using BLAST or preferentially BOLD Systems v4.
FASTA search is available on BOLD Systems under “Identification”. If voucher
specimen is to be stored somewhere (OUMNH will be happy to do that!) then the

barcode can be uploaded to BOLD.

PRIMER SEQUENCES

Primers synthesized by IDT.

LepF1 and LepR1 are standard insect CO1 primers, optimised for Lepidoptera but also tested
here for Trichoptera.

LepF1-T1M13 and LepR1_t1RM13 are almost the same as the above but tailed with M13
and Reverse M13 sequences to make sequencing simpler**,

** For BioSource sequencing the M13 tails won’t give as good results if during ordering you
tell them that the primers are M13s, as they would if you send the primer with the sample.
No idea why.

Either F primer can be used with either R primer.
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In addition, there is a tRNAWFM13 primers which could be used in place of one of the F
primers; this is based on a tRNA 5’ to the CO1 gene. It has not been tested here.

Primers come dry and should be dissolved in molecular biology grade water to a
concentration of 100uM (e.g. if 22 uMoles of primer synthesized, dissolve in 220 ul). This

stock is then diluted 10X to make the 10uM solution used in the PCR reactions.

LepF1: ATTCAACCAATCATAAAGATATTGG

LepR1: TAAACTTCTGGATGTCCAAAAAATCA

LepF1_T1M13: TGTAAAACGACGGCCAGTATTCAACCAATCATAAAGATATTGG
LepR1_t1RM13: CAGGAAACAGCTATGACTAAACTTCTGGATGTCCAAAAAATCA

tRNAWF1M13: TGTAAAACGACGGCCAGTAAACTAATARCCTTCAAAG

References for origin of these primers

https://link.springer.com/protocol/10.1007%2F978-1-61779-591-6 3

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2996951/

https://link.springer.com/protocol/10.1007/978-1-61779-591-6 21
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3.1 Abstract

Almost 10% of all known animal species belong to Lepidoptera: moths and butterflies. To
understand how this incredible diversity evolved we assess the role of gene gain in driving
early lepidopteran evolution. Here, we compared the complete genomes of 115 insect
species, including 99 Lepidoptera, to search for novel genes coincident with the emergence

of Lepidoptera.

We find 217 orthogroups or gene families which emerged on the branch leading to
Lepidoptera; of these 177 likely arose by gene duplication followed by extensive sequence
divergence, 2 are candidates for origin by horizontal gene transfer, and 38 have no known
homology outside of Lepidoptera and possibly arose via de novo gene genesis. We focus on
two new gene families that are conserved across all lepidopteran species and underwent
extensive duplication, suggesting important roles in lepidopteran biology. One encodes a
family of sugar and ion transporter molecules, potentially involved in the evolution of
diverse feeding behaviours in early Lepidoptera. The second encodes a family of unusual
propeller-shaped proteins that likely originated by horizontal gene transfer from Spiroplasma

bacteria; we name these the Lepidoptera propellin genes.

We provide the first insights into the role of genetic novelty in the early evolution of
Lepidoptera. This gives new insight into the rate of gene gain during the evolution of the
order as well as providing context on the likely mechanisms of origin. We describe examples
of new genes which were retained and duplicated further in all lepidopteran species,

suggesting their importance in Lepidoptera evolution.
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3.2 Background

Diversification and adaptation depend on genetic change but associating genomic drivers
underpinning phenotypic change is challenging. Many studies have approached this problem
by starting with phenotypic polymorphisms within a species or differences between closely
related species and then using genomic and experimental approaches to identify underlying
causative mutations. Several of these studies have uncovered sequence changes in non-
coding DNA affecting the expression of conserved genes (Carroll et al. 1994; Wucherpfennig
et al. 2022; Livraghi et al. 2024; Tian et al. 2024). Other studies have identified coding
sequence changes causing amino acid substitutions, or loss of function, as causative
mutations that were subsequently fixed under selection (Hoekstra and Coyne 2007; Ota et
al. 2007; Dutrow et al. 2022). It is clear, however, that changes in existing genes, whether
they affect gene expression or protein sequence, cannot explain all adaptive evolution.
Perhaps the best evidence lies in comparative genomics: when genome sequences are
compared ample evidence is uncovered for the role of gene number variation, gene
duplications, and gene novelty in driving evolution and adaptation (Paps and Holland 2018;
Richter et al. 2018; Ferndndez and Gabalddn 2020; Guijarro-Clarke et al. 2020; Thomas et al.

2020; Cicconardi et al. 2023).

Gene novelty is a multi-faceted concept (Long et al. 2003; Kaessmann 2010; Haggerty et al.
2014; Van Oss and Carvunis 2019). We define novel genes as protein-coding loci that are
lineage-specific (i.e. taxonomically restricted genes), without close homologues in other taxa
(Rodelsperger et al. 2019). This is a pragmatic definition rather than a mechanistic one since

we cannot always determine the mechanism by which a novel gene arose. The mode of

69



University of Oxford Chapter 3 | A. E. Hoile (2025)

origin of taxonomically restricted genes might be gene duplication followed by extensive
sequence divergence (Ohno 1970; Rastogi and Liberles 2005; Conrad and Antonarakis 2007;
Sémon and Wolfe 2008; Holland et al. 2017; Dubose and De Roode 2024), fusion of distinct
loci or a transposable element into a pre-existing locus (McClintock 1950; Long and Langley
1993; Leonard and Richards 2012; Bornberg-Bauer and Alba 2013; Cosby et al. 2021;
Mulhair et al. 2023a), horizontal gene transfer (Husnik and McCutcheon 2018; Li et al. 2022;
Keeling 2024) or de novo origin from non-coding DNA (Levine et al. 2006; McLysaght and
Hurst 2016; Van Oss and Carvunis 2019; Zhao et al. 2024). Whatever the mode of origin,
novel genes likely reflect novel biology as they will encode proteins with potentially distinct
activity or function not present in the outgroup taxa. Examples in arthropods include
horizontally acquired genes from bacteria underpinning adaptations to phytophagy
(Wybouw et al. 2016) or male courtship behaviour in moths and butterflies (Li et al. 2022),
and divergent gene duplicates recruited for limb patterning in water striders (Santos et al.

2017).

Here we investigate the origin of novel genes in the early evolution of the insect order
Lepidoptera. Lepidoptera are a holometabolous order of insects consisting of the moths and
butterflies and comprise nearly 160,000 described species or 8—10% of known animal
species on the planet (Kawahara et al. 2019). The oldest members of the Lepidoptera crown
group are estimated to have appeared in the Late Carboniferous (~ 300 mya) and were likely
pollen feeders, with the evolution of a tube-like proboscis and nectar feeding occurring later
in the Middle Triassic (~240 Ma). Today the Lepidoptera inhabit almost all terrestrial
ecosystems, displaying a large variety of ecological adaptations relating to feeding, defence,

and survival (Mitter et al. 2017; Kawahara et al. 2019; Kawahara et al. 2023). Larvae of the
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earliest lineages were likely endophagous, feeding internally in the tissue of nonvascular
land plants, with adults possessing mandibulate chewing mouthparts (as seen in extant
members of the family Micropterigidae) suitable for pollen feeding (Krenn 2010; Bazinet et
al. 2017). A period of diversification early in the evolution of Lepidoptera coincided with the
development of the tube-like proboscis, used by adults to feed on nectar, and the expansion
of angiosperms. The remarkable diversity present in Lepidoptera today can be attributed to
continued co-evolution with diverse angiosperm lineages, major transitions in morphology

and habitat, and the emergence of diverse feeding behaviours (Kawahara et al. 2023).

To assess whether novel genes arose in the early evolution of Lepidoptera, and whether any
of these underwent further gene family expansion, we require complete genome sequences
from a dense sampling of Lepidoptera and related insect orders. Previous studies have
constructed deep-level phylogenies of Lepidoptera using a large density of species but
relatively few loci (Kawahara et al. 2019), while other studies have studied specific gene
families in depth (Maclas-Muiioz et al. 2019; Mulhair et al. 2023b; Mulhair et al. 2023c).
Large genomic datasets have only recently become available through sequencing consortia
such as the Darwin Tree of Life Project (Blaxter 2022) affiliated to the Earth Biogenome
Project (Lewin et al. 2018). Here, we avail of this data by analysing 115 high quality insect
genomes and identify 217 novel genes that arose on the stem lineage of Lepidoptera and
541 novel genes that arose on the stem lineage of the Ditrysia, a major clade encompassing
most of lepidopteran diversity (Rota et al. 2022). We infer the likely modes of origin for
these novel genes. We then focus attention on two gene families gained on the ancestral
lepidopteran branch that were subsequently retained across all species, suggestive of

recruitment to important roles in lepidopteran biology. One is a gene family encoding
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divergent sugar transporter proteins; the other is a likely horizontal gene transfer from

bacteria.

3.3 Materials and methods

3.3.1 Gene family construction and discovery of novel genes

Proteome data from 99 species of Lepidoptera and 16 other arthropod species
(Supplementary Table S1) were obtained from Ensembl Rapid Release (rapid.ensembl.org;
accessed February 2023); taxon sampling was based on obtaining robust phylogenetic
coverage across Lepidoptera while also preferentially selecting species with proteome
predictions based on the Ensembl genebuild annotation pipeline (i.e. annotation which
incorporated RNA sequence data). Primary transcripts were obtained from the predicted
proteome data and OrthoFinder v2.3.14 was run with default parameters to determine
orthogroups within the dataset (Emms and Kelly 2019). To relate these to a species tree,
amino acid sequences from 25 single copy orthologues present in all species, as obtained
from the OrthoFinder output, were aligned using MAFFT v7.505 (Katoh and Standley 2013),
trimmed using trimAl v1.4.rev15 build (Capella-Gutiérrez et al. 2009), and concatenated with
PhyKIT (Steenwyk et al. 2021). This concatenated alignment was used to generate a species
tree using IQ-TREE version 2.0-rc1 with 1000 bootstrap iterations, the given model LG + G4
and option -nt AUTO which automatically determines the best number of cores given the
current data and computer capacity (Minh et al. 2020). Orthogroups gained at nodes of
interest (i.e. the branch leading to Lepidoptera and the branch leading to Ditrysia) were

extracted using Orthoparser (github.com/PeterMulhair/ortho_parser). To test further
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whether orthogroups inferred by the analysis to be specific to Lepidoptera were actually
present in outgroups but missing from predicted proteomes, Trichoptera genomes
annotated by the alternative Augustus-Gaius pipeline (BRAKER) (Gabriel et al. 2024) were
analysed. This was carried out using a BLASTp search of the orthogroups against the
trichopteran BRAKER proteomes to find any potential missing homologues (using an e-value
cutoff of 1le-5 and filtering hits above 25% sequence identity match along with query and
subject coverage of 60% to remove hits due to partial homology). Downstream of these
steps, genes within orthogroups were analysed by exploring gene copy number, conducting
synteny analyses, and generating expression matrices using publicly available RNAseq data.
Figures including phylogenetic trees and heatmaps were generated in R using ggtree v3.6.2
(Yu et al. 2017), ggplot2 v3.4.4 (Wickham 2016), and Pheatmap v1.0.12 (Kolde Ravio 2025).
Protein models were predicted using AlphaFold (ColabFold v1.5.5: AlphaFold2) (Jumper et al.
2021) and imported into Chimera v1.18 (Pettersen et al. 2004). Molecular graphics and
analyses of protein models were performed with UCSF Chimera, developed by the Resource
for Biocomputing, Visualization, and Informatics at the University of California, San
Francisco, with support from NIH P41-GM103311. Chromosome plots showing gene

positions were created using Rldeogram v0.2.2 (Hao et al. 2020).
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3.3.2 Phylogenetic analysis of gene families

Phylogenetic trees of the two gene families of interest were built by aligning deduced
protein sequences using MAFFT v7.505 followed by trimming using trimAl v1.4.rev15 build
and tree building using maximum likelihood in IQ-TREE version 2.0-rcl. Trees were visualised
using ggtree v3.6.2 in Rstudio. In the sugar transporter orthogroup analyses, PflamScan
(command line tool pfam_scan.pl) was used to search each orthogroup against the Pfam-
A.hmm database with cutoff —cut_ga and an e-value threshold of 1e-3 (Finn et al. 2014) to
annotate functional domains in each gene. This was used to detect additional gene families
labelled as belonging to sugar transporters (possessing Pfam domain Sugar_tr; PFO0083),
followed by phylogenetic analysis including Drosophila and other arthropod SLC sequences
to infer the class of SLC each orthogroup belonged to (Denecke et al. 2020). In the propeller
protein analyses, putative HGT was investigated using a BLASTp search (e-value threshold of
1le-3) (Altschul et al. 1990) against the BLAST nr database with all lepidopteran sequences
removed (Supplementary Table S3). The source of the HGT was then inferred by building a
gene tree from the BLAST hits. Additional orthogroups in our datasets possessing the
propellin gene were discovered by running a BLASTp search of the initial orthogroup
(OG0000175) against all orthogroups in our dataset, retaining only those with percent
identity equal to or above 25% and query and subject equal to or above 60%. This
uncovered 8 additional homologous orthogroups, each of which contained only
lepidopteran species. To further test the likely mode of origin of each of the 9 orthogroups,
we carried out sequence similarity searches against the non-redundant protein sequence
database (nr) and the core nucleotide database (core_nt) using a set of 10 representative

species from each of the orthogroups (Supplementary Table S4). In one of the orthogroups
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(0OG0008135), two of the species had hits against genes/proteins belonging to other insects.
To test whether these BLAST hits represented true homologs, or the result of spurious
homology, we aligned both insect and Spiroplasma proteins to a Manduca sexta propellin
protein. This was carried out using the RCSB pairwise structure alignment tool (Bittrich et al.

2024).

3.3.3 Gene expression quantification

RNAseq data for Bombyx mori were obtained from NCBI datasets PRIDB8614 and
PRINA675719 (Yokoi et al. 2021; Xu et al. 2022), for Danaus plexippus from PRINA663267
(Ranz et al. 2021), and for Papilio machaon from PRINA270386 (Li et al. 2015). RNA reads
were trimmed using Trimmomatic v0.39 (Bolger et al. 2014), and mapped to the reference
genome using STAR 2.7.10b (Dobin et al. 2013). Stringtie v2.2.1 was used to quantify
expression in each of the species datasets (Pertea et al. 2015) and expression matrices were
generated in RStudio using Pheatmap. Where multiple samples were available for a given

tissue of lifestage, these were averaged to give one value.

3.3.4 Gene synteny analysis

Synteny analyses were used to test orthology of genes within and beyond Lepidoptera. For
genes of interest, the gene ID, chromosome number, and location were determined from the
genome annotation and gene track browser on Ensembl Rapid Release (Harrison et al.
2024). Two conserved ‘marker genes’ either side of the gene of interest were chosen and

BLASTp searches (using Ensembl default parameters) conducted against the genomes of four
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Lepidoptera (Danaus plexippus, Papilio machaon, Tinea trinotella and Micropterix aruncella)
and eight outgroups (Limnephilus lunatus, Limnephilus marmoratus, Limnephilus rhombicus,
Glyphotaelius pellucidus, Bibio marci, Drosophila melanogaster, Adalia bipunctata and
Vespula vulgaris). These data were used to compare chromosomal organisation and gene
neighbourhoods surrounding the genes of interest, revealing if individual genes within
lepidopteran orthology groups were 1:1 homologues between species and also whether

highly divergent orthologues were present in outgroups.

3.4 Results

3.4.1 Novel genes emerging at the base of Lepidoptera

To build a framework for comparative analyses, a phylogenetic tree was built from 25 single
copy genes from 115 species, comprising 99 Lepidoptera species representing 24 families,
and 16 outgroup taxa (Figure 3.1, Supplementary Table S1). The tree is broadly consistent
with previously hypothesized evolutionary relationships, including placing the
Micropterigidae family (Micropterix aruncella and Neomicropterix facetella in our dataset)
sister to the rest of the lepidopteran lineages, the presence of the large, established groups
of Ditrysia, Apoditrysia, and Macroheterocera (Kawahara et al. 2019), and recovering
monophyletic groups for all taxonomic families in the dataset (Kawahara et al. 2019; Rota et

al. 2022) (Figure 3.1).
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Figure 3.1 - Molecular phylogenetic tree of the 99 lepidopteran species from 24 families and
16 outgroup species inferred from 25 single-copy orthologues. Branches are coloured by
insect order; species belonging to the named lepidopteran families are labelled with black
lines on the outside of the tree

77



University of Oxford Chapter 3 | A. E. Hoile (2025)

To identify novel genes or novel gene families that emerged early in lepidopteran evolution,
we first constructed homologous gene groups (‘orthogroups’) using OrthoFinder (Emms and
Kelly 2019). Novel gene families here are defined as orthogroups present in a clade but
missing from all outgroup taxa i.e. taxonomically restricted genes. We filtered the complete
set of orthogroups to only retain those present in greater than two species. To place each of
these orthogroups onto the species tree, we took the parsimonious assumption that the
common ancestor of all species present in each orthogroup represented the node of origin
(Figure 3.2A). We identified 217 putative novel gene families originating on the branch

leading to Lepidoptera (Figure 3.2A).

To assess the mode of origin for each gene family we applied Pfam annotations to search for
protein domains (indicative of duplication and divergence from pre-existing genes) as well as
carrying out sequence similarity searches against metazoan (excluding Lepidoptera; further
suggestive of duplication) and non-metazoan sequences (suggestive of HGT) from the nr
protein database. We deduce that the majority of novel gene families (177 orthogroups)
which originated along the lepidopteran branch likely arose via duplication followed by
extensive sequence divergence (Figure 3.2B). Putative HGTs accounted for only two
orthogroups, as indicated by presence in Lepidoptera and non-metazoan proteomes but
absent from animals other than Lepidoptera. We suggest that 38 orthogroups are potential
orphan genes, candidates for origin by de novo gene genesis, although further analysis and
additional data would be needed to test this hypothesis. We also detected 541 putative

novel orthogroups on the branch leading to Ditrysia (representing all species outside of
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Micropterigidae in our dataset) (Figure 3.2B). Of these, 398 likely arose from duplication, 13

via HGT, and 130 genes potentially originated de novo.
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Figure 3.2 - A Species tree showing numbers of orthogroups gained at each phylogenetic node.
Insect orders are separated by colours. Bar chart to the right of the tree displays the total number
of orthogroups identified in each species. B Pie charts show the number of orthogroups
originating at the Lepidoptera and Ditrysia nodes and proportions of the putative modes of new
gene origin
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We hypothesized that novel genes of particular importance to lepidopteran biology would
be present in most species of Lepidoptera analysed, with little or no gene loss after gene
emergence. Furthermore, some genes of functional importance may have undergone
duplication and divergence since their emergence (Copley 2020). We therefore calculated
gene copy number for every orthogroup originating at the Lepidoptera node and plotted
these as a heatmap against a phylogenetic tree (3.3A). Approximately half of the 217
orthogroups showed a scattered phylogenetic distribution (present in a low number of
species within Lepidoptera); these may represent genes that are frequently lost, or which
underwent extensive sequence divergence within Lepidoptera complicating orthology
assignment (right-hand columns in 3.3A). 87 orthogroups are present in 75% or more of the
lepidopteran species in this dataset, with sporadic gene loss and occasional gene duplication

on some internal branches (left-hand columns in Figure 3.3A).

To identify orthogroups with higher rates of duplication patterns, we first determined that
the data does not follow a normal distribution (positive, non-symmetric, right skew) and is
non-parametric (Anderson—Darling test, p < 0.05), and that at least one orthogroup has a
gene copy distribution across species which differs from the mean number of gene copies
per orthogroup per species (Kruskal-Wallis rank test, p < 0.05; mean number of gene
copies = 1.1645). We found that two orthogroups deviate significantly from the mean
number of gene copies within a given orthogroup gained at the lepidopteran node:
0G0000164 and OG0O000175 (Dunn test, p < 0.0001; Figure 3.3B). These two orthogroups
have the highest variation in copy number, implying they have undergone extensive gene
duplication within Lepidoptera, and they are also present in every lepidopteran species

analysed. Sequence homology from BLASTp searches and domain annotation from Pfam
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revealed that these proteins have a putative sugar transporter domain (0G0000164; MFS
and Sugar/other transporter, PF00083.27, GO:0016020|G0:0022857|G0:0055085) and a 6-

bladed beta propeller 3D structure (OG0000175; GO:0005515) (Figure 3.3C).

To determine whether there were any functions enriched in the full set of 217 orthogroups
gained on the lepidopteran node, we analysed the functional domains of each to determine
whether there were any categories which were significantly overrepresented. Although no
functional categories were found to be enriched within this dataset, approximately 9% of the
orthogroups (19 out of 217) were found to contain a zinc finger domain (Supplementary
Table S2). We also discover that the Gloverin gene family (OG0000859) emerged on the
branch leading to Lepidoptera (Figure 3.3C). The gloverin gene has previously been
described as a lepidopteran novelty, and we confirm its emergence coincident with the
evolution of Lepidoptera, where it has been retained in 86 of the 99 lepidopteran species in
our dataset including Micropterix aruncella (3.3A). Gloverin, first purified from Hyalophora
gloveri (Axén et al. 1997), is a glycine rich protein with no detectable homology outside of
Lepidoptera. It functions as an antimicrobial peptide against a range of bacteria, with greater
specificity to Gram-negative bacteria, and appears to be commonly and widely expressed
across a range of life stages and tissues, with significant increases in expression observed

following exposure to bacteria (Hwang and Kim 2011; Sparks et al. 2013).
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Figure 3.3 - Copy number of genes gained on the ancestral node of Lepidoptera. A Heatmap
(right) showing gene copy number for each orthogroup originating at the Lepidoptera node
mapped to the species tree (left). Lepidoptera node is labelled with a blue circle. Orthogroups
on the right-hand side of the figure have genes present in few species and may include
spurious homologies. B Boxplots showing copy number variation per species in the top 6
orthogroups present in all or most lepidopteran species. Blue broken line signifies the mean
copy number per species for all orthogroups. Orthogroups OG0000164 and OG0O000175 have
a mean copy number significantly different from the mean copy number of lepidopteran
orthogroups, as signified by an asterisk (p < 0.05). C Table showing functions and features
from six orthogroups deviating above the average copy number per orthogroup

3.4.2 Gene expansion of lepidopteran sugar and solute transporters

The orthogroup originating on the node leading to the Lepidoptera with the highest mean
copy number is a sugar transporter gene family (0G0000164) (Figure 3.3). Across the species
analysed, the copy number for this lepidopteran-specific orthogroup ranged from one gene
(Micropterix aruncella) to twelve genes (Manduca sexta). As the sugar transporter protein
superfamily is large and diverse in animals (Denecke et al. 2020), and to understand the
significance of this Lepidoptera-specific orthogroup, we extended our analysis to include all

orthogroups containing a sugar transporter domain. We found 99 orthogroups with genes
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possessing a sugar transporter domain present across all species in our dataset (3.4A), nine
of which are annotated as emerging on the lepidopteran or ditrysian node; gene copy
number for all nine orthogroups in each species shows varying rates of copy number
expansion and gene loss (Figure 3.4A). Four of these orthogroups were single copy in all or
most species, while five have undergone extensive gene duplication since their lepidopteran

origins (Figure 3.4A and B).

Next, we wanted to determine whether these nine lepidopteran sugar transporter-
containing orthogroups had a single evolutionary origin or whether they had evolved
independently from separate ancestral sugar transporter genes. To resolve this, a
phylogenetic tree of transporter proteins from representative lepidopteran and outgroup
species was constructed using all sugar transporter orthogroups (Figure 3.4B). The tree
topology suggests multiple origins of the lepidopteran- and ditrysian-specific sugar
transporter genes, although not each of the nine orthogroups had independent origins.
Notably, two lepidopteran-originating orthogroups (0G0000164 and 0G0008208), and two
ditrysian-originating orthogroups (0G0008344 and OG0000540) group close to each other in
the phylogenetic tree (e—h). Another orthogroup (i; 0G0008400) is located outside this
clade, however each of these orthogroups are present in a larger clade consisting of
members of the solute carrier 2 (SLC2) family (Figure 3.4B). In some taxa SLC2 genes have
been shown to encode proteins that facilitate transport of small sugars across cell

membranes (Denecke et al. 2020).

The remaining four sugar transporter orthogroups (a-d) are all ditrysian-specific, three of

which form a single monophyletic group. The fourth orthogroup is located in a more
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phylogenetically distinct group, however, all orthogroups belong to the SLC22 protein
subfamily (Figure 3.4B). The SLC22 proteins are membrane transporters known to regulate
metabolic functions, transporting a broader range of small molecules than SLC2 (Denecke et
al. 2020). In all instances, the most closely related orthogroups in the gene tree contain both
outgroups and lepidopteran species (Figure 3.4B). This implies that the lepidopteran- and
ditrysian-specific transporter orthogroups originated from more ancient gene families that
were present across all or most insects including Lepidoptera. These ancestral genes
duplicated and underwent extensive amino acid substitutions specifically in the lineage

leading to Lepidoptera or Ditrysia.

The four SLC2-like orthogroups [e—h] which group closely together in the gene tree (Figure
3.4B) are also co-located in the genome, found consistently in close association with one
another across diverse lepidopteran species (3.4C). This suggests that these sugar
transporter genes originated from a single ancestral duplication event at the base of the
Lepidoptera and subsequently underwent tandem duplication in the ancestral lepidopteran
and again in the branch leading to Ditrysia. In contrast, for the SLC22-like orthogroups
gained on the ditrysian branch (a-d), we do not see the same close linkage and instead they
are scattered on separate chromosomes (Supplementary Figure S1). If these originated from
a single ancestral gene, as suggested by branching patterns in the gene tree, they dispersed

around the genome after duplication.

To investigate possible functions of these lepidopteran-species transporter gene families, we
assessed their patterns of expression across multiple time points and tissues from Bombyx

mori (Yokoi et al. 2021; Xu et al. 2022). All genes from the nine lepidopteran and ditrysian-
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specific gene families are expressed in at least one tissue or at one developmental time
point (Figure 3.4D). The silk gland was the most frequent site of expression across the nine

orthogroups, but some of the genes have wide and distributed expression (3.4D).
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Figure 3.4 - Origins and evolution of lepidopteran and ditrysian-specific sugar transporter genes.
Orthogroups are identified as follows: a—0OG0000700, b—0OG0000319, c—0G0007512, d—
0G0001801, e—0G0O000540, f—0OG0008208, g—0OG0008344, h—0OG0000164, i—OG000840 A
Species tree on the left is coloured by taxonomic group, with the Lepidoptera and Ditrysia nodes
labelled. The numbered ancestral nodes correlate to the node of origin for the orthogroups shown in
the gene tree (part B). The grey bar chart (middle) shows that Lepidoptera (darker grey bars) have a
higher total number of sugar transporter orthogroups compared to outgroup species. Copy number
of lepidopteran and ditrysian-specific orthogroups varies greatly (heatmap, right): SLC22 transporters
are below the light and dark brown bars (labelled a-d); SLC2 transporters are below the light and dark
blue/green bars (labelled with letters e-i). B Phylogenetic tree built using a representative sample of
outgroup sugar transporters, combined with sugar transporters identified in the Lepidoptera. SLC2
transporters are highlighted in light and dark blue/green along with letters e-i, while SLC22
transporters are highlighted in light and dark brown with letters a-d. Tip colours represent the node
of origin (as shown in the species tree in part A) for each orthogroup. C The four closely related SLC2
transporters were mapped to a selection of lepidopteran chromosomes (left to right: Micropterix
aruncella, Tinea trinotella, Tinea semifulvella, Papilio machaon and Autographa gamma). Sugar
transporters of lepidopteran origin are represented by a triangle, while those of ditrysian origin are
represented by a square. All four transporter orthogroups group in close physical proximity, on the
same chromosome. D Heatmap of expression patterns of nine lepidopteran/ditrysian originating
sugar transporters in Bombyx mori tissues
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3.4.3 Lepidoptera propellin genes arose through horizontal gene transfer

The second gene family which emerged at the base of Lepidoptera and is maintained in
significantly high copy number across all butterfly and moth species analysed is orthogroup
0G0000175 (Figure 3.3). The genes in this family were previously undescribed in insects.
Below we show they encode proteins with a beta-propeller structure; we therefore name
this the propellin gene family. Intriguingly, this group of genes is conserved across
Lepidoptera yet does not have detectable sequence identity to any orthogroups in the
arthropod outgroups included in our initial analysis. Furthermore, iterative BLAST searching
revealed that 0G000175 is not the only set of propellin genes in Lepidoptera; the genes are
split into eight distinct orthogroups, including the original group OG000175 with the highest
copy number. All eight propellin orthogroups are specific to Lepidoptera (Supplementary
Figure S2). Combining all propellin orthogroups together, we find Lepidoptera genomes have
an average of 11 gene copies, ranging from 3 copies in Neofacetella micropterix
(Micropterigidae) to 25 copies in Phragmatobia fuliginosa (Erebidae) (Supplementary Table

S5).

To assess the likely origin of the propellin gene in Lepidoptera, we carried out a BLASTp
search using all proteins in orthogroup OG0000175 against the NCBI nr protein database
excluding Lepidoptera sequences. This revealed significant sequence similarity matches to
proteins from bacterial species. The most frequent bacterial genus in the set of matches was
Spiroplasma, with additional matches in Macrococcus and Escherichia (Supplementary Table
S3). Using iterative rounds of BLAST searching, we found very few matches outside bacteria;

we identified a potentially related unnamed gene in the genome of the plant Picea sitchensis
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(spruce; ABK22491.1) and a fungus gnat Bradysia coprophila (30% identity to a Spiroplasma
homologue of Lepidoptera propellin genes over 16% query cover). To confirm the likely
bacterial origins of the different propellin orthogroups, we also carried out BLASTp and
tBLASTn searches against the nr and core nt databases, respectively, for each of the propellin
orthogroups. We searched protein sequences from 10 representative species in each of the
8 orthogroups using both methods and found that bacterial, specifically Spiroplasma,
sequences represented the majority of sequence similarity hits (Supplementary Table S4).
While two genes from one orthogroup showed sequence similarity to other insect proteins
(E3 ubiquitin ligases), we deduce that these hits are likely a result of spurious homology,
with low query coverage (34-40%) and sequence similarity likely resulting from convergent
amino acid residues in repetitive regions. In addition to this, all other hits from other species
in the same orthogroup showed sequence similarity to Spiroplasma and other bacterial
proteins. These Spiroplasma proteins were deduced to have similar tertiary structures to
propellin (i.e. 6-bladed beta propeller; RMSD value of 3.73); in contrast, the spurious insect
protein hits possessed multiple alpha helices and no structural similarity (RMSD value of

5.57).

Next, we constructed a phylogenetic tree of all propellin copies and their putatively
homologous sequences. This shows that all lepidopteran propellin sequences are closely
related in the gene tree (Figure 3.5A, Supplementary Figure S3). The most closely related
branches to the Lepidoptera clade are Spiroplasma sequences which, along with a larger
sister clade dominated by Spiroplasma sequences, suggests there has been a putative
horizontal gene transfer from bacteria to Lepidoptera (Figure 3.5A). Based on the gene tree

topology, we cannot exclude the possibility of multiple horizontal transfer events into

87



University of Oxford Chapter 3 | A. E. Hoile (2025)

Lepidoptera. Although there are clear sequence similarity matches between Lepidoptera and
Spiroplasma, the level of primary sequence identity is low. The highest percentage identity
found between a lepidopteran protein and a Spiroplasma protein had only 35% identity over
a sequence alignment of 134aa. This represents 45% coverage of a lepidopteran propellin
protein (ENSAGMGO00005008917.1) and 18% of a Spiroplasma protein (WP_164028422.1).
To further assess legitimacy of the homologous relationships between these genes with low
sequence identity, we predicted 3D structures of the deduced proteins from Spiroplasma,
Macrococcus, and Lepidoptera (using six genes from Manduca sexta as representative of
Lepidoptera) with AlphaFold (Jumper et al. 2021) (Figure 3.5B; Supplementary Figure S4).
We find clear similarity in predicted protein structure with all lepidopteran and bacterial
sequences having a 6-bladed propeller structure (Figure 3.5B). Further support for homology
between lepidopteran propellin proteins and bacterial proteins was found when we aligned
representative protein structures, which showed an RMSD value of 3.83 and TM-score of
0.69 (Supplementary Figure S5). Each structured propeller region within a propellin protein
is approximately 221aa long consisting of blades of 30aa in length. There is variability
outside of the beta-propeller domain including regions of varying length and structure, most
notably in the additional domains in the Spiroplasma protein model (Figure 3.5B). To reflect

this protein structure, we name the Lepidoptera genes the propellin gene family.

To further investigate the evolution of propellin genes, we focussed attention on the high-
copy number propellin orthogroup (OG0000175; Supplementary Figure S2). Phylogenetic
analysis divides this orthogroup into six clades within Lepidoptera, which we refer to as gene
subfamilies (Figure 3.5C). The early diverging lineage of Lepidoptera, represented by the

family Micropterigidae, has a propellin gene in clade 1 in the gene tree (Figure 3.5C). Next,
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we examined the local gene synteny for these six subfamilies across representative
lepidopteran species. Genes from each subfamily, excluding clade four, were found in a
microsyntenic cluster of genes (‘marker genes’) which are homologous across most or all
species (Figure 3.5C). This confirms that each of these 6 propellin subfamilies are one-to-one
orthologues across Lepidoptera. Importantly, many of the marker genes also exist in
microsyntenic blocks in the arthropod outgroups, consistent with these being the genomic
sites where the Lepidoptera-specific propellin gene was integrated (Figure 3.5C). Since the
six propellin subfamilies are at distinct chromosomal locations, yet form a monophyletic
group in molecular phylogenetic analysis, we propose that this orthogroup emerged through
a single HGT event from Spiroplasma or another bacterial source to Lepidoptera, followed by
duplication and transposition around the genome. These duplications generated not only
the six subfamilies analysed in detail, but also likely the additional propellin genes referred
to above. We note that genes in subfamily 1 are intronless (or have one intron), while the
remaining subfamilies and additional propellin orthogroups have between 0 and 8 introns,
with the median count being 1 intron. This could reflect transposition via an RNA

intermediate or could be a legacy of the gene’s bacterial origin (Supplementary Table S5).
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Figure 3.5 - Lepidoptera-specific genes encoding proteins with sequence identity and structural
similarity to bacterial 6-bladed propeller proteins. A Gene tree of propellin and putative bacterial
homologs. The Lepidoptera clade (blue) and Spiroplasma clades (red) are labelled with coloured
boxes and text. All other branches represent a range of bacterial species which are shown in
Supplementary Figure S3. Molecular phylogenetic analysis indicates the propellin genes of
Lepidoptera are monophyletic, whose most closely branching lineages are Spiroplasma genes, and
sister group to a clade dominated by Spiroplasma genes (highlighted in red). B AlphaFold predictions
suggest lepidopteran propellin proteins form 6-bladed propeller structures similar to bacterial
homologues; examples shown from Macrococcus (green), Spiroplasma (red) and the lepidopteran M.
sexta (blue). Additional protein structure predictions in Supplementary Figure S4. C Molecular
phylogenetic analysis indicates that the largest orthogroup of lepidopteran propellin genes divides
into 6 clades, each gene (purple) located at a different chromosomal location, most of which show
conserved synteny between lepidopteran species (synteny indicated by shaded purple regions). The
Micropterigidae species M. aruncella only has a gene in clades 1. Marker genes are shown by various
colours

For a first insight into the possible functional role of the lepidopteran propellin genes, we
analysed the expression of all copies of propellin using transcriptomic data sets from three
species: Bombyx mori, Danaus plexippus, and Papilio machaon (Supplementary Figure S6).
While we find evidence for expression of all gene copies in each species, the patterns are
complex and variable within and between species. In Danaus plexippus for example, while
most propellin copies show some expression in larval or pupal stages (8 of the 11 genes),

levels of expression are highest in the adult life stage, with particularly high expression found

90



University of Oxford Chapter 3 | A. E. Hoile (2025)

in the thorax, compared to the head or abdomen (Supplementary Figure S6). In Papilio
machaon most copies are restricted to one or two life stages, while others are strongly
expressed throughout the life cycle of the butterfly. Expression in Bombyx mori shows wider
coverage across life stages and tissue types, with most gene copies expressed in early
developmental and adult life stages. While expression is common across most adult tissue
types in Bombyx mori, there is little, or no expression found in the midgut or silk glands
(Supplementary Figure S6). While there is little correlation in expression between
homologous copies of propellin across all three species, we note that transcriptomic
datasets available are not comprehensive. However, such pervasive expression across life
stages and tissues in multiple species provides support to the fact that these genes are

functional across a wide range of lepidopteran species.

We noted above that there were some sequence similarity matches outside bacteria and
Lepidoptera. The putatively homologous gene from Diptera is an uncharacterised locus
(LOC119081672, encoding putative protein XP_037046651) on an unplaced scaffold in the
genome assembly of a fungus gnat Bradysia coprophila (Urban et al. 2021). We find this
gene is present in two species of Bradysia. It is unlikely that the fungus gnat scaffold is a
contaminating sequence since it is present in two species, and because it is adjacent in the
genomes to recognisable insect genes (Supplementary Figure S6). Analysis of the unplaced
scaffold reveals clearly dipteran genes immediately 3’ (LOC119081668) and relatively close 5’
(LOC119081673 and LOC119081675) to the gene of interest. Intriguingly, a locus
immediately 5’ (LOC119081585) has high similarity to springtail (Collembola) tyrosine
kinases, and the next neighbouring gene (LOC119081673) is Bradysia-specific

(Supplementary Figure S6). We therefore suggest the Diptera gene LOC119081672 arose by
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an independent HGT from Spiroplasma in the Bradysia fungus gnat genus, which has likely
also acquired other genes by HGT. We have not deduced the origin of the loci with a

sequence match in Picea sitchensis (spruce).

3.5 Discussion

In this study we identified 217 ‘novel’ genes arising on the evolutionary lineage leading
Lepidoptera, after it had diverged from outgroups including the closest related order
Trichoptera (caddisflies). We caution, however, against this as a quantitative measure of
genomic novelty. First, we are using a pragmatic definition of novelty that includes de novo
genes, horizontally transferred genes, and gene duplication followed by sequence
divergence; altering parameters relating to sequence divergence could increase or decrease
the gene count (Weisman et al. 2020). To improve inference of new genes in early
lepidopteran evolution, we employed a phylogenetically informed approach to construct
gene families, minimising the effects of bias resulting from rapid sequence divergence
(Emms and Kelly 2019). Second, novelty at the Lepidoptera node could be ‘undercounted’ if
some genome annotations are incomplete, particularly those of early diverging lepidopteran
taxa. Third, there are factors that could spuriously ‘overcount’ novelty. For example, in our
study around half the novel orthogroups were found sporadically in a small number of
distantly related Lepidoptera species. This could indicate repeated gene loss following the
origin of the novel gene but could also include ‘noise’ as a result of some proteins being
grouped incorrectly due to spurious sequence identity. Secondary loss of genes from
caddisfly genomes could theoretically cause overcounting of genes on the Lepidoptera node,

but we have minimized this risk through use of four caddisfly genomes. We also noted a
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small degree of overcounting (< 2%) emerging from alternative genome annotation methods
(Weisman et al. 2022), but we accounted for this (see Methods). Specifically, the initial input
data consisted of proteomes predicted from the Ensembl Genebuild annotation which
incorporates RNA sequence data and filters poorly supported potential coding transcript
proteins. A second method of genome annotation, the BRAKER method, is potentially less
stringent and found some genes that had been missed by Genebuild. The difference
amounted to just two orthogroups. The same caveats apply to counts of novel genes at
other similarly deep phylogenetic nodes. Despite this caveat, we find it interesting that even
more apparent gene novelty (541 gene families) dates to the node leading to Ditrysia. These
genes require further analysis, but the observation suggests that the evolution of new
biological traits continued during the early evolutionary radiation of moths. More important
than an absolute number of novel genes, the analysis gives us a first look into the relative
importance of different modes of gene origin during the emergence of Lepidoptera. We find
the majority of novel gene families gained on the ancestral lepidopteran branch arose via
gene duplication and divergence (~ 82%) while around ~ 18% genes had no sequence
matches or any recognisable domains. These are putative candidates for genes arising de
novo from non-coding genes. Just two genes (< 1%) are candidates for having arisen via HGT

(including the propellin gene), with hits to bacterial or fungal species.

One of the genes that likely arose via HGT was highlighted in our analysis as a novel gene
that underwent extensive gene duplication in Lepidoptera to generate a large gene family.
This gene family, which we name the propellin genes, is potentially functional as evidenced
by the extensive retention through evolution and conserved domain structure. Currently,

however, its precise role in lepidopteran biology is unclear. Phylogenetic analyses suggest
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that the progenitor of the propellin gene family was transferred to an insect from
Spiroplasma bacteria, some time on the Lepidoptera stem lineage. Spiroplasma is a well-
known intracellular symbiont in arthropods. Furthermore, Spiroplasma is known to colonise
reproductive tissues, which in turn impacts upon the host’s reproduction, and indeed this
genus is one of two bacterial symbionts in Lepidoptera for which maternal transmission has
been demonstrated (Duplouy and Hornett 2018). In some cases, transmission is enhanced
by manipulation of host physiology, such as male-killing which increases the number of
female offspring as observed in Danaus chrysippus (Jiggins et al. 2000). Clearly, persistent
association with reproductive tissues gives opportunity for horizontal gene transfer, as the
symbiont DNA is in close physical proximity to the DNA of the host germline. This has been
seen in the relationship between a mealybug and two endosymbiont species Tremblaya and
Moranella (Husnik and McCutcheon 2018). Interestingly, we also found a putatively
homologous gene in two species of Diptera (genus Bradysia), possibly reflecting an
independent HGT event. This is consistent with previous findings that some types of gene
are more prone to HGT than others, perhaps those encoding proteins with few interaction
partners (Cohen et al. 2011). The evolutionary retention of the likely HGT-derived propellin
gene, plus its extensive gene duplication in Lepidoptera, suggest this gene family likely
evolved to perform functions that are important for the biology of moths and butterflies. We
do not know the biological role, or roles, of propellin genes in Lepidoptera, but note that
their bacterial homologues have diverse functions including ligand-binding proteins,
signalling proteins, lysases, structural proteins, isomerases and hydrolases (Chen et al. 2011).
It is worth noting that the Spiroplasma genes which group closest to the propellin genes in
the gene tree are annotated as hypothetical proteins without known function, suggesting

more work is needed to understand the functional context of this gene.
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The only other novel lepidopteran gene to show such widespread retention and extensive
gene duplication encodes a family of SLC2-like sugar transporter proteins. In other animals,
members of the SLC2 sugar transporter superfamily encode glucose-uptake proteins, ribose
transport proteins, and several putative membrane proteins probably involved in sugar
transport (Fiegler et al. 1999; Denecke et al. 2020; loannidis et al. 2022). The functional link
to sugars is particularly intriguing since the ecological association between Lepidoptera and
sugar-feeding changed markedly in early lepidopteran evolution. Specifically, adult moths in
the basal family Micropterigidae primitively lack a proboscis and are pollen feeders, whereas
adult moths and butterflies in the Ditrysia use a proboscis to access sugar-rich nectar in
flowers. Our wider comparative survey of sugar transporter gene families picks up
potentially interesting co-evolution between this ecological shift and the sugar transporter
genes. We find that although 0G0000164 (and one other sugar transporter gene family) are
present in pollen-feeding Micropterigidae, it is not until the evolution of the nectar-feeding
Ditrysia that we see extensive gene duplication, widespread gene retention and the
emergence of additional SLC-like sugar transporter gene families (Denecke et al. 2020). We
suggest, therefore, that novel sugar transporter gene families emerged at the base of
Lepidoptera, but it was only later in lepidopteran evolution that massive gene duplication
and functional divergence of sugar-transporter genes took place, in association with nectar
feeding. The causal link between these genetic changes and the evolution of novel feeding

behaviour in the early evolution of Lepidoptera warrants further study.
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3.6 Conclusion

We have demonstrated the emergence of 217 novel gene families (orthogroups) on the
node leading to Lepidoptera and 541 novel gene families emerging on the node leading to
the Ditrysia. Two orthogroups have significantly higher gene copy per species across
Lepidoptera indicative of extensive gene duplication following their origins. One likely
originated by horizontal gene transfer from the endosymbiont bacterium Spiroplasma and
then duplicated to generate a diverse group of ‘propellin’ genes encoding a 6-bladed
propeller domain. The other encodes a large set of sugar transporter proteins and is part of
a diverse set of sugar and solute transporter genes that duplicated and diverged extensively

in early lepidopteran evolution.

3.7 Data availability

Genome data associated with this study is listed in Supplementary Table S1 along with
accession numbers. Data and code generated in this study can be found on figshare;

figshare.com/s/32d1b9055257dad1892f.
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4.1 Abstract

Nymphalid butterflies have unique leg morphology amongst Lepidoptera: they are the only
family with greatly reduced forelegs (T1) in adults of both sexes, which are not used for
walking. Previous studies have suggested that T1 legs may have chemosensory functions. To
investigate which genes underpin this biology, we undertook a differential gene expression
analysis in female Maniola jurtina. We find that nymphalid T1 legs have a distinct
transcriptomic profile to T2 and T3 legs, and also to palps; sensory appendages in
Lepidoptera. We find over 250 genes commonly expressed in nymphalid T1 legs and palps,
but not in T2 legs. Despite this overlap, T1 legs are still more similar to T2 and T3 legs in their
gene expression profiles than they are to palps. Genes expressed in common between palps
and T1 legs include one encoding a trypsin-domain protein descendent from a nymphalid-
specific duplication and several involved in sensory functions including an extraocular blue
opsin. Our findings indicate clear transcriptomic differences between T1 legs and walking
legs in Maniola jurtina, pointing to the functional basis of these differences, including minor

acquisition of palp-like gene expression.
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4.2 Introduction

Although the majority of adult Lepidoptera typically walk on all six of their legs, two
taxonomic families are characterised by greatly reduced forelegs (T1 or prothoracic legs),
meaning they only walk using the legs of the second and third thoracic segments (T2 and T3
respectively) (Wolfe et al. 2011). These two families, Nymphalidae and Riodinidae, likely
evolved reduced forelimbs in parallel, and it is notable that reduced T1 legs are observed in
both sexes in Nymphalidae, but only in male riodinids (Wolfe et al. 2011). Despite this, the
T1 legs in nymphalid females retain all five tarsal segments, while in males the post-tarsus is

never present (Fox 1966).

The Riodinidae are a sister lineage to the Lycaenidae, and together these lineages are sister
to Nymphalidae (Wolfe et al. 2011; Kawahara et al. 2023). A slight reduction has been
observed in other butterfly species, and the degree of reduction of T1 legs and the
differences in reduction between sexes have traditionally been among the main
characteristics used to define major butterfly taxa (Fox 1966). Hesperidae and Papilionoidea
have minimal reduction, with T1 legs being only slightly shorter than T2 and T3 legs.
Lycaenidae have forelegs distinctly smaller than T2 and T3 legs, however all three families

use all three sets of legs for walking (Fox 1966).

It has been suggested that the T1 legs of nymphalids evolved novel sensory functions,
subsequently losing their walking function (Wolfe et al. 2011). For example, tarsal sensillae
on T1 are implicated in host plant recognition prior to oviposition (Calvert and Hanson 1983;

Baur et al. 1998) and the physiological reactions of sensillae to plants differ between T1 and
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T2 or T3. Furthermore, nymphalid T1 legs demonstrate a negative reaction to sugar solution,
whereas a positive reaction is observed from T2 and T3 legs (Fox 1966). This difference is not
observed in the Pieridae family where both T1 and T2 legs demonstrate a positive reaction
to a sugar solution (Fox 1966). It is relevant that the number of putative sugar transport
genes expanded throughout the evolution of Lepidoptera, giving potential for specialisation
of roles (Hoile et al. 2025). Similarly, previous work found a link between gene duplication in
key sensory genes, the gustatory receptors responsible primarily for taste perception, and
the localised expression of these paralogs in the legs of Heliconius butterflies (Briscoe et al.
2013). This leg specific expression was more pronounced in females, which, accompanied by
sexual dimorphism in the number of gustatory sensilla present on the T1 legs, is thought to

play an important role in oviposition behaviour (Renwick and Chew 1994).

Legs are not the only appendages with sensory roles in insects. Palps are small, segmented
appendages near the mouthparts of insects (Scoble 1995; Kristensen and Skalski 1998). In
Lepidoptera, the term ‘palps’ typically refer to labial palps, paired structures attached to the
labium and hence part of the last (most posterior) head segment. Lepidopteran labial palps
have roles in chemoreception, in tactile sensing to guide feeding behaviour and, in some
cases, protection of the coiled proboscis (Myers 1969; Diiak et al. 2023). Maxillary palps are
typically reduced or vestigial in Lepidoptera due to the evolution of a proboscis which is
specialised for nectar feeding; an exception being the families Micropterigidae,
Agathiphagidae and Heterobathmiidae which lack the proboscis (Krenn 2010; Diiak et al.

2023).
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Arthropod legs and labial palps are considered to be serially homologous structures,
meaning they have evolved from a common ancestral appendage type (Panganiban et al.
1997; Hughes and Kaufman 2002). Consistent with proposed serial homology, genes
necessary for appendage development, and typically expressed in arthropod legs, are also
expressed in palps. For example, in situ hybridisation revealed that the Distal-less (DIl) gene
is expressed in a ‘sock-and-ring’ pattern in the developing walking legs of the butterfly Precis
coenia, and in a subtly different ‘sock-only’ pattern in developing labial palps (Panganiban et
al. 1997). Gene expression similarities are observed in other arthropods, including
expression of Distal-less (DIl), homothorax (hth) and dachshund (dac) in Porcellio scaber
(Crustacea) and Steatoda triangulosa (Chelicerata) (Hughes and Kaufman 2002; Chen et al.
2016). Studies in Drosophila melanogaster have identified Hox genes as responsible for the
specification of these different head structures; in particular the proboscipedia (pb) and Sex

combs reduced (Scr) genes (Aplin and Kaufman 1997; Hughes and Kaufman 2002).

The above studies have demonstrated shared evolutionary origin and some degree of
developmental similarity between legs and palps, but they clearly evolved into very distinct
structures in insects: in essence, legs are primarily for walking and palps are for sensing. In
this context, the dramatic size reduction of T1 legs in nymphalid butterflies is intriguing, they
are no longer used for walking and there is some evidence for a novel sensory role. However,
morphologically they do not resemble palps, and appear instead as small leg-like structures
suspended between the T1 segment. We wished to investigate whether nymphalid T1 legs
resemble T2 and T3 legs (waking legs) in gene expression profile, despite their morphological
reduction, or whether they express a distinctive set of genes. We also ask whether

nymphalid T1 legs have similarity in transcriptomic expression to labial palps in nymphalids,
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thereby testing if they have co-opted biochemical or physiological characteristics of palps.
Finally, we asked whether any transcriptomic expression differences between T1 and walking
legs were related to genes that had arisen through genetic novelty originating during
nymphalid evolution; for example whether new genes have evolved specifically for roles in
the T1 legs. We chose to focus on adults of Maniola jurtina (Meadow Brown), an abundant

European grass-feeding butterfly (family Nymphalidae, subfamily Satyrinae).

4.3 Experimental procedures

4.3.1 Sample collection and RNA sequencing

33 female and 18 male Maniola jurtina (Meadow Brown) individuals were collected between
05 July 2024 and 22 August 2024 at Wytham Woods, Oxford (UK grid reference SP 468085).
Specimens were stored at -70 °C and dissected on dry ice whilst frozen. Palps, T1, T2 and T3
legs were removed and pooled with the corresponding tissue of between 6 and 15 other
individuals, however it is worth noting that not all individuals collected were utilised for
RNAseq (Hoile et al. 2025b: Supplementary 1). RNA was extracted from pooled samples
using the RNAeasy micro kit (Qiagen) and eluted in 20ul of ultrapure water (Hoile et al.
2025b: Supplementary 1). RNA sequencing was performed on replicates using the lllumina
NovaSeq X Plus Series (PE150) Sequencing System (Novogene) at a coverage of 20M paired-

end 150bp reads per sample.
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4.3.2 Differential gene expression analyses

Reads were mapped to the Maniola jurtina genome (Lohse and Weir 2021) using STAR
version STAR_2.4.0g1 (Dobin et al. 2013). Differential gene expression analysis was
conducted using the DESeq2 (version 1.38.3) (Love et al. 2014) package in RStudio
accounting for batch effects within the data. The dataset was filtered to only include genes
which had a base mean > 5, log, fold change > 1 and adjusted p-values < 0.05. The base
mean is defined as the average of the normalized FPKM count values, divided by size factors,
taken over all samples. Each of the four tissues were compared to the other tissues to
identify genes significantly differentially expressed (upregulated or downregulated). Plots
were created using RStudio packages as follows: heatmaps of the top 50 genes with the
highest and top lowest fold change were generated using ComplexHeatmap 2.14.0 (Gu
2022); Volcano plots and PCA plot were generated using ggplot 3.4.4 (Wickham 2016); the
Venn diagram was created using venneuler 1.1-4 (Gao et al. 2021). Expression analysis of
candidate sensory genes used FPKM values averaged across replicates; these were then

normalized as Z-scores.

4.3.3 Discovery of novel genes

Proteome data from 51 species (17 Nymphalidae, 33 other Lepidoptera, 1 Trichoptera) were

obtained from Ensembl Rapid Release http://rapid.ensembl.org (accessed August 2024)

(Hoile et al. 2025b: Supplementary 1). Taxon sampling was designed to achieve robust
phylogenetic coverage across Lepidoptera while also preferentially selecting species with

proteome predictions-based RNA sequence data. Proteomes were filtered to retain the
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longest transcript for each gene and OrthoFinder v2.3.14 was run to determine orthogroups
within the dataset (Emms and Kelly 2019). To relate these to a species tree, amino acid
sequences from 1,528 single copy orthologues from the OrthoFinder output and present in
all species, were aligned using MAFFT v7.505 (Katoh and Standley 2013), trimmed using
trimAl v1.4.rev15 build (Capella-Gutiérrez et al. 2009), and all alignments were then
concatenated with PhyKIT (Steenwyk et al. 2021). The concatenated alignment was used to
generate a species tree using IQ-TREE version 2.0-rc1 (Minh et al. 2020) using 1000
bootstrap iterations, the LG + G4 model and option -nt AUTO which automatically
determines the best number of cores given the current data and computer capacity.
Orthogroups gained on the branch leading to the Nymphalidae were extracted using

Orthoparser (github.com/PeterMulhair/ortho_parser).

Genes within orthogroups were analysed to generate expression matrices, explore gene
copy number, and conduct synteny analyses. Figures including phylogenetic trees and
heatmaps generated in R used ggtree (Yu et al. 2017), ggplot2 (Wickham 2016), and
Pheatmap (Kolde Ravio 2025), and were edited using Affinity Designer 2 (Serif 2024).
Maniola jurtina chemosensory genes were annotated using a python script (Hoile et al.
2025b: Supplementary 2) which extracted functional domains using Pfam (Mistry et al. 2021)
from the proteomes of all species to annotate and classify proteins which chemosensory

function.
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4.4 Results

We hypothesized that any divergent transcriptomic profiles underpinning the difference
observed in nymphalid T1 legs may result from either novel genes arising on the node
leading to Nymphalidae or from shifts in expression of preexisting genes due to co-option of
new regulatory networks. To investigate this we divided our analyses into three main parts:
(i) a comparison of T1 to T2 and T3 legs, (ii) a comparison of T1 to palps, and (iii) a detailed
investigation into the molecular basis of expression similarities arising between T1 and
palps. We also assessed the contribution of novel genes versus existing genes which have
gained distinct expression profiles coincident with the evolution of the reduced T1 legs. It
should be noted that the differential gene expression analysis was only conducted in adult
females, and no other life stages were investigated. Only genes which were upregulated in
both T1 legs and palps in comparison to T2 legs were investigated, however it should be

acknowledged that genes downregulated in these two tissues may also be important.

4.4.1 Transcriptomic differences between T1 legs and walking legs

To obtain a dataset suitable for conducting a differential gene expression analysis, 51
Maniola jurtina butterflies were collected, dissected to remove palps, T1, T2 and T3 legs
respectively (Figure 4.1A), and pooled to produce 3 replicates consisting of between 6 and
15 individuals, with 15 males pooled to form the single male sample described in
Supplementary 1. We focused on samples consisting of thirty-three female M. jurtina
specimens for differential gene expression analyses, conducted using DESeq2 with the

percentage of uniquely mapped reads ranging between 50-74% across samples (Hoile et al.
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2025: Supplementary 1). Gene expression quantification was measured with the gene
models of M. jurtina using StringTie (Pertea et al. 2015). First, to determine whether there
were broad expression profile differences between tissues, we constructed a principal
component analysis (PCA) plot from these gene expression quantifications of palps, T1, T2
and T3 legs. Despite a consistent batch effect, the analysis reveals that palp gene expression
has the greatest dissimilarity to the other tissue types, while T2 and T3 legs have the
smallest difference between them, indicated by the close grouping of these data points
(Figure 4.1B). T1 legs do not cluster with other tissues but do show more apparent similarity
to T2 and T3 legs than to palps. This suggests that T1 legs have a gene expression profile

which is not typically found in palps or in the other legs (Figure 4.1B).
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Figure 4.1 — A Maniola jurtina illustration demonstrating dissection of palps and T1, T2 and
T3 legs. Scale bar 5mm. B PCA analysis of transcriptomes from T1, T2 and T3 legs, and
palps. C (Left) Number of genes significantly ‘upregulated’ (higher expression) and
‘downregulated’ (lower expression) between, from left to right: T2 vs T1, T3 vs T1, T2 vs T3,
T1 vs palps, T2 vs palps. The darker shading shows the number of upregulated and
downregulated genes in common between T2 vs T1 and T3 vs T1 (left hand bars), or in
common between T1 vs palps and T2 vs palps (right hand bars). Note that gene expression is
essentially identical between T2 and T3, that gene expression is T1 legs is very different to T2
and T3, T1 gene expression is more similar to palps than T2 gene expression is to palps, and
T1 gene expression is more similar to other legs than it is to palps.
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4.4.2 Nymphalid reduced legs and walking legs have distinct gene expression

To quantify the differences in gene expression between tissues, pairwise comparisons were
conducted across all four tissue types (P, T1, T2 and T3), evaluating each dataset against the
others in a like-for-like manner (e.g. T1 vs T2 etc). Differentially expressed genes underwent
filtering to only include genes which had a base mean >5, log2 fold change > 1 and adjusted

p-values < 0.05 (Hoile et al. 2025b: Supplementary 3).

When comparing T2 walking legs against T3 walking legs, only one gene was found to be
differentially expressed and has putatively lower expression in T2 in comparison to T3
(ENSMJUG00000000611, an olfactory receptor) (Figure 4.1C). This indicates there is very
little, if any, transcriptomic difference between T2 and T3 legs. We therefore used T2 as a
representative of the walking legs in further analyses. When comparing the reduced legs of
T1 vs the walking legs of T2, however, 791 differentially expressed genes were identified. Of
these 402 showed higher expression in T1 and 389 had lower expression in T1. This indicates
a clear transcriptomic difference in the reduced legs compared with the walking legs (Figure

4.1B and C).

4.4.3 Larger differences in expression profile observed between legs and palps

In a comparison of T1 legs vs palps, we found 1,718 differentially expressed genes. Of these,
972 showed higher expression in T1 and 746 had lower expression in T1. In a comparison of
palps vs T2 legs, we found 2,864 differentially expressed genes. Of these, 1,380 had higher

expression in the palps and 1,484 had lower expression in the palps. This suggests that palps
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have a very different transcriptomic profile to legs, but the difference is greatest when
compared to walking legs. In addition, although the reduced legs of T1 are transcriptomically
very different to the rear legs (T2 and T3), all ‘legs’ are more transcriptomically similar to

each other than to palps (Figure 4.1C).

To investigate the nature of the gene expression differences between the reduced legs (T1)
and walking legs (T2, T3), we first searched for gene expression differences unique to T1
legs. Of the genes differentially expressed between T1 vs palps and T1 vs T2, 106 genes were
shared across both analyses (Figure 4.1C). These represent gene expression differences
unique to T1 legs. Of these, 47 were more highly expressed in T1 and 59 were down-
regulated in T1 in both analyses. This indicates that of the suite of genes commonly
expressed in lepidopteran appendages, many are either up-regulated or down-regulated in
T1 legs. T1 legs may have acquired biochemical functions different to either of the other

analysed tissues (Hoile et al. 2025b: Supplementary 3).

4.4.4 Nymphalid reduced legs have acquired aspects of palp-like gene expression

Although there are large gene expression differences between palps and legs, it is possible
that the reduced legs of Nymphalidae acquired some palp-like characters. To test for this, we
searched for genes up-regulated in palps (compared to T2 legs) that are also up-regulated in
T1 (compared to T2 legs). We found 277 such ‘palp’ genes expressed in T1 legs (Figure 4.2A).
This indicates that T1 legs may have acquired some of the biochemical functions typically
associated with palps. To delve deeper into the M. jurtina genes identified, Pfam annotation

and a BLAST search was conducted against the Drosophila melanogaster proteome (Hoile et
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al. 2025: Supplementary 4) to examine their putative functions. A nested pie chart was
generated to visualise the overall functional category, combined with specific function for
each of the genes identified in the 277 T1/palp up-regulated genes (Figure 4.2B). The
majority of genes were classed as metabolic (21.3%), while a large proportion of genes were
uncharacterised or IncRNA (13% and 11% respectively). Genes in the sensory and

developmental functional categories each comprised only 1% of these genes (Figure 4.2B).

developmental 1.1%
Pvs T2 epigenetic 0.7%
/__immune 4.7%
—m

‘ wRNA 10.8%
/ . membrane 0.4%

metabolic 21.3%

uncharacterised 12.6% |

transport 7.6%/

structural 12.3%

T1vs T2

WY ~equlation 8.7%

signaling 18.8% _
sensory 1.1%

Figure 4.2 - Genes of interest explored from the 277 genes upregulated in both T1 legs and
palps A Common upregulated genes between T1 and Palps showing a crossover of 277 genes
common and upregulated in both T1 legs and palps. B Functional category and in-depth
functions of the 277 genes which were upregulated in both T1 legs and palps.

As a complementary approach, we also examined the expression of predicted sensory genes
in the RNAseq datasets to ensure physiologically relevant genes which did not meet the
statistical threshold for differential expression were not overlooked. We examined genes
encoding proteins involved in chemosensation, notably olfactory binding proteins (OBP),

chemosensory proteins (CSP), sensory neuron membrane proteins (SNMP), ionotropic

receptors (IR), gustatory receptors (GR) and olfactory receptors (OR), and also visual sense,

109



University of Oxford Chapter 4 | A. E. Hoile (2025)

notably visual opsins and genes in the visual sensing pathway. For each gene family, we
identified homologues in the M. jurtina proteome and calculated FPKM values of gene
expression in palps, T1, T2, and T3 legs. Expression values were averaged across female
replicates for all tissues and Z-score calculated to allow for comparison across tissues for
each gene (Figure 4.3B). In total we extracted 60 OR genes, 28 GR, 32 IR, 29 OBP, 18 CSP, and
15 SNMP chemosensory-related genes from the M. jurtina proteome. Of the genes analysed,
we found 40 genes with a positive Z-score in palps suggesting they have a specialised
sensory function in palps only. We also found 32 sensory-related genes with a positive Z-
score only in T1 legs; these could represent sensory functions unique to the reduced legs.
Finally, we found 16 sensory-related genes with a positive Z-score in both palps and T1 legs,
suggestive of a shared sensory function. Notably, this includes a gene encoding blue-
sensitive opsin with strongest expression in T1, suggesting extraocular opsin activity in T1
legs. We also note expression in palps and T1 legs of a putative diacylglycerol kinase gene
(retinal degeneration A), possibly encoding a component of the signalling pathway

downstream of opsin activation.
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Figure 4.3 — A Putative sensory genes upregulated in palps (purple), T1 legs (beige) or both
tissues (purple to beige gradient). FPKM values (in log10) for each gene type are shown as
boxplots per tissue sample. B Z-score expression plots of sensory genes of interest; only
shown are genes with higher expression in T1, palps, or both.

4.4.5 A Nymphalid-specific gene duplication up-regulated in palps and T1 legs

For each of the 277 genes identified as up-regulated in both T1 legs and palps (and
subsequently down-regulated in T2 and T3 legs), gene copy number was investigated to
determine whether any showed variation indicative of gene duplication events during the
evolution of the Nymphalidae lineage (Hoile et al. 2025: Supplementary 5). We found 8
orthogroups had duplicated, or were only identified in the Nymphalidae subfamily Satyrinae
plus Danaus plexippus i.e. not present in any species outside this clade. One orthogroup was
notable as present, typically in single copy, in nearly all species used in this analysis (all

Lepidoptera species and Trichoptera outgroup), but with clear patterns of nymphalid-specific
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gene duplication events (0G0000217) (Figure 4.4A and B). The lowest gene copy number in
the Nymphalidae is observed in Eueides isabella (1 copy) with the highest found in Bicyclus
anynana (11 copies) and a mean of 6 gene copies across all nymphalid species. Phylogenetic
analysis suggests that within the Nymphalidae, duplications of this gene generated four
clades (gene subfamilies), with some subfamilies undergoing further duplication (Figure

4.4A).

Although eight Maniola jurtina genes were identified within this orthogroup, only one of
these genes was present in the up-regulated group of 277 L1/palp-expressed genes
(ENSMJUG00000013800) (Figure 4.4C). Six genes were expressed in some or all of the
tissues investigated (ENSMJUG00000012716, ENSMJUG00000014532,
ENSMJUG00000014814 ENSMJUG00000013800, ENSMJUG00000015669 and
ENSMJUG00000004577). Two gene copies have a higher expression in the palps
(ENSMJUG00000015669 and ENSMJUGO00000004577), which had an average FPKM value of
35 and 38 respectively in palps and 21 and 17 respectively across all leg tissues, while the
remaining three genes had relatively consistent expression patterns across all four tissue
types (Figure 4.4C). This suggests the paralogous gene copies have diverged in their
expression domains. For all M. jurtina sequences in this orthogroups, a BLASTp search
against Drosophila melanogaster resulted in hits to uncharacterised proteins, with the top
hit for ENSMJUG00000013800 being CAL85485 (gene ID: CG9649) with a percentage identity
of 29.930 and e-value of 8.69e%’. All proteins were annotated as possessing a trypsin
domain (Pfam domain PF00089.29), placing these genes as part of the S1 family of

peptidases (Rawlings and Barrett 1994).
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Figure 4.4 — In-depth analysis of a nymphalid-specific gene duplication from a gene
upregulated in both T1 legs and palps. A Phylogenetic tree (coloured by lepidopteran family)
of the orthogroups containing putative Nymphalid-specific gene duplication. The specific
gene copy which is upregulated in Maniola jurtina T1 legs and palps is denoted by + . The
number of unique Nymphalid species per clade is noted. B Gene count for each species used
in this analysis in the orthogroups of interest, split into clades with overall gene copy in the
orthogroups on the right hand side. C logFPKM expression across T1, T2 and T3 legs, and
palps for each of the Maniola jurtina genes in these orthogroups of interest. The gene which
is upregulated in T1 legs and palps is denoted by +. Only three of these gene copies
demonstrate expression in any of palps, T1, T2 or T3.
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4.4.6 Novel genes do not underpin transcriptomic differences in T1 legs

To investigate whether any transcriptomic diversity observed in the T1 legs arose from novel
genes arising on the node leading to the Nymphalidae, we first built a phylogenetic tree
using 1,528 single copy genes across 51 species onto which gene gain could be mapped. The
species selected were representative of 21 lepidopteran families and one non-lepidopteran
insect (Limnephilus lunatus, order Trichoptera) to give strong taxonomic coverage across

Lepidoptera.

The analyses above included some examples of pre-existing genes in Lepidoptera (trypsin
peptidases and chemosensory genes) showing patterns of duplication and/or differential
gene expression in the palps and T1 legs of Maniola jurtina. To assess whether additional
novel genes or novel gene families emerged in Nymphalidae we first constructed
homologous gene groups (‘orthogroups’) from all 51 species in our dataset using
OrthoFinder (Emms & Kelly, 2019). Novel gene families here are defined as orthogroups
present in a clade but absent from all outgroup taxa i.e. taxonomically restricted genes
(Hoile, et al., 2025). We identified 57 gene families originating on the branch leading to the
Nymphalidae (Figure 4.5). Interestingly, even larger numbers of gene gain events are
observed on nodes subsequent to the emergence of Nymphalidae: 104 genes originating on
the node containing non-Danainae nymphalids and 129 genes on the branch leading to the

subfamily Satyrinae.
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Of the 57 Nymphalidae-specific orthogroups, we deduce that the majority (35 orthogroups)
likely arose via duplication followed by extensive sequence divergence. Putative HGTs
account for only three orthogroups, as indicated by presence in non-metazoan proteomes
but absent from animals other than nymphalid butterflies. We suggest that 19 orthogroups
are orphan genes, genes which have either emerged by de novo gene genesis or have
diverged in their amino acid content to such an extent to not be detectable by standard
sequence identity searches. None of the 57 genes were determined as differentially
expressed in the palps or T1 legs compared to T2 and T3 legs (Hoile et al. 2025b:
Supplementary 6). This suggests that while new genes did arise during the evolution of
Nymphalidae, it is unlikely they made a major contribution to the novel biology of nymphalid

T1 legs.
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Figure 4.5 - Genes emerging on the Nymphalid butterfly node. Species tree showing numbers
of orthogroups gained at each phylogenetic node. Lepidopteran families are labelled by
coloured boxes. Pie charts show the number of orthogroups originating at the Nymphalidae,
Nymphalidae minus D. plexippus, Satyrinae and Nymphalinae nodes and proportions of the
putative modes of new gene origin.
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4.5 Discussion

Previous research has established serial homology between legs and labial palps, with
evidence from similar developmental gene expression and homeotic transformations. This
serial homology extends to the legs of the T1 segment. However, serial homologues can
diverge in structure and function in evolution, presumably underpinned by gene expression
differences (Monteiro, 2021; Monteiro et al., 2025). While there has been research assessing
differences in gene expression between sensory tissues, including legs, in butterflies (Briscoe
et al., 2013; van Schooten et al., 2020; Wu et al., 2022) we know of no prior research that
has examined the transcriptomic similarities and differences between the highly diverged T1

legs of nymphalid butterflies and their serial homologues.

We first established that there are very little, if any, transcriptomic differences between T2
and T3 legs. Only one gene was identified as differentially expressed between T2 and T3 legs,
emphasising a high degree of transcriptomic similarity. Similarity was also observed in the
PCA analysis, demonstrating a low proportion of variance between T2 and T3 (Figure 4.1B).
Although a higher proportion of variance was observed between T1 and walking legs (T2 and
T3), PCA analysis concluded that T1 legs have a higher degree of transcriptomic similarity to
walking legs than they do to palps (Figure 4.1B). This is also supported by a greater number
of differentially expressed genes observed between T1 vs palps in comparison to T1 vs T2
(Figure 4.1C). This confirms the hypothesis that T1 legs bear some degree of genetic

differences to walking legs (T2 and T3) (Figure 4.1C).
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Although T1 legs share a closer gene expression profile to the walking legs than they do to
palps, they have still acquired some gene expression patterns similar to that of the palps
distinct from that found in walking legs (Figure 4.1B and C). We find 277 genes which are
significantly up-regulated in both T1 legs and palps, indicating that T1 may have acquired
some of the expression and, by consequence, function typically associated with the palps.
Additionally, T1 legs have some genes which are not upregulated in any of palps, T2 or T3
legs (Figure 4.1C and Supplementary 1). We also identified over 80 sensory-related genes
unique to either palps, T1 legs or both tissues, although not all of these were identified in
the differential gene expression analysis (Figure 4.3). This suggests that, along with diverging
in their expression profiles where they are closer to palps than the walking legs are, T1 legs
may have also acquired expression and potential functions not found in either of these three
tissues; exploring the specific function of these in the context of T1 leg biology or physiology

will be an interesting area to explore in future research.

Having established that T1 legs have acquired some transcriptomic similarity to palps, we
were interested to know if some of the transcriptomic differences characterising reduced T1
legs could be related to evolution of new genes or expanded gene families. From the genes
which were found to be up-regulated in T1 and palps, when compared to walking legs, eight
orthogroups to which some of these genes belong were present in Danaus plexippus and the
Nymphalidae subfamily Satyrinae only. Interestingly, the Satyrinae have the highest number
of novel genes emerging on their node of origin (129) in comparison to the subfamily
Nymphalinae (51) and the Nymphalidae family itself (57) (Figure 4.5). Research suggests that
Satyrinae often exhibit greater host plant specialisation in comparison to other subfamilies

within Nymphalidae e.g. Nymphalinae (Nylin et al., 2014). An example of this is many
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Satyrinae predominantly utilising plants from the order Poales (grasses), while Nymphalinae
typically have a broader range of host plants across multiple plant orders. As such, it is
possible that the orthogroups which only contain Satyrinae and Danainae genes assist in this
greater host plant specificity (Nylin et al., 2014). One orthogroup was identified as having
genes present in almost every species used in the study (average of one gene copy per non-
Nymphalidae species), with a marked increase in copy number occurring in 16 out of 17
Nymphalid species in our dataset (0G0000217) (Figure 4.4A and B). We annotated this gene
family as consisting of trypsin-related proteins based on their functional domain content.
Trypsins are a family of serine protease enzymes which play a role in protein digestion by
breaking down polypeptide chains into smaller peptides and amino acids. They are typically
involved in digestion but may have other roles (Brenner, 1988; Rawlings & Barrett, 1994).
Literature investigating trypsin-like gene expression in any arthropod legs is very limited,
however several serine proteases and protease inhibitors have been identified in the
crustacean olfactory organ, and it suggested that they may play a role in perireception (e.g.,
odour activation or inactivation) or in the development or survival of olfactory receptor
neurons (Johns et al., 2004). The diverse expression pattern observed for M. jurtina genes in
this orthogroup suggests that duplication and divergence may have taken place within this
orthogroup and therefore the genes may have adopted new functions in nymphalid
butterflies. It is possible that these trypsin domain-containing genes may play a role in
sensory perception in Nymphalidae T1 legs and palps, however further research is required

to test this hypothesis.
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As palps are known to have some sensory function, and we found that T1 legs have some
transcriptomic similarity to palps, we also explored the potential role of sensory genes in
nymphalid T1 legs. Over 30 sensory genes showed highest expression in T1 legs compared to
palps and walking legs, with the majority of these being olfactory binding proteins and
olfactory receptors (Figure 4.3B). This gene set also included extraocular expression of blue
opsin. Non-visual and extraocular opsin expression has been observed in Drosophila
melanogaster, crustaceans, cephalopods and fish. Retinal non-visual receptors and
associated opsins have been identified across vertebrate tissues and are thought to utilise
the phototransduction pathway to detect light for non-visual purposes (Feuda et al., 2022;
Kingston & Cronin, 2016). Extraocular colour sensing has also been observed in Biston
betularia (peppered moth) caterpillars, allowing them to choose to rest on colour-matching
twigs for camouflage, even when ocelli are obscured (Eacock et al., 2019). Additionally, there
is a potential role of extraocular photoreceptors in colour change, resulting from pigment
production in response to background colour across multiple species in the animal kingdom
(Poulton, 1890). This suggests that T1 legs have acquired some sensory function which is not

observed in walking legs.

Additionally, 16 sensory genes were most highly expressed in T1 legs and palps, implying
that T1 legs have acquired some sensory function also observed in palps (Figure 4.3B).
Notably, this includes a retinal degeneration A or diacylglycerol kinase gene (retinal is a
chromophore which binds to opsins and can be involved in visual transduction (Wald, 1934).
Diacylglycerol (DAG) kinase in Drosophila melanogaster is thought to have a role in the
development of the embryonic nervous system and function of the adult nervous system,

muscle and regulation of signal transduction in neurons (Harden et al., 1993; Masai et al.,
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1992). It is possible that the opsin and retinal degeneration A genes identified are being
utilised for a similar purpose, perhaps relating to light sensing in the T1 legs of Maniola

jurtina.

Previous research has identified gustatory and olfactory receptors as mediators of insect-
plant reactions through identification of secondary plant compounds as deterrents or
attractants of insect oviposition and feeding, however the exact role of reduced T1 legs in
this is not yet clear (Baur et al., 1998; Calvert & Hanson, 1983; Fox, 1966; Renwick & Chew,
1994; Wolfe et al., 2011). It is possible however, that specialised receptors on the T1 legs,
which may be unique among specific Nymphalidae species, may allow for host-specific

interactions with certain plants.

We therefore conclude that T1 legs in Nymphalidae butterflies have sensory function, and
that some transcriptomic similarity is observed between T1 legs and palps. However, it is

notable that T1 legs still bear more gene expression similarity to walking legs than they do to

palps.

4.6 Data Availability

RNAseq data generated in this study are deposited under NCBI BioProject PRINA1303389.
All code and processed data required to reproduce results are deposited on the Figshare

open research repository http://figshare.com/s/2b41aaf69f613a990bff (Hoile et al. 2025b).
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Chapter 5: Functional enrichment and gene
novelty 1n bilaterian-specific tissues

5.1 Abstract

The Cambrian explosion was a period during which the bilaterian animals experienced a
rapid diversification, marking a significant burst of evolutionary activity for this lineage. To
understand the genetic mechanisms underpinning such a significant event, we identify and
assess gene gain as a driver of tissue-specific bilaterian evolution. We undertake this
investigation by utilising two phylogenetic tree topologies: the former placing the
Xenacoelomorpha as sister to the Nephrozoa (Nephrozoa hypothesis) and the latter placing
Xenacoelomorpha within Deuterostomia (Xenambulacraria hypothesis). Publicly available
RNAseq data was obtained for Octopus bimaculoides and Branchiostoma lanceolatum,
representing the Protostomia and Deuterostomia respectively, and used to determine
enrichment of Bilateria-specific hierarchical orthogroups (HOGs) in gut, nervous system and
muscle tissue. Results were supported using RNAseq data from four further bilaterian
species. We focussed on 13 HOGs that emerged on the bilaterian node of the tree containing
Xenacoelomorpha within Deuterostomia. In the tree topology supporting the Nephrozoa
hypothesis, 9 of these HOGs were observed on the node leading to Nephrozoa. It is likely
that 9/13 HOGs arose by gene duplication followed by extensive sequence divergence and
4/13 have no known homology outside of Bilateria and possibly arose via de novo gene
genesis. We provide an insight into the role of gene novelty in a tissue-specific context
during the early evolution of the Bilateria, suggest their likely mode of origin, their putative

function and importance in bilaterian evolution.
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5.2 Introduction

The emergence and diversification of the Bilateria represents a critical evolutionary
milestone in the history of life on Earth. Bilateria form a major clade within the animal
kingdom and can be distinguished by the presence of bilateral symmetry during embryonic
development (Namigai et al. 2014). Bilateria can be identified by several features that
distinguish them from non-bilaterian animal lineages. These include bilateral symmetry
along the anterior-posterior axes, the development of a complete through-gut with a distinct
mouth and anus, the formation of mesodermal tissues including muscle blocks, and
cephalisation, resulting in a concentration of sensory structures and neural tissues at the
anterior end of the organism (Minelli, 2009; Brusca and Shuster, 2016). Collectively, each of
these defining characteristics allowed for the exploration and exploitation of the
environment in three dimensions (Holland 2015). The evolution of these features
contributed to complexity and ecological versatility of the Bilateria and has likely resulted in
the exploitation of the wide range of ecological niches that these organisms came to occupy
(Holland 2015). Bilateral symmetry is significant as it allowed for directed movement
through the environment through coordinated left-right muscle contractions, giving rise to
active predation, new methods of locomotion such as burrowing, and the emergence of

complex food webs (Holland 2015).

Although the emergence of the first bilaterian organism took place during the Ediacaran
period (represented by /karia warioota (Evans et al. 2020), the Cambrian period which began
around 541 million years ago witnessed an extraordinary expansion of bilaterian diversity in

an event widely known as the Cambrian Explosion (Zhuravlev and Wood 2018). This
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evolutionary burst encompassed the rapid appearance of numerous animal body plans,
significant increases in body size, the emergence of complex ecosystems and the sudden
proliferation of mineralized skeletal remains in the fossil record, a pattern first noted by

William Buckland in the 19th century (Conway Morris 2000; Chen 2009).

The Cambrian explosion has been described as a "three-phase explosion" (Zhang and Shu
2021) as it likely resulted from a culmination of a series of intertwined ecological,
developmental, and genetic changes. Among these, molecular innovations such as genetic
novelty are believed to have played a fundamental role (Wu and Lambert 2023). Genetic
innovations underpinning bilaterian complexity provide some explanation for their
evolutionary success (Erwin et al. 2011). For example, the expansion and diversification of
ANTP-class homeobox genes during the bilaterian stem lineage are thought to have been
crucial in enabling the development of novel body architectures (Holland 2015; Holland et
al. 2017). ANTP-class homeobox genes include the NK, Hox, and ParaHox clusters. NK genes
are primarily associated with mesodermal patterning, Hox genes are associated with
positional identity along the anterior-posterior axis (especially in the central nervous
system), and ParaHox genes are primarily associated with patterning the digestive tract
(Holland 2015). These genes, and others associated with developmental control of
morphology and physiology likely contributed to the evolution of increasingly complex body
plans capable of active, high-energy locomotion, which is a trait thought to be central to

diversification during the Cambrian (Carbone and Narbonne 2014).

Current research suggests that both phenotypic and molecular evolution proceeded at

accelerated rates during the Cambrian Explosion (Marshall 2006; Lee et al. 2013a). Rates of
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phenotypic evolution were approximately four times higher, while molecular evolution
occurred at a rate 5.5 times greater during the Cambrian explosion in comparison to the
rest of the Phanerozoic eon, which extends from ~538.8 million years ago to the present
(Cohen et al. 2013; Lee et al. 2013a). These inferred rates are based on robust evolutionary
assumptions about the precise age of arthropods obtained through Bayesian and maximum
likelihood phylogenetic clock methods on an extensive anatomical and genomic data set for
arthropods (the most diverse Phylum during the Cambrian and today) and are consistent
with evolution by natural selection and data from living organisms (Lee et al. 2013a). These
findings highlight the importance of genetic novelty in driving rapid diversification and

underline the unique evolutionary dynamics of the Cambrian period.

Although genomic novelty is undoubtedly a contributor to the diversity observed during the
Cambrian explosion, it is also apparent that reductive evolution observed at a protein-coding
level has also been a contributor to genome composition and evolution (Guijarro-Clarke et
al. 2020). Previous studies have highlighted the prevalence of both gene and protein gains
and losses during the emergence of different animal groups, and the association of the latter
in the loss of anatomical structures in evolution (Moore and Bornberg-Bauer 2012; Tsai et al.
2013). In this context, we define novelty as protein-coding loci that are lineage-specific and
do not have close homologues in other taxa (Paps and Holland 2018; Rodelsperger et al.
2019; Hoile et al. 2025). This definition reflects the fact that we cannot always determine the
mechanism by which a novel gene arose, but also that they likely reflect novel biology from
encoding proteins which may have distinct activity and/or function which is absent from
outgroup taxa (Hoile et al. 2025). We categorise genetic novelty into three categories: gene

duplication and subsequent extensive sequence divergence (Ohno 1970; Rastogi and
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Liberles 2005; Conrad and Antonarakis 2007; Sémon and Wolfe 2008; Holland et al. 2017;
Dubose and De Roode 2024), horizontal gene transfer (Husnik and McCutcheon 2018; Li et
al. 2022; Keeling 2024) and originating from non-coding DNA indicative of de novo origin

(Levine et al. 2006; McLysaght and Hurst 2016; Van Oss and Carvunis 2019; Zhao et al. 2024).

One consideration when analysing new genes within the Bilateria is the debate concerning
which animal groups reside within the Bilateria and which are considered to be a sister
taxon. The phylogenetic relationships between Bilateria and associated outgroups continues
to be a subject of debate (Dunn et al. 2014). One group of interest is the phylum
Xenacoelomorpha, which includes Xenoturbella and Acoelomorpha (although even
relationships within Xenacoelomorpha have been recently contested (Redmond 2024)).
These marine worms display bilateral symmetry but lack several typical bilaterian features,
such as an anus, a circulatory system, and nephridia (Hejnol and Pang 2016). Phylogenetic
analyses have resulted in conflicting hypotheses regarding their placement. Some studies
suggest that Xenacoelomorpha are placed within the deuterostomes (forming a clade with
Ambulacraria), while others propose that they are the earliest branching bilaterians, forming
a sister group to the Nephrozoa (comprising both protostomes and deuterostomes) (Mulhair

et al. 2022; Juravel et al. 2023; Alvarez-Presas et al. 2024).

In addition to the Xenacoelomorpha, the placement of the non-bilaterian phyla: Ctenophora,
Cnidaria, Placozoa, and Porifera remains a matter of discussion (Dunn et al. 2014).
Ctenophores (comb jellies) are known for their ciliary locomotion and bi-radial symmetry
(Malakhov and Gantsevich 2022). The Cnidaria, such as jellyfish, sea anemones, and corals,

possess a diffuse nerve net and specialized stinging cells known as cnidocytes (Schierwater
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and DeSalle 2021). Placozoans are often regarded as the simplest free-living animals. They
are small, flattened organisms which lack true tissues and organs (Pennisi 2021). The
Porifera (more commonly known as sponges) are characterized by a porous body plan and

the absence of nervous, digestive, or circulatory systems (Woérheide et al. 2012).

Several phylogenetic topologies have been proposed to resolve the relationships among
these groups. One widely supported hypothesis places Cnidaria and Placozoa as sister taxa,
together forming a clade that is sister to Bilateria (Laumer et al. 2018). Ctenophora is
sometimes positioned as the earliest-branching metazoan lineage, while alternative
hypotheses place Porifera in this position (Halanych and Anderson 2015). Although the
placement of these outgroups is important for reconstructing early metazoan evolution, this
research focusses specifically on the genetic mechanisms which have resulted in bilaterian
innovation. The precise relationships among non-Bilateria do not directly impact the
identification of gene novelties at the bilaterian node, however acknowledging these

phylogenetic complexities provides context for interpreting evolutionary patterns.

This chapter aims to identify putative novel bilaterian gene families which may have
contributed to the development of Bilateria-specific tissues, along with function, domain
and suggest a mode of origin for each. By focusing on gene novelty and its role in body plan
evolution we aim to better understand how the genomic architecture of bilaterians enabled
the remarkable biological diversity observed both during the Cambrian period and
throughout the subsequent history of animal life. Although previous studies have explored
rapid gene expansion and novelty within the Bilateria, until now the breadth of high-quality

Bilaterian genomes has not been available (Heger et al. 2020), and although previous studies
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have focussed on tissue-specific gene enrichment, they often focus on phyla or sub-taxa
within the Bilateria rather than the Bilateria as a whole (Mantica et al. 2024),

This study utilises large genomic datasets which have been made available through
sequencing consortia such as the Darwin Tree of Life Project (Blaxter 2022) affiliated to the
Earth Biogenome Project (Lewin et al. 2018). Here, we utilise available data by analysing
proteomes from 113 Metazoa, including 87 Bilateria. Following data filtering we identify 13
novel hierarchical orthogroups which are enriched in bilaterian-specific tissues of Octopus
bimaculoides (Protostomia) and Branchiostoma lanceolatum (Deuterostomia). We
demonstrate evidence of expression in the respective tissues of four further bilaterian
species, encompassing six phyla in total. We infer the likely modes of origin for these novel

genes and speculate on their importance in bilaterian evolution.

5.3 Materials and methods

5.3.1 Construction of constrained trees

Two species trees were built using guide trees with constrained topology, established from
published literature, from BUSCO genes which were identified in 90% of the species used in
this analysis, as no universal single copy orthologs were identified in the OrthoFinder
outputs. In one constrained tree, Xenacoelomorpha (represented by Symsagittifera
roscoffensis) was placed as a sister taxon to the Nephrozoa, while in the second constrained

tree Xenacoelomorpha was placed within Deuterostomia (Supplementary 2).
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To construct these trees, sequences were aligned using MAFFT v7.505 (Katoh and Standley
2013), trimmed using trimAl v1.4.rev15 build (Capella-Gutiérrez et al. 2009) and
concatenated with PhyKIT (Steenwyk et al. 2021). The concatenated alignment was used to
generate a species tree using IQ-TREE version 2.0-rc1 (Nguyen et al. 2015) with an applied
constrained topology. The tree was built using 1000 bootstrap iterations, the LG + G4 model
and option -nt AUTO which automatically determines the best number of cores given the

current data and computer capacity.

5.3.2 Discovery of novel genes

Proteome data from 113 species (87 Bilateria, 12 Porifera, 1 Placozoan, 2 Ctenophora, 2
Choanoflagellates, 1 Filasterea and 8 Cnidaria) were obtained from Ensembl Rapid Release

http://rapid.ensembl.org (accessed August 2024) or NCBI Datasets

https://www.ncbi.nlm.nih.gov/datasets (accessed January 2025) (Supplementary 1).

Proteomes accessed from Ensembl Rapid Release are proteome predictions based on the
Ensembl genebuild annotation pipeline, while those from NCBI Datasets may have a variety
of annotation methods such as BRAKER. Taxon sampling was designed to achieve robust
phylogenetic coverage across the Bilateria while also preferentially selecting species with
proteome predictions-based RNA sequence data. Primary transcripts were obtained from
the predicted proteome data and OrthoFinder v3.0.1b1 (Emms & Kelly, 2019) was run to

determine orthogroups within the dataset.

Hierarchical orthogroups (HOGs) were extracted for each of the two respective OrthoFinder

runs. HOGs gained on the branch leading to the Bilateria from the constrained tree placing
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Xenacoelomorpha within Deuterostomia, and on both nodes including and excluding
Xenacoelomorpha where they were placed as sister to the Nephrozoa, were extracted using
Orthoparser (github.com/PeterMulhair/ortho_parser). HOGs are “sets of genes that are
inferred to have descended from a single ancestral gene within a specific clade of species”
(Train et al. 2018). This allows for the organisation and understanding of gene families,
considering both orthologs and paralogs across different species. Larger, more ancient HOGs
may contain multiple smaller, more recent HOGs which reflects the evolutionary history of

gene families (Train et al. 2018).

Due to the high rate of gene loss across the Bilateria (Guijarro-Clarke et al. 2020), a
threshold value was set to reduce the likelihood of spurious homology. For a HOG to be
considered real, rather than a result of spurious sequence homology and incorrect
clustering, we impose a rule that it must be present in 25% of species descendent from the
selected node, in addition to being present in both Branchiostoma lanceolatum and Octopus
bimaculoides. The latter two species are specified to facilitate later gene expression
analyses. HOGs which fit this threshold value were extracted and gene copy plots with
phylogenetic trees were created using ggplot2 (Wickham 2016) and ggtree (Yu et al. 2017) in

Rstudio (Posit team 2025).

5.3.3 Extracting enriched genes and identifying HOG crossover between species

RNAseq data was obtained from NCBI SRA https://www.ncbi.nlm.nih.gov/sra/

(accessed May 2025) for Branchiostoma lanceolatum and Octopus bimaculoides

(Supplementary 2). Reads for each species were mapped to its respective reference genome
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using STAR version STAR_2.4.0g1 (Dobin et al. 2013) and Stringtie was used to quantify
expression (Pertea et al. 2015). Genes which met the threshold values above were tested for
enrichment in bilaterian-specific tissues of interest using Rstudio (Posit team 2025). For a
gene to be considered enriched, its expression had to be twice the value of the median
expression of all tissues for that gene and have an FPKM >5. Expression matrices were

generated in RStudio using Pheatmap (Kolde Ravio 2025).

Putative functions for genes of interest were identified using BLASTp (Mahram and Herbordt
2015) searches against the standard nr database in addition to Pfam annotations (Mistry et
al. 2021). Pie charts displaying putative functions of enriched genes in bilaterian-specific
tissues of interest were created using ggplot2 (Wickham 2016)in Rstudio and figures were
edited using Affinity Designer 2 (Serif 2024). Venn diagrams displaying shared Hierarchical
Orthogroups between tissues and across species were created using VennDiagram in Rstudio

(Chen 2022).

5.3.4 Searching for sequence homology beyond Bilateria

GenEra (Barrera-Redondo et al. 2023) was used as an independent test of the mode of origin
of genes in HOGs of interest, through the detection of sequence homology across proteins in
the NCBI nr database while accounting for homology detection failure. GenEra estimates
gene-family founder events and therefore could indicate the likelihood of a gene arising
through duplication and divergence, horizontal gene transfer or de novo (Domazet-LoSo et

al. 2007).
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Proteins for HOGs of interest were extracted for the nine following species across the
Bilateria: Symsagittifera roscoffensis , Branchiostoma lanceolatum, Gallus gallus, Homo
sapiens, Portunus trituberculatus, Drosophila melanogaster, Octopus bimaculoides, Lingula
anatina and Lumbricus rubellus. GenEra was run with standard parameters, in addition to
use of the -a parameter to include the proteomes of the nine species above and four
representatives of outgroup species: Aurelia aurita, Bolinopsis microptera, Sycon ciliatum

and Monosiga brevicollis (Supplementary 1).

Where relevant, 3D models were generated using AlphaFold 2 (ColabFold v1.5.5) (Jumper et

al. 2021) and visualised using Chimera 1.18 (Pettersen et al. 2004).

5.4 Results

This research investigates the role of gene novelty in tissues that are characteristic of the
Bilateria, by addressing two main questions. Firstly, we ask whether novel gene families are
being utilised for novel bilaterian tissues, and secondly, what are the modes of origin of
novel gene families in the Bilateria? For operational reasons we recognise gene families
through a sequence similarity method which defines hierarchical orthogroups (HOGs)
inferred to have descended from a single ancestral gene within a specific clade of species
(Train et al., 2018). This aims to allow for better understanding of these gene families by
considering both orthologs and paralogs across different species. These questions are
applied to two phylogenetic tree topologies: the first placing the Xenacoelomorpha within

Deuterostomia (hereafter referred to as tree 1) and the second placing Xenacoelomorpha as

133



University of Oxford Chapter 5 | A. E. Hoile (2025)

sister to the Nephrozoa (hereafter referred to as tree 2). Full phylogenetic trees are available

in Supplementary 2.

5.4.1 Placement of Xenacoelomorpha has a small impact on bilaterian gene family
identification

Initial analyses revealed the origin of 1,757 Hierarchical orthogroups (HOGs) emerging on
the stem lineage of Bilateria - the internode below the Bilateria node of tree 1. Only 172
novel HOGs were identified on the internode leading to Xenacoelomorpha plus Nephrozoa
in tree 2, however 1,619 novel HOGs were identified on the internode below this which

excluded Xenacoelomorpha (Figure 5.1).

This small difference in total number of new HOGs between tree 1 and tree 2 may reflect
slight differences in how the gene clustering algorithms treat the two data sets. However,
the key finding is that both analyses suggest that around 1,700 ‘new’ gene families (HOGs)
emerged during the evolution of Bilateria. As both trees gained a similar number of novel
HOGs, further analyses were only conducted on the Bilateria node for tree 1, and the node
leading to Nephrozoa for tree 2. It was important to determine a cutoff value which was
considerate of the extensive gene loss across the Bilateria while still removing HOGs
containing genes which may have resulted from spurious homology (Guijarro-Clarke et al.
2020). Therefore, to be considered in further detailed analyses, HOGs were filtered to
contain genes in a minimum of 25% of species used in this analysis, in addition to being
present in Branchiostoma lanceolatum (European amphioxus, deuterostome) Octopus

bimaculoides (Octopus, protostome) as these species were used in subsequent analyses.
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As a result of this filtering step, 93 novel HOGs were retained on the Bilateria node of tree 1
and 73 novel HOGs were identified on the Nephrozoa node of tree 2: a difference of 20
genes between the two trees (Figure 5.1). It was expected that a greater number of HOGs
would be identified in tree 1 in comparison to tree 2 as a result of the inclusion of
Symsagittifera roscoffensis as a representative of the Xenacoelomorpha. With the exception
of a very small number of HOGs, the majority of genes are in low copy number (1-5) across

both tree configurations.
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Figure 5.1 — Copy number of genes and the number of Hierarchical Orthogroups (HOGs) gained on
the ancestral Bilateria node for two phylogenetic tree topologies: placement of Xenacoelomorpha
within Deuterostomes and placement of Xenacoelomorpha as a sister taxon to Bilateria. A number of
HOGs gained on the Bilateria node for a tree which places Xenacoelomorpha within Deuterostomes
(tree 1) and the number of HOGs post filtering which include a minimum of 25% of species in the tree
in addition to the presence of at least one gene in Branchiostoma lanceolatum (Deuterostome) and
Octopus Bimaculoides (Protostome). B Copy number of genes within the filtered HOGS on the
Bilateria node for tree 1. C number of HOGs gained on the Bilateria node for a tree which places
Xenacoelomorpha as a sister taxon to Bilateria (tree 2) and the number of HOGs post filtering which
include a minimum of 25% of species in the tree in addition to the presence of at least one gene in
Branchiostoma lanceolatum (Deuterostome) and Octopus Bimaculoides (Protostome). D Copy
number of genes within the filtered HOGS on the node leading to the Nephrozoa for tree 2.
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5.4.2 Bilateria-specific genes have varied functions across tissues

We then asked whether some of the Bilateria-specific gene families showed enriched
expression in bilaterian tissues or structures such as through-gut, central nervous system or
axial muscle. Genes from the 93 and 73 respective gene families (HOGs) were investigated
for evidence of expression enrichment in the above tissues. Genes were determined to be
enriched in Bilateria-specific tissues if their expression was >5 FPKM and twice the median
expression of that gene across all tissues used in the dataset. As the tissues observed from
the two species used (Branchiostoma lanceolatum and Octopus bimaculoides) varied slightly,
they were categorised under four main groups to represent Bilaterian-specific tissues and
features as follows: nerve cord/nervous system, through gut, muscle and sensory structures
on the head. In amphioxus 218 expression-enriched novel genes were identified for tree 1
and 143 genes were identified in tree 2. In octopus, 126 expression-enriched novel genes
were identified for tree 1 and 101 genes were identified for tree 2. Across these, between 15
and 26% of novel genes are enriched in gut tissue, between 25 and 32% enriched in nervous

system tissue and 15 and 20% enriched in muscle tissue (Figure 5.2 Supplementary).

Pfam annotation and a BLASTp search against the standard nr database was conducted for
each ‘expression-enriched’ gene to infer a potential function or functional domain, and
function was displayed as a pie chart for each tissue for both B. lanceolatum and O.
bimaculoides. In O. bimaculoides, the greatest diversity of enriched gene functions was
observed in gut tissue and axial nerve cord, while the most specialised functions appeared
to be in muscle tissue (Figure 5.2). Results were relatively consistent across both tree

topologies, with a slightly greater diversity of function observed in tree 1 (Figure 5.2A and
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B). Across all tissues, the majority of ‘expression-enriched’ genes had the function ‘cell
adhesion / junction proteins’. It is also interesting to observe a high number of shared gene
functions across all tissues; however, these were observed in different proportions according

to tissue (Figure 5.2A and B).

A similar pattern of expression-enriched gene function was observed for B. lanceolatum,
displaying the greatest diversity of enriched gene function in gut tissue and neural tube
(Figure 5.2C and D). Despite this, overall B. lanceolatum appeared to have a greater diversity
of function across all tissues in comparison to O. bimaculoides (Figure 5.2). As observed in O.
bimaculoides, B. lanceolatum gene functions were consistent across tree topologies, with a
slightly higher diversity of functions observed in tree 1. The greatest difference in tissue
novel gene function between species was observed in the muscle. Although it has the least
diversity of function of all tissues in both species, novel genes enriched in B. lanceolatum
muscle tissue have a greater functional diversity than those in O. bimaculoides. Despite this,
genes with the function of cell adhesion / junction proteins dominate in both cases (Figure

5.2C and D).
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Figure 5.2 — Enriched gene function in Bilateria-specific tissues observed across two tree
topologies and two species. A and C Enriched genes identified on the phylogenetic tree which
places Xenacoelomorpha within Deuterostomes and B and D Enriched genes identified on the
phylogenetic tree which places Xenacoelomorpha as a sister taxon to Bilateria. A and B
represent enriched genes in Octopus bimaculoides while C and D represent enriched genes in
Branchiostoma lanceolatum.

5.4.3 Novel bilaterian gene families reveal tissue-specific and diverse expression patterns

Novel gene families (HOGs) could comprise sets of paralogous genes with similar roles (e.g.
all in gut), or they could comprise paralogues with diverse roles. To assess whether these
expression-enriched HOGs in Bilateria were tissue-specific or included genes expressed
across tissues, we considered the expression of all genes within each relevant hierarchical
orthogroup (HOGs) between tissues of Octopus bimaculoides or Branchiostoma
lanceolatum. Venn diagrams were used to display the overlap between tissues within a

species.

In O. bimaculoides, the gut contained the highest number of tissue-specific HOGs (10 and 9

HOGs in tree 1 and 2), followed by muscle (6 and 4 in tree 1 and 2). In contrast, the optic
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lobe and axial nerve cord showed the greatest degree of exclusive HOG overlap, sharing 6
HOGs in tree 1 and four in tree 2. Only a very small number of HOGs were consistently
shared across all bilaterian-specific tissues: two in tree 1 (HOG0000811, an inhibitor of
apoptosis, and HOG0011860, Laminin_G_2) and one in tree 2 (HOG0011860). These
functional categories are associated with cell survival, differentiation, migration, and
adhesion, suggesting a conserved role for these genes in maintaining cellular integrity across

tissues (Figure 5.3).

In Branchiostoma lanceolatum, neural tube was the tissue with the highest number of
tissue-specific HOGs across both trees (13 and 11 HOGs respectively). The tissues with the
highest number of exclusive shared HOGs were the neural tube and cirri (4 HOGs in both
cases). A higher number of HOGs shared across all Bilaterian-specific tissues was observed in
Branchiostoma lanceolatum in comparison to Octopus bimaculoides (2 and 1 HOGs for O.
bimaculoides and 5 and 4 HOGs respectively for B. lanceolatum (Figure 5.3). Notably, there
was no overlap in the set of HOGs shared across all tissues between O. bimaculoides and B.
lanceolatum. This absence of common genes suggests that the specific HOGs recruited for
cross-tissue functions are lineage-specific, however it is clear that both species do exhibit

tissue-level conservation of certain gene families too.
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Figure 5.3 — Venn diagrams of Hierarchical Orthogroups (HOGs) enriched in Bilateria-specific
tissues observed across two tree topologies and two species. A and C Enriched genes
identified on the phylogenetic tree which places Xenacoelomorpha as a sister taxon to
Bilateria (tree 2). B and D Enriched genes identified on the phylogenetic tree which places
Xenacoelomorpha within Deuterostomes (tree 1). A and B represent enriched genes in
Octopus bimaculoides while C and D represent enriched genes in Branchiostoma

lanceolatum.
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5.4.4 Enriched HOGs are expressed across the Bilateria and have diverse functions

Having compared tissue-specific HOG expression patterns within B. lanceolatum or O.
bimaculoides, we asked whether these gene families had similar expression across both
species. In essence, we asked if a ‘gut’ gene family in octopus is also a ‘gut’ gene family in

amphioxus, and similarly for muscle and central nervous system.

To obtain HOGs of interest, HOGs which were enriched in the same tissues in both O.
bimaculoides and B. lanceolatum were identified i.e. had expression overlap between the
two species. The tissues of focus in these analyses were: gut, nerve cord/central nervous
system and muscle. As cephalisation can be defined as “the concentration of sense organs,
nervous control, at the anterior end of the body, forming a head and brain” (Hombria et al.
2021) and we did not specifically have a whole head tissue sample for either organism, only
varied sensory organs, it was deemed unsuitable to proceed with “cephalisation” as a

category of one of the enriched tissues.

Overall, 13 HOGs with tissue-specific enrichment of expression conserved between O.
bimaculoides and B. lanceolatum were identified in tree 1, and 9 were identified in tree 2
(Figure 5.4A and B). Of these HOGs which were identified in tree 1; 4 were identified in gut
only, 2 in both gut and nerve cord/nervous system, 3 in nerve cord/nervous system only, 3 in
muscle only and 1 in nerve cord/nervous system and muscle (Figure 5.4A). In tree 2; 3 HOGs
were identified in gut only, 2 in both gut and nerve cord/nervous system, 2 in nerve

cord/nervous system only and 2 in muscle only (Figure 5.4B).
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To ensure that the identified enriched HOGs weren’t an anomaly specific to B. lanceolatum
and O. bimaculoides, RNAseq data was obtained for a subset of species representing
additional bilaterian phyla and sub-phyla to identify expression patterns. The species
selected were Gallus gallus (Chordata), Portunus trituberculatus (Arthropoda), Lingula
anatina (Brachiopoda) and Lumbricus rubellus (Annelida). As tissue-specific RNAseq data
was limited and varied for each species, this analysis searched for evidence of expression in
the specific enriched tissue. For example, if a HOG was identified as enriched in gut across
both B. lanceolatum and O. bimaculoides, and had evidence of expression in G. gallus, this
would satisfy the criteria for expression as illustrated in Figure 5.4C. Excluding instances
where tissues were unavailable for a given species (denoted NA), all HOGs had evidence of
expression in at least half of all species used in this analysis suggesting that tissue-specific
enrichment of these bilaterian HOGs occurs across the Bilateria. It should be noted that it
appears that some species have undergone gene loss in the instance of some HOGs (Figure
5.4C). HOGs enriched in the gut only, were least likely to have evidence of expression across
all species. In contrast, HOGs enriched in more than one tissue were more likely to have
evidence of expression across all species, even if this was only in one of the two tissues
(Figure 5.4C). It is also possible that errors in RNA sequencing could be responsible for
instances where expression is not observed. Figure 5.4D illustrates the findings from Figure

5.4C in the context of location of HOG expression on a model bilaterian.
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Figure 5.4 — Shared hierarchical orthogroups (HOGs) which were enriched in Bilaterian-specific tissues
in both Branchiostoma lanceolatum and Octopus bimaculoides were investigated further to
determine whether they were expressed in the same tissues across all Bilateria. A HOGs enriched in
Bilaterian-specific tissues (gut, nerve cord and muscle) from ‘within deuts’ tree in both B. lanceolatum
and O. bimaculoides showing an overlap of some HOGs between gut & nerve cord and muscle &
nerve cord. B HOGs enriched in Bilaterian-specific tissues (gut, nerve cord and muscle) from ‘Bilateria
sister’ tree in both B. lanceolatum and O. bimaculoides showing an overlap of some HOGs between
gut & nerve cord only. C Evidence of expression of enriched HOGs specifically in the enriched tissues
across additional bilaterian species (top to bottom) B. lanceolatum, Gallus gallus, Portunus
Trituberculatus, O. bimaculoides, Lingula anatina and Lumbricus Rubellus. Tissue categories (left to
right) gut only, gut and nerve cord, nerve cord only, muscle only, muscle and nerve cord. D Labelled
canonical bilaterian displaying bilaterian-specific traits. HOGs enriched in specific tissues are noted.

Functions of the HOGs which were enriched in bilaterian-specific tissues of O. bimaculoides
and B. lanceolatum and which were evidenced by expression across the Bilateria, were
explored further. To glean further information about the identities of the HOGs of interest,
sequences within a HOG of interest for Homo sapiens and Drosophila melanogaster
underwent BLASTp searches as these sequences were most likely to have annotation
available. These were compared to the Pfam annotation available for B. lanceolatum and O.
bimaculoides to ensure consistency. Once a putative domain or gene family identity was

established for a HOG, potential function was noted (Table 1).
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In summary, we identified 13 bilaterian-specific gene families which had evolutionarily
consistent and specific enriched expression in Bilateria-specific tissues, and where possible

identified putative functional domains.

Table 1 - Top BLAST hits for HOGs of interest in Homo sapiens, Drosophila melanogaster and
Pfam annotations for Branchiostoma lanceolatum and Octopus bimaculoides for each of the
hierarchical orthogroups (HOGs) which are enriched in gut, nerve cord/ central nervous
system and muscle across the Bilateria. Where function is marked NA, this indicates the
absence of any gene for the given species in the HOG of interest.

q N Is functional domain n a P
Orthogroup Human Drosophila Octopus & Amphioxus Bilateria-specific? Enriched tissue Description
HOG0009889  Bd-2 NA Bd-2 X Gut Apoptosis inhibitor
HOG0010732  NA NA Phosphonate-bd X Gut Not well established
Controls maintains gut and by stimuating production
HOG0004612  IL7R  NA ILA7R v Gut of antimicrobial peptides
HOG0006064  NA PLAUR PLAUR X Gut Cell surface receptor which is involved in tissue remodeling
HOG0008868  7B2 782 782 v Gut+CNS Molecular chaperone and transcriptional activator for PC2 - implicated in homone secretion and as an
it chaperon to prevent
HOG0007088 MamL  Mam-L Mam-L1 X Gut+CNS Transcriptional co-activator involved in the Notch, Hippo, Wnt and Shh pathways
HOG0011976  NA NA DUF4653 ? NS Unknown
HOG0009890  cDNAG20 NA No Pfam ID ? CNS Unknown
Collagen Collagen Adiponectin consists of a collagen and C1q domain. It regulates glucose
HOGO0000886  gngCrq  NA and Clq X CNS synaptic plasticity and neurprotection
HOG0005620  MydD MyoD / MyoG W v Muscle Myogenic regulatory I skeletal muscl MyaD is involved in differertiation
HOG0009840  SaGyerq Dmel_CGI073 CCSMST1 v Muscle Crucial i cellular energy praduction, espedially in tissues which have high energy demants e g. skeletal muscle
Large cytoskeletal proten involved in microfuble and actin filament coordnation in cells. Plays a crudial rdle n cell
HOG0005293  MACF1 Dmel_CG18304 DUF4482 X Muscle prmraion. migration and polarity
Mulifuncional protein adaptor involved in intracellular transport neuronal development and regulation of gene
HOG0005621  FEZ1 Dmel_CG15365 FEZ1 v Muscle + CNS expression. It also playsa critical role in brain development by influencing neuronal progenitor specification , migration
and axon outgrowth

5.4.5 Bilateria-specific genes enriched in Bilateria-specific tissues have diverse modes of
origin

To determine the likely mode of origin for these 13 HOGs of interest, sequence alignments,
phylogenetic trees and 3D protein models were generated to search for structural homology

against known sequences.

Sequences for Homo sapiens, Drosophila melanogaster, Octopus bimaculoides,
Branchiostoma lanceolatum, Aurelia aurita and Sycon ciliatum were extracted for all HOGs in
the dataset obtained in the initial OrthoFinder run which contained a Pfam annotation that
matched one of the 13 HOGs of interest. Following this, a phylogenetic tree was built by

combining each of the 13 HOGs of interest with any homologous HOGs, determined by a
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matching Pfam ID (e.g. the HOG of interest and its homologous HOGs all shared a
homeodomain). Additionally, where possible known sequences containing the relevant Pfam
domain was obtained from NCBI and were added to the relevant trees. This was to
determine firstly whether the HOGs of interest had known homologs in other HOGs which
matched the putative gene domain and secondly to determine whether the HOG was truly
Bilateria-specific. In addition to this, phylogenetic trees gave an indication of the likely mode

of origin of HOGs of interest (Supplementary 3).

Where no Pfam ID or known BLAST hits were available, a reciprocal BLAST was performed
using genes from all HOGs generated in the OrthoFinder runs. This was to determine
whether sequences from these HOGs shared homology to any other HOGs. For example,
sequences from HOG0009890 hit CenScul_LOC111634175 from HOG0051786 in a BLAST
search, however, the reciprocal BLAST did not yield a significant result. The top hit was
LytVari_LOC121410909 with a 58.33% identify, an alignment length of 12, an e-value of 3.6
and bitscore of 17.3. This was a similar case with HOG0011976 where sequences hit
SchCali_SC17215.1 from HOG0066939 where the reciprocal BLAST hit SchCali_SC01154.1
with a percentage identity of 50%, alignment length of 18, an e-value of 1.5 and bitscore of
19.6. In both instances, these putatively homologous HOGs contained only two sequences
from a single species. In summary, neither HOG0009890 nor HOG0011976 yielded significant

BLAST hits to any HOGs in the dataset and therefore their function remains unknown.

As an alternative approach to OrthoFinder, GenEra was run using the nr database and added
proteomes of Symsagittifera roscoffensis, Branchiostoma lanceolatum, Gallus gallus, Homo

sapiens, Portunus trituberculatus, Drosophila melanogaster, Octopus bimaculoides, Lingula
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anatina, Lumbricus rubellus, Aurelia aurita, Sycon ciliatum, Bolinopsis microptera and
Monosiga brevicollis. Respective runs were completed for each of the bilaterian species
listed above and results were used to determine the most recent common ancestor node for
each HOG of interest (Figure 5.5A). This point of origin was considered in combination with
the phylogenetic trees generated and known origins of the identified domains in each HOG,
to determine the putative mode of origin for each HOG (Figure 5.5A). Although OrthoFinder
identified the nodes of origin of HOGs, GenEra was used to identify the inferred mechanism
of gene emergence, to understand whether genes with similar domains or identities from

outside these HOGs of interest can be identified deeper in evolutionary time.

Three HOGs of interest originated at the node of cellular organism evolution according to
GenEra, which suggests that these bilaterian-specific gene families likely arose via
duplication followed by extensive sequence divergence (Figure 5.5A). These are
HOG0000886, HOG0010732 and HOG0004612. Domains identified within the former two of
these are known to be part of large, ancestral gene superfamilies. HOG0000886 contains
both collagen and C1g domains and is hypothesized to be adiponectin. Adiponectin is
thought to be vertebrate-specific, with some adiponectin-like proteins existing in bilaterian
invertebrates. Collagen and C1q domains are much older than this lineage, possibly
explaining the point of origin of this HOG (Fujimoto et al., 2023). It is therefore likely that
this domain family arose prior to the Bilateria, however as a result of duplication and

divergence, this HOG or gene family is Bilateria-specific.
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Pfam annotations of B. lanceolatum and O. bimaculoides suggested that genes within
HOG0010732 may contain a phosphonate binding domain which is found in bacteria, fungi
and across the Metazoa (George, 2023). Construction of a phylogenetic tree containing
genes from this HOG and other phosphonate-binding genes suggested that this HOG has
high sequence divergence from other phosphonate binding genes (Supplementary 3).
Despite this, the 3D structure constructed by AlphaFold bears a high degree of similarity to
the 3D structure of a phosphonate-binding or ABC transporter protein (Figure 5.5B). It is
therefore possible that this Bilateria-specific gene family or HOG has arisen by duplication
followed by extensive sequence divergence but retained structural homology to a more
ancient set of genes. This is recognised in the literature, with these proteins commonly
exhibiting structural conservation despite extensive sequence divergence (Locher 2008).
HOGO0004612 was identified as an interleukin receptor 17 family which is typically
vertebrate-specific (Saco et al. 2021). Despite this, other Toll/interleukin receptors have
been identified in early Metazoa. It is therefore possible that this HOG is a different
interleukin receptor family number and has arisen via duplication and divergence within the

Bilateria (Kubick et al. 2021).

10 HOGs of interest were deduced by GenEra to have originated on the branch leading to
Bilateria (Figure 5.5A). Six of these are either previously reported as Bilateria-specific gene
families or are Bilateria-specific duplications of more ancestral gene families. AlphaFold2
was used to generate 3D models for four HOGs of interest (Figure 5.5C). HOG0005293 Is
hypothesised to be Microtubule-Actin Crosslinking Family (MACF) based on a BLASTp search
of the human sequence within this HOG. MACF is hypothesised to be Bilateria-specific but

part of the larger ancestral Spectraplakin family. HOG00007088 is believed to contain
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mastermind protein genes. Although mastermind-like proteins exist in earlier-diverging

Metazoa such as the Cnidaria, Mastermind proteins are Bilateria-specific.

The functions and identities of HOG0009890 and HOG0011976 were unknown and therefore
3D models were built to try and understand further about their structure. A human gene
from HOGO0009890 has previously been identified in studies and although the function is
unclear, it has been found to be highly expressed in the cerebellum and cerebellar

hemisphere in the human brain (Mudge et al. 2025)(https://shorturl.at/WKv5G). This

supports the findings in Figure 5.4C which suggests that this orthogroup is enriched in the
nerve cord/nervous system of Bilateria. Both HOGs contain an alpha helix, however the
remainder of the sequence is largely disordered and therefore does not provide further

information with regards to identity or function.
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Figure 5.5 - Exploration of putative modes of origin of the 13 hierarchical orthogroups (HOGs) of
interest. A GenEra putative modes of origin of genes within the 13 HOGs of interest for nine species
across the Bilateria: Branchiostoma lanceolatum, Drosophila melanogaster, Gallus gallus, Homo
sapiens, Lingula anatina, Lumbricus rubellus, Octopus bimaculoides, Portunus trituberculatus and
Symsagittifera roscoffensis shown by coloured lines. A thick black line represents the most recent
common ancestor (MRCA) at which a HOG has been recorded to have emerged, according to GenEra.
A inset: Putative modes of origin for all 13 HOGs are shown on the pie chart. B AlphaFold-generated
3D models for each of the three HOGs determined to have emerged within cellular organisms,
according to GenEra. C AlphaFold-generated 3D models for four of the 10 HOGs determined to have
emerged within cellular organisms, according to GenEra. Models were generated for HOG0011976
and HOG0009890 as their identity and function was unknown, a model was generated for
HOG0005293 as this is thought to be a bilaterian-specific duplication of the large Spectraplakin
family, while HOG0007088 is thought to be a Bilaterian-specific duplication of the mastermind-like
gene family. The remaining six HOGs of interest were known to either be documented Bilaterian-
specific or Bilaterian-specific duplications of gene families and therefore building 3D models were
not necessary to confirm this. All 3D models were generated using sequences from Branchiostoma
lanceolatum.
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5.5 Discussion

This study identified approximately 1,700 hierarchical orthogroups (HOGs) which emerged
on the stem lineage leading to the Bilateria node. It should be noted that the definition of
‘novelty’ in this study refers to genes which have arisen via mechanisms such as gene
duplication followed by divergence, horizontal gene transfer and genes that have arisen de
novo, and that altering parameters which relate to sequence divergence, or quality of

proteome annotation may influence the count of gene novelty (Weisman et al. 2020).

To mitigate some of these factors, a filtering step was employed to ensure confidence in the
number of HOGs which were identified as novel. This meant that only HOGs which were
present in at least 25% of species descendent from the node of interest, in addition to the
requirement of at least one gene from Branchiostoma lanceolatum and Octopus
bimaculoides being present in the HOG. Although we aimed to identify genes which might
play a role in Bilateria-specific tissues across the Bilateria, this filtering step could lead to
‘undercounting’ of HOGs being identified on this node (Guijarro-Clarke et al. 2020). Another
factor to consider is that both constrained phylogenetic trees generated were differentiated
by the placement of Symsagittifera roscoffensis as a representative of Xenacoelomorpha,
however gene loss in this species specifically may falsely undercount gene novelty and could
be strengthened by adding additional Xenacoelomorph species when they become available.
Following this filtering step, 93 HOGs from tree 1 and 73 HOGs from tree 2 passed the

threshold value set above, from the original 1,700.
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Of the novel HOGs identified across both phylogenetic topologies, we specifically aimed to
identify those whose expression was enriched in tissues that were characteristic of the
Bilateria, across bilaterian species. This was achieved by restricting attention to genes which
met the criteria of expression in Bilateria-specific tissues with a value of >5 FPKM and twice
the mean expression of that gene across all tissues used in the dataset. HOGs which had
genes that met the above thresholds, and which were present in both B. lanceolatum and O.
bimaculoides were used in subsequent analyses. 13 HOGs were expression-enriched in
Bilateria-specific tissues from the 93 HOGs which met the filtering threshold from tree 1,
and 9 of these expression-enriched HOGs were also identified from the 73 filtered HOGs

from tree 2.

Firstly, it appears that although novel HOGs which are enriched in bilaterian-specific tissues
(gut, nerve cord/nervous system and muscle) may have overlapping functions between
tissues, tissues have different proportions of gene functions (Figure 5.2). Enriched novel
genes in gut and nerve cord/nervous system have the greatest variety of gene functions in
both Branchiostoma lanceolatum and Octopus bimaculoides, while muscle has the least
variety of gene function (Figure 5.2). This result provided reassurance that identified novel
genes which were enriched in bilaterian-specific tissues were likely to be real and the
functions observed in each tissue were consistent with previous findings. To enforce these
findings, evidence of expression was identified in the tissues of interest (gut, nerve
cord/nervous system and muscle) across four additional bilaterian species (Figure 5.4C). This
suggests that some novel bilaterian gene families may play a role in tissue novelty across the

bilaterian lineage and is therefore not just specific to one species.
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Gut tissue typically has a multilayered structure and a diversity of cell types which work to
perform a variety of functions such as digestion, secretion, absorption and is involved in the
immune response (Rao and Wang 2010). Nerve cord tissue is also structurally complex and
contains many constituent cells with specialised functions which work together to create
neuronal circuits which transmit electrical and chemical signals through the body of an
organism, which are essential for processing of information and coordination of responses
(National Research Council (US) Committee on Research Opportunities in Biology 1989). In
contrast, the primary function of muscle tissue is contraction which is important for
movement and force and mainly consists of muscle fibers and contractile proteins (Dave et

al. 2023).

When including only HOGs which meet the filtering threshold specified in the methods
section, approximately 14% of novel HOGs arising on the bilaterian node in tree 1 and
approximately 11% of novel genes arising on the Nephrozoa node in tree 2 are enriched in
Bilateria-specific tissues across species. HOGs enriched in these tissues had different types
of functions across tissues. Enriched HOGs in the gut typically fall under the category of
apoptosis and immune signalling regulators (Lee et al. 2013b). This is surprising given the
main function of the gut is digestion or absorption and might suggest that genes related to
digestion might be species specific due to the variety of diets observed in the Bilateria

(Vianello et al. 2025).

HOGs which are enriched in both gut and nerve cord/nervous system fall under the category
of intracellular regulators of hormone processing and gene expression (Watanabe et al.,

2013). HOGs which are enriched in nerve cord/nervous system are mostly uncharacterised,

152



University of Oxford Chapter 5 | A. E. Hoile (2025)

however one is a regulator of homeostasis (Esfahani et al. 2015). HOGs enriched in muscle
only fall under the category of differentiation, metabolism and cytoskeletal regulators
(Ghasemizadeh et al. 2021), and finally the HOG which is enriched in both muscle and nerve
cord/nervous system plays a role in neuronal development and axonal transport regulators

(Alhesain et al. 2023).

Similar studies have previously identified four of these 13 HOGs on the node leading to
Bilateria (HOG0008868 containing a 7B2 domain, HOG0005620 containing a MyoD domain,
HOGO0000886 containing Collagen and C1Q domains and HOG0005621 which contains a
FEZ1 domain) (Heger et al. 2020). Despite this, it appears that this study has identified nine
HOGs which have not previously been identified as related to bilaterian tissue novelty.
Although a human gene from HOG0009890 has previously been identified in studies and
was also found to be enriched in nervous system tissue, until now this has not been explored
in the context of Bilaterian novelty (Mudge et al., 2025). GenEra was used to attempt to
identify the origin of each of these HOGs and confirm whether they truly were Bilateria-

specific (Barrera-Redondo et al., 2023).

For HOGs where the Pfam ID and BLAST hits indicated a gene family which may have
originated outside the Bilateria, phylogenetic trees were built using a subset of species and
contained genes from every HOG with a matching Pfam ID to that of the HOG of interest.
Where available, known NCBI sequences which matched the Pfam ID were added to the
tree, to confirm the identity of sequences within the HOG. Where identity of the HOG was
unknown, a reciprocal BLAST search was performed using all HOGs in the dataset to identify

any functional domains in the unknown HOGs. This method did not yield any significant
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results for HOG0011976 or HOG0009890 and therefore their function and identity remain
unknown and requires further analysis beyond the scope of this study (Table 1). This means
that it was not possible to identify the function or functional domain of all genes of interest

in this study.

GenEra was used as a complementary method to OrthoFinder and used to assist in the
understanding of mode of origin of HOGs and not just the node at which they arise. Results
largely agreed with the above findings, however placed HOG0000886 on the node at which
cellular organisms arise, potentially indicating a Bilateria-specific gene duplication of this
HOG. Although the phylogenetic tree built for HOG0010732 and phosphonate binding
proteins indicated a large sequence divergence between this HOG and known phosphonate
binding proteins, the AlphaFold 3D model generated suggested structural homology,
possibly indicating duplication followed by extensive sequence divergence (Supplementary

3, Figure 5.5B).

It is important to acknowledge that OrthoFinder can over or under-group gene families
which may skew understanding of their mode of origin. An example of this is HOG0007088
which contains a Mastermind protein domain. In a phylogenetic tree containing
Mastermind-like cnidarian sequences from two different orthogroups, these cnidarian
sequences sit in the middle of HOG0007088, potentially suggesting that OrthoFinder has
split this gene family too stringently. Despite this observation, GenEra results still point
towards HOG0007088 being a bilaterian-specific HOG which has arisen on the bilaterian
node (Supplementary 3, Figure 5.5A). In a similar context, a phylogenetic tree containing

HOG0006064 and corresponding orthogroups of a similar function, splits HOG0006064
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within another orthogroup, suggesting it may have been split from another HOG by
OrthoFinder. Despite this, GenEra places it as a bilaterian-specific HOG which would indicate
it has arisen via duplication and extensive sequence divergence (Supplementary 3, Figure

5.5A).

5.6 Conclusion

Following the filtering threshold set to reduce the likelihood of spurious homology, we
demonstrate the emergence of 93 novel hierarchical orthogroups (HOGs) on the node
leading to the Bilateria in a constrained phylogenetic tree placing Xenacoelomorpha within
Deuterostomia (tree 1) and also demonstrate the emergence of 73 novel HOGs on the node
leading to the Nephrozoa in a constrained phylogenetic tree placing Xenacoelomorpha as
sister to the Nephrozoa (tree 2), from an original number of approximately 1,700 HOGs. 13
HOGs are enriched in one or more tissue which are characteristic of the Bilateria (gut, nerve
cord/nervous system and muscle) in tree 1 and 9 of these are also observed in tree 2.
Results were compared with the GenEra output, and it was concluded that nine HOGs arose
via duplication followed by extensive sequence divergence, and four appear to have arisen
do novo and bear no similarity to any sequences in the tree of life. We demonstrate that
some novel bilaterian genes are used for bilaterian tissues and suggest putative identities

and functions for genes within each HOG and their likely mode of origin.

5.7 Data availability

Data and code generated in this study can be found on figshare;

10.6084/m9.figshare.30245557
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Chapter 6: General Discussion and
conclusions

Phenotypic change, whether fixed or not, allows for adaptation to a new environment and
the potential for species evolution. As discussed in the introduction, there are multiple
drivers by which phenotypic novelty may arise, such as developmental and regulatory
mechanisms, ecological and evolutionary influences, and genetic novelty. This research has
focussed specifically on the role of gene novelty in animal evolution at major nodes in the
tree of life. | hereby focus on a node in deep time: Bilateria, a node at Order-level:

Lepidoptera, a node at clade-level: Ditrysia and a node at family-level: Nymphalidae.

Although previous studies have explored gene novelty at multiple nodes of interest in the
tree of life, none have utilised the breath of data made available through high-quality
sequencing consortia such as the Darwin Tree of Life Project (DToL) (Blaxter 2022), typically
either focussing on construction of deep level phylogenies using a large density of species
but few loci or the study of specific gene families in depth, but not both (Heger et al., 2020;
Kawahara et al., 2019; Maclas-Mufoz et al., 2019; Mantica et al., 2024; Mulhair, Crowley,
Boyes, Harper, et al., 2023; Mulhair, Crowley, Boyes, Lewis, et al., 2023). As discussed in
Chapter 2, a universally agreed approach on the identification, classification and functions in
the context of gene novelty has not yet been established. Therefore, Chapter 2 was
dedicated to establishing a suitable method for the above, understanding the associated
caveats and understanding how methods may be adapted when working on nodes across

different evolutionary timescales.
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While each results chapter provides a focussed discussion of individual findings, this
discussion chapter aims to synthesise results across different depths of nodes in
evolutionary time, exploring the comprehensive themes and resulting implications.
Therefore, the purpose of this discussion is not to revisit the details of chapter-specific

findings, but instead to integrate findings in a way that addresses the thesis in its entirety.

The overarching aim of this thesis was to explore the mechanisms by which gene novelty
may arise at these nodes, identify modes of origin of these genes of interest, investigate
putative functions, importance and understand how this may relate to phenotype. This
involved developing a pipeline to identify ‘new’ genes, followed by developing a consistent
method to understand modes of origin, followed by methods to understand function.
‘Novelty’ in the context of evolution has multiple definitions. In this context, ‘novelty’
included genes arising via gene duplication and extensive sequence divergence, horizontal

gene transfer (HGT) and arising ‘de novo’, meaning they are taxonomically restricted.

This chapter proceeds by synthesising key findings, discussing the limitations of this

research, exploring opportunities for further research and finally, offering concluding

remarks on findings.
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6.1 Key Findings

6.1.1 Detecting gene mode of origin requires different approaches for different taxonomic
levels

Chapter 2 discusses the requirement to establish a methodology for the identification, mode
of origin and function of novel genes due to the lack of universally agreed approach for this
purpose. Although overall a similar pipeline is applied to nodes of interest at different
taxonomic levels, determination of the mode of origin or the novel genes identified required
different approaches depending on the depth of evolutionary time a given node
encompassed. Nodes which have diverged more recently in the tree of life e.g. the
Lepidoptera, Ditrysia or Nymphalidae utilised the pipeline identified in Figure 2.4 of Chapter
2 and incorporated outgroup genomes annotated both by Ensembl Genebuild and BRAKER
methods. In contrast, ancestral nodes of interest which are located deeper within the tree of
life require an alternative approach. This was achieved by extracting hierarchical
orthogroups (HOGs) from the OrthoFinder orthogroup outputs to account for the large span
of evolutionary time over which these gene families may have evolved. HOGs are “sets of
genes that are inferred to have descended from a single ancestral gene within a specific
clade of species” and allows for better understanding of gene families by considering both
orthologs and paralogs across species (Train et al. 2018). Secondly, GenEra was utilised for
genes within HOGs of interest using a breadth of species within the Bilateria and relevant
outgroups. These results, along with any information regarding the identity of gene within

these HOGs were used to suggest a putative mode of origin.
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6.1.2 Gene duplication is the most common form of gene novelty

Gene duplication is the most common mechanism by which gene novelty arises across all
four taxonomic levels studied. Genes arising via duplication followed by sequence
divergence comprises 82% of gene novelty in Lepidoptera, 74% in Ditrysia, 61% in
Nymphalids and 69% of novel genes of interest in Bilateria. This is unsurprising as it is well
documented that duplication and divergence is a major mechanism of gene novelty across
Metazoa and within Bilateria and Lepidoptera (Fernandez & Gabalddn, 2020; Heger et al.,
2020b; Mulhair, Crowley, Boyes, Lewis, et al., 2023). In a similar manner, horizontal gene
transfer (HGT) is the least common mechanism by which genomic novelty may arise,
comprising only <1% in Lepidoptera, 2% in Ditrysia, 5% in Nymphalids and 0% of genes of
interest in Bilateria. This is again supported by the current literature which considers HGT to
be rare within the Metazoa as a whole in comparison to bacteria due to the requirement of
a HGT to enter and be incorporated within the germline (Dunning Hotopp 2011; Ramulu et

al. 2012; Nakabachi 2015).

6.1.3 Gene novelty does not always directly link to phenotype

This thesis focussed on the identification of novel genes emerging at nodes giving rise to
major transitions within the tree of life, and aimed to identify functions of these novel genes
through Pfam annotation, BLASTp searches, exploring expression patterns across tissues and
investigating structural homology with genes of known function. Despite this, it is not always
possible to ascertain a specific function of a novel gene and as a result it cannot always be
linked to a specific phenotype. This is emphasised across chapters 3, 4 and 5, for example
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the propellin gene families identified as a putative HGT event which appears to have
occurred between Spiroplasma bacteria and Lepidoptera, resulting in multiple novel
lepidopteran orthogroups (Chapter 3, Figure 5 and supplementary). In this instance, function
remains unknown however it is clear that these genes are functional across a wide range of
lepidopteran species which is suggestive of a gene which may be important in lepidopteran
biology. Interestingly, even when analyses are directed towards novel genes which display
tissue-specific enrichment, a similar result can be observed. This is observed in two novel
bilaterian orthogroups in Chapter 5, one of which has previously been identified in humans,
however neither have a known function and therefore cannot be linked to a specific

phenotype.

Although this thesis primarily focusses on gene novelty emerging on nodes of interest as a
mode of generating phenotypic novelty, Chapter 3 demonstrates that transcriptomic
differences between Nymphalid legs do not arise as a result of gene novelty. Instead,
differences between the reduced T1 legs and walking (T2 and T3) legs arise from differences
in expression of preexisting genes which likely result from the co-option of new regulatory
networks. As acknowledged in the introduction of this thesis, genetic novelty is not the sole
driver of phenotypic novelty and therefore the emergence of novel genes alone cannot
always be directly linked to a novel phenotype. This is something | believe should be

acknowledged in further analyses.

160



University of Oxford Chapter 6 | A. E. Hoile (2025)

6.2 Limitations and Further Directions

Although | do believe that the research covered within this thesis was conducted utilising
the most appropriate data available, it is important to acknowledge the caveats resulting

from data availability and the arising implication on results.

Firstly, and perhaps most importantly, it must be noted that all analyses conducted are
limited by missing samples at the base of each node of interest which either result from lack
of sample availability due to unsuccessful collection, or due to species extinction. This means
that all work presented in this thesis demonstrates transitions along a stem and not
necessarily a specific node. This challenge is presented in Chapter 5 where Symsagittifera
roscoffensis is the only available Xenacoelomorph species available and therefore genes
arising at the base of the Bilateria will be somewhat biased by the presence or absence of a
gene in this species alone, to an extent. However, at the time of analysis further data was

unavailable.

For this reason, | believe one of the greatest limitations on results arises from lack of species
data or a lack of high-quality sequencing data. However, the emergence of data arising from
the Darwin Tree of Life Project (DToL) (Blaxter 2022) has allowed for analyses to be more
comprehensive than previously possible, resulting in a step forward in the understanding of
gene novelty in nodes representing major transitions in the tree of life. Moore’s Law
observes that the number of components on a chip doubles roughly biennially, resulting in
faster, smaller and cheaper computing power. The cost of DNA and RNA sequencing has

evolved faster than this law, giving rise to reducing costs and results of increasingly higher

161



University of Oxford Chapter 6 | A. E. Hoile (2025)

quality. Results are only as good as the genome annotation available. It is therefore hoped
that with passing time, genomes will continue to be of higher and higher quality and
reduced cost will allow for an even greater number of species to be sequenced. All of this
would continue to strengthen and build upon the results of this thesis by filling the gaps of
currently unavailable species and therefore presenting more comprehensive results which
would give a clearer indication of novelty at a given node, rather than a transition along a
stem, as mentioned above. This caveat was also observed particularly during analysis on the
lepidopteran node in Chapter 3, where discrepancy in annotation method resulted in the
identification of ‘novel’ genes which were actually present in outgroups. To alleviate this, the
pipeline developed in Chapter 2, Figure 2.4 was utilised to ensure all initially identified genes

were true positives.

A second consideration arising from these analyses is that altering parameters for the
various analyses conducted will alter the number of observed novel genes arising at each
node. To minimise this effect, analyses were conducted with more stringent parameters,
while considering relevant biology. For example, a threshold value of 25% plus a presence in
Amphioxus and Octopus was decided for the Bilaterian analysis in Chapter 5, resulting from
the known high volume of gene loss occurring within the Bilateria (Guijarro-Clarke et al.

2020).

A third aspect is linking functional novelty to gene novelty. As explored above, a direct
phenotype cannot always be deduced from these novel genes and it is also possible that
multiple genes, or regulatory influences may contribute to a given novel trait as observed in
the Nymphalidae in Chapter 4. For this reason further analyses may include differential gene

expression analyses along with investigating gene novelty to build a better understanding of
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how each of these components may interact and understand whether this may be the case
in nodes of deeper evolutionary time, such as the Bilateria. Additionally, generating further
tissue samples for species of interest may assist in understanding of expression or tissue
enrichment, for example Chapter 5 lacked RNAseq data to represent cephalisation, an

important bilaterian phenotypic characteristic.

There are multiple avenues for further research to build upon the findings of this field. In the
era of advancing artificial intelligence (Al), utilising the tools available might allow for
automation of a pipeline to detect genetic novelty, assess mode of origin and decipher
functions. Chapters 3 and 5 have already applied Al to a limited extent through the use of
AlphaFold 2 in 3D structure prediction of proteins (Jumper et al. 2021). This might be
developed further to be able to identify gene functions and possibly link to phenotype by
making use of all annotation and functional protein data available to Al. Integration of multi-
omics data such as transcriptomics, proteomics and epigenomics may assist with
understanding expression, translation and function of candidate novel genes, in addition to

identifying protein domains and putative pathways.

Deep learning models such as protein language models may be used as an alternative to
traditional methods of assessing sequence similarity such as BLAST, and may be more
effective at detecting remote homology through understanding structural and functional
constraints which may assist in identifying genes arising from duplication or through
horizontal gene transfer (Hamamsy et al. 2023; Holst et al. 2023). Training Al models on
coding and non-coding sequences may assist in the identification of genes arising de novo

from non-coding DNA. Integration of these features into a single pipeline would improve
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prediction and may provide greater understanding into the links between gene novelty,

function and phenotype.

Projects of this nature can also be used in the context of scientific outreach and
engagement. Generation of the .pdb 3D structure of the proteins arising from these novel
genes can be used to create a 3D printed model which can enhance interest and assist with
explaining and understanding what complex concepts to the general public. This was
successfully achieved using the lepidopteran Propellin protein sequence from Manduca
sexta (Figure 6.1). | believe this aspect is incredibly important to this ever-advancing field as
it an help explain why large-scale initiatives such as the Darwin Tree of Life Project (DTolL) are
so important to future research. This kind of outreach can also assist non-specialists such as
policymakers or researchers across other fields to understand how different approaches may
be useful in their own fields. Outreach initiatives can also demonstrate the real-world
impact of these studies and understand how they may be applied to fields such as
conservation, medicine or biotechnology. This might also hope to inspire the next generation

of scientists to continue to develop this field.

A

Figure 6.1 - 3D structures of proteins of interest can be used to generate 3D-printed models. A printed
model of Lepidopteran Propellin protein generated from B the original .pdb file which was converted
to .stl format for printing.

164



University of Oxford Concluding remarks | A. E. Hoile (2025)

6.3 Concluding remarks

Overall, this thesis has explored gene novelty as one mechanism for phenotypic novelty
across multiple taxonomic levels in the metazoan tree of life. This has been achieved
through developing a suitable pipeline which can be adapted depending on the depth of the
node of interest in evolutionary time. Although gene novelty remains the main focus of this
study, it acknowledges that this is not the sole driver of phenotypic innovation and often
acts in combination with other mechanisms such as regulatory, developmental or

environmental factors.

Novel gene families emerging on the respective stem lineages leading to Bilateria,
Lepidoptera, Ditrysia and Nymphalidae were successfully identified, along with putative
functions and suggested modes of origin. The significance of these findings has been
discussed in the context of the broader field, along with limitations of the study and

suggestions for further research.
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This appendix contains non-S.I. abbreviations used in this thesis. Gene names, protein
names and species names are excluded.

Al - Artificial Intelligence

BLAST - Basic Local Alignment Search Tool
CSP - Chemosensory proteins

DE - Differentially expressed

DGE - Differential gene expression

DNA - Deoxyribonucleic acid

DTol - Darwin Tree of Life project

FC - Fold change

FPKM - Fragments Per Kilobase per Million mapped reads
GO - Gene ontology

GR - Gustatory receptors

HGT - Horizontal gene transfer

HOG - Hierarchical orthogroup

IR - lonotropic receptors

LCA - Last common ancestor

MRCA - Most recent common ancestor
MRNA - Messenger RNA

NCBI - National Centre for Biotechnology Information
nr - NCBI non-redundant database

OBP - Olfactory binding proteins

OR - Olfactory receptors

PCA - Principal component analysis

PCR - Polymerase chain reaction

pPiRNA - Piwi-interacting RNA

QC - Quality control

RNA - Ribonucleic acid

RNAseq - RNA sequencing

sncRNAs - Small noncoding RNAs

SNMP - Sensory neuron membrane proteins
T1 - Prothoracic legs

T2 - Midlegs / mesothoracic legs

T3 - Metathoracic legs

TE - Transposable elements

WGD - Whole genome duplication

WT - Wild type

Appendix B: Resulting publications

193



University of Oxford Appendices | A. E. Hoile (2025)

Haile etal. BMCGenomics  (2025) 26161
hitps://doi.org/10.1186/512864-025-11338-x

Genenovelty and gene family expansion
in the early evolution of Lepidoptera
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Abstract

Background Almost 10%of all known animal speciesbelong to Lepidoptera: moths and butterflies. Tounderstand
how this incredible diversity evolved we assesstherole of gene gain in driving early lepidopteran evolution. Here,we
compared the complete genomes of 115 insect species,including 99 Lepidoptera, to searchfor novel genes coinci-
dent with the emergenceof Lepidoptera.

Results Wefind 217 orthogroups or gene families which emerged on the branch leading to Lepidoptera; of these
177 likely aroseby gene duplication followed by extensive sequence divergence, 2 arecandidates for origin by hori-
zontal gene transfer,and 38 have no known homology outside of Lepidoptera and possibly arosevia de novo gene
genesis.Wefocus on two new gene families that are conserved acrossall lepidopteran speciesand underwent exten-
siveduplication, suggesting important rolesin lepidopteran biclogy. Cne encodesa family of sugarand ion trans-
porter molecules, potentially involved in the evolution of diverse feeding behaviours in early Lepidoptera. Thesecond
encodesafamily of unusual propeller-shaped proteins that likely originated by horizontal gene transfer from Spiro-

plasmabacteria; we name these the Lepidoptera propellin genes.

Conclusion Weprovide the firstinsights into the role of genetic novelty in the early evolution of Lepidoptera.
Thisgives new insight into the rate of gene gain during the evolution of the order aswell as providing context

on the likely mechanismsof origin. We describe examplesof new genes which were retained and duplicated further
in all lepidopteran species,suggesting their importance in Lepidoptera evolution.

Keywords Insect evolution, HGT,Geneduplication, Genomeevolution

Background

Diversification and adaptation depend on genetic
change but associating genomic drivers underpinning
phenctypic change is challenging. Many studies have
approached this problem by starting with phenotypic
polymorphisms within a species or differences between
closely related species and then using genomic and
experimental approachesto identify underlying causative
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mutations. Several of these studies have uncovered
sequence changes in non-coding DNA affecting the
expression of conserved genes[1-4]. Other studies have
identified coding sequence changes causing amino acid
substitutions, or loss of function, as causativemutations
that were subsequentlyfixed under selection [5-7]. It is
clear, however, that changesin existing genes, whether
they affect gene expression or protein sequence,cannot
explain all adaptive evolution. Perhapsthe best evidence
lies in comparative genomics: when genome sequences
are compared ample evidence is uncovered for the role of
genenumber variation, geneduplications, and genenov-
elty in driving evolution and adaptation [8—13].

Gene novelty is a multi-faceted concept [14-17].
We define novel genes as protein-coding loci that are

islicensed under aCreative CommonsAtiribution  4.0Intemational License,which

permitsuse,sharing,adaptation,distribution  and reproduction in any medium or format,aslong asyou give appropriate credit to the
original author(s) and the source,provide alink to the Creative Commonslicence,and indicate if changeswere made.The imagesor
other third party material in thisarticle areincluded in the article’sCreative Commonslicence,unlessindicated otherwise in acredit line

to the matenial.If material isnot included in the artide'sCreative Commonslicence and your intended useisnot permitied by statutory
regulation or exceedsthe permitted use,you will need to obtain permissiondirecty from the copyright holder.To view acopy of this
licence,visit hitp: ficreativecommons.orglicenses/by/4.0/.
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lineage-specific (i.e. taxonomically restricted genes),
without close homologues in other taxa [18]. This is a
pragmatic definition rather than a mechanistic one since
we cannot always determine the mechanism by which a
novel gene arose. The mode of origin of taxonomically

restricted genesmight be gene duplication followed by
extensive sequencedivergence [19-24], fusion of distinct

loci or a transposable elementinto a pre-existing locus
[25-30], horizontal gene transfer [31-33] or de novo
origin from non-coding DNA [17, 34-36]. Whatever the
mode of origin, novel geneslikely reflect novel biology as
they will encodeproteinswith potentially distinct activity
or function not presentin the outgroup taxa. Examples
in arthropods include horizontally acquired genesfrom

bacteria underpinning adaptationsto phytophagy [37] or
male courtship behaviour in moths and butterflies [32],
and divergent geneduplicates recruited for limb pattern-
ing in water striders [38].

Here we investigate the origin of novel genesin the
early evolution of the insect order Lepidoptera. Lepidop-
tera are a holometabolous order of insects consisting of
the moths and butterflies and comprise nearly 160,000
described species or 8-10% of known animal species on
the planet [39]. The oldest members of the Lepidoptera
crown group are estimated to have appearedin the Late
Carboniferous (~300 mya) and were likely pollen feed-
ers, with the evolution of a tube-like proboscis and nec-
tar feeding occurring later in the Middle Triassic (~240
Ma). Today the Lepidoptera inhabit almost all terrestrial
ecosystems, displaying a large variety of ecological adap-
tations relating to feeding, defence,and survival [39-41].
Larvae of the earliest lineages were likely endophagous,
feedinginternally in the tissueof nonvascularland plants,
with adults possessing mandibulate chewing mouth-
parts (as seenin extant members of the family Microp-
terigidae) suitable for pollen feeding [42, 43]. A period
of diversification early in the evolution of Lepidoptera
coincided with the development of the tube-like probos-
cis, usedby adults to feed on nectar, and the expansion of
angiosperms. The remarkable diversity present in Lepi-
doptera today can be attributed to continued co-evolu-
tion with diverse angiosperm lineages, major transitions
in morphology and habitat, and the emergenceof diverse
feeding behaviours [41].

To assesswhether novel genes arose in the early evo-
lution of Lepidoptera, and whether any of these under-
went further genefamily expansion,we require complete
genome sequencesfrom a densesampling of Lepidoptera
and related insect orders. Previous studies have con-
structed deep-level phylogenies of Lepidoptera using a
large density of speciesbut relatively few loci [39], while
other studies havestudied specific gene families in depth
[44-46]. Large genomic datasets have only recently
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become available through sequencing consortia such as
the Darwin Tree of Life Project [47] affiliated to the Earth
Biogenome Project [48]. Here, we avail of this data by
analysing 115 high quality insect genomesand identify
217 novel genesthat arose on the stem lineage of Lepi-
doptera and 541 novel genesthat arose on the stem line-
ageof the Ditrysia, a major clade encompassingmost of
lepidopteran diversity [49]. We infer the likely modes of
origin for these novel genes.We then focus attention on
two gene families gained on the ancestral lepidopteran
branch that were subsequently retained acrossall species,
suggestiveof recruitment to important roles in lepidop-
teran biology. One is a gene family enceding divergent
sugartransporter proteins; the other is alikely horizontal
genetransfer from bacteria.

Materials and methods

Genefamily construction and discovery of novel genes
Proteome data from 99 species of Lepidoptera and 16
other arthroped species(Supplementary Table S1)were
obtained from Ensembl Rapid Release (rapid.ensembl.
org; accessedFebruary 2023); taxon sampling was based
on obtaining robust phylogenetic coverage across Lepi-
doptera while also preferentially selecting species with
proteome predictions based on the Ensembl genebuild
annotation pipeline (i.e. annotation which incorporated
RNA sequencedata). Primary transcripts were obtained
from the predicted proteome data and Orthofinder
v2.3.14 was run with default parameters to determine
orthogroups within the dataset[50]. To relate theseto a
species tree, amino acid sequencesfrom 25 single copy
orthologues present in all species, as obtained from the
Orthofinder output, were aligned using MAFFT v7.505
[51], trimmed using trimAl v1.4.rev15build [52], and
concatenatedwith PhyKIT [53]. This concatenatedalign-
ment was used to generate a speciestree using IQ-TREE
version 2.0-rc1 with 1000 bootstrap iterations, the given
model LG+G4 and option -nt AUTO which automati-
cally determines the best number of cores given the
current data and computer capacity [54]. Orthogroups
gained at nodes of interest (i.e. the branch leading to
Lepidoptera and the branch leading to Ditrysia) were
extracted using Orthoparser (github.com/PeterMul-
hair/ortho_parser). To test further whether orthogroups
inferred by the analysisto be specific to Lepidoptera were
actually presentin outgroups but missing from predicted
proteomes, Trichoptera genomesannotated by the alter-
native Augustus-Gaius pipeline (BRAKER) [55] were
analysed. This was carmried out using a BLASTp search of
the orthogroups againstthe trichopteran BRAKER pro-
teomes to find any potential missing homologues (using
an e-value cutoff of 1e-5 and filtering hits above 25%
sequence identity match along with query and subject
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coverageof 60%to remove hits due to partial homology).

Downstream of these steps, genes within orthogroups

were analysed by exploring gene copy number, conduct-

ing synteny analyses, and generating expression matrices
using publicly available RNAseq data. Figures including

phylogenetic trees and heatmaps were generated in R
using ggtree v3.6.2 [56], ggplot2 v3.4.4 [57], and Pheat-
map v1.0.12.Protein models were predicted using Alpha-

Fold (ColabFold v1.5.5: AlphaFold2) [58] and imported

into Chimera v1.18[59]. Molecular graphics and analyses
of protein models were performed with UCSF Chimera,
developed by the Resource for Biocomputing, Visuali-

zation, and Informatics at the University of California,

San Francisco, with support from NIH P41-GM103311.
Chromosome plots showing gene positions were created
using Rldeogram v0.2.2[60].

Phylogenetic analysisof gene families

Phylogenetic trees of the two gene families of inter-

est were built by aligning deduced protein sequences
using MAFFT v7.505 followed by trimming using tri-

mAl v1.4.rev15 build and tree building using maxi-
mum likelihood in IQ-TREE version 2.0-rc1. Trees were
visualised using ggtree v3.6.2 in Rstudio. In the sugar
transporter orthogroup analyses, PfamScan (command
line tool pfam_scan.pl) was used to search each ortho-

group against the Pfam-A.hmm database with cutoff
—cut_ga and an e-value threshold of 1e-3 [61] to anno-
tate functional domains in each gene. This was used to

detect additional gene families labelled as belonging to
sugar transporters (possessing Pfam domain Sugar_tr;
PF00083), followed by phylogenetic analysis including

Droscphila and cther arthropod SLC sequencesto infer

the class of SLC each orthogroup belonged to [62]. In

the propeller protein analyses,putative HGT was inves-
tigated using a BLASTp search (e-value threshold of
1e-3) [63] against the BLAST nr databasewith all lepi-

dopteran sequencesremoved (Supplementary Table S3).
The source of the HGT was then inferred by building a
genetree from the BLAST hits. Additional orthogroups
in our datasets possessingthe propellin gene were dis-

covered by running a BLASTp search of the initial

orthogroup (OG0000175)againstall orthogroups in our
dataset, retaining only those with percent identity equal
to or above 25%and query and subject equal to or above
60%. This uncovered 8 additional homologous ortho-

groups, each of which contained only lepidopteran spe-
cies. To further test the likely mode of origin of eachof
the 9 orthogroups, we carried out sequence similarity

searches against the non-redundant protein sequence
database(nr) and the core nucleotide database(core nt)

using a set of 10 representative speciesfrom each of the
orthogroups (Supplementary Table S4). In one of the
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orthogroups (OG0008135), two of the species had hits
against genes/proteins belonging to other insects. To test
whether these BLAST hits representedtrue homologs, or
the result of spurious homology, we aligned both insect
and Spiroplasma proteins to a Manduca sexta propellin
protein. This was carried out using the RCSB pairwise
structure alignmenttool [64].

Geneexpressionquantification

RNA-seq data for Bombyx mori were obtained from
NCBI datasets PRJDB8614 and PRJINAG75719 [65, 66],
for Danaus plexippus from PRJNAB63267 [67], and
for Papilioc machaon from PRJNA270386 [68]. RNA
readswere trimmed using Trimmomatic v0.39[69], and
mapped to the reference genome using STAR 2.7.10b
[70]. Stringtie v2.2.1 was used to quantify expressionin
each of the species datasets [71] and expression matrices
were generated in RStudio using Pheatmap. Where mul-
tiple sampleswere available for a given tissue of lifestage,
these were averagedto give one value.

Genesynteny analysis

Synteny analyses were used to test orthology of genes
within and beyond Lepidoptera. For genes of inter-
est, the gene ID, chromosome number, and location
were determined from the genome annotation and gene
track browser on Ensembl Rapid Release[72]. Two con-
served ‘marker genes' either side of the gene of inter-
est were chosen and BLASTp searches (using Ensembl
default parameters) conducted against the genomes of
four Lepidoptera (Danaus plexippus, Papilio machaon,
Tinea trinotella and Micropterix aruncella) and eight
outgroups (Limnephilus lunatus, Limnephilus marmo-
ratus, Limnephilus rhombicus, Glyphotaelius pellucidus,
Bibio marci, Drosophila melanogaster,Adalia hipunctata
and Vespula vulgaris). Thesedata were used to compare
chromosomal organisation and gene neighbourhoods
surrounding the genesof interest, revealing if individual
genes within lepidopteran orthology groups were 1:1
homologues between species and also whether highly
divergent orthologues were presentin outgroups.

Results

Novel genesemerging at the baseof Lepidoptera

To build a framewaork for comparative analyses,a phylo-
genetic tree washuilt from 25 single copy genesfrom 115
species, comprising 99 Lepidoptera speciesrepresenting
24 families, and 16 outgroup taxa (Fig. 1, Supplemen-
tary Table S1). The tree is broadly consistent with previ-
ously hypothesized evolutionary relationships, including
placing the Micropterigidae family (Micropterix arun-
cella and Neomicropterix facetella in our dataset) sister
to the rest of the lepidopteran lineages, the presence of
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Fig. 1 Molecular phylogenetic tree of the 89 lepidopteran speciesfrom 24 familiesand 16 outgroup speciesinferred from 25 single-copy
orthologues. Branchesarecoloured by insect order; speciesbelonging to the named lepidopteran families arelabelled with black lines
on the outside of the tree

the large, established groups of Ditrysia, Apoditrysia,
and Macroheterocera [39], and recovering monophyletic
groups for all taxonomic families in the dataset[39, 49]
(Fig. 1).

To identify novel genes or novel gene families that
emerged early in lepidopteran evolution, we first con-
structed homologous gene groups (‘orthogroups’) using
OrthoFinder [50]. Novel genefamilies here are defined as
orthogroups presentin a clade but missing from all out-
group taxai.e. taxonomically restricted genes.Wefiltered
the complete set of orthogroups to only retain those pre-
sent in greater than two species. To place each of these
orthogroups onto the speciestree, we took the parsimo-
nious assumption that the common ancestor of all spe-
cies present in each orthogroup represented the node of
origin (Fig. 2A). We identified 217 putative novel gene
families originating on the branch leading to Lepidoptera
(Fig. 2A).

To assessthe mode of origin for each gene family we
applied Pfam annotations to searchfor protein domains
(indicative of duplication and divergence from pre-
existing genes)as well as carrying out sequencesimilar-
ity searches against metazoan (excluding Lepidoptera;
further suggestive of duplication) and non-metazoan

Chelicerata
Myriapoda
Crustacea
Hemiptera
Hymenoptera
Coleoptera
= Diptera

e Trichoptera
— | epidoptera

Tineidae @ \
- Micropterigidae h

sequences (suggestive of HGT) from the nr protein
database. We deduce that the majority of novel gene
families (177 orthogroups) which originated along the
lepidopteran branch likely arose via duplication fol-
lowed by extensive sequence divergence (Fig. 2B). Puta-
tive HGTs accounted for only two orthogroups, as
indicated by presencein Lepidoptera and non-metazoan
proteomes but absent from animals other than Lepi-
doptera. We suggest that 38 orthogroups are potential
orphan genes,candidates for origin by de novo gene gen-
esis, although further analysis and additional data would
be needed to test this hypothesis. We also detected 541
putative novel orthogroups on the branch leadingto Dit-
rysia (representing all speciesoutside of Micropterigidae
in our dataset) (Fig. 2B). Of these, 398 likely arose from
duplication, 13 via HGT, and 130 genespotentially origi-
nated de novo.

We hypothesized that novel genesof particular impor-
tance to lepidopteran biology would be present in most
species of Lepidoptera analysed, with little or no gene
loss after gene emergence. Furthermore, some genes of
functional importance may have undergone duplication
and divergence since their emergence [73]. We there-
fore calculated gene copy number for every orthogroup
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Fig. 2 A Speciestree showing numbers of orthogroups gained at each phylogenetic node. Insect orders are separated by colours. Barchart
to the right of the tree displaysthe total number of orthogroups identified in eachspecies.BPiecharts show the number of orthogroups
originating at the Lepidopteraand Ditrysianodesand proportionsof the putative modesof new gene origin

originating at the Lepidoptera node and plotted these as
a heatmap againsta phylogenetic tree (Fig. 3A). Approxi-
mately half of the 217 orthogroups showed a scattered
phylogenetic distribution (present in a low number of
species within Lepidoptera); these may represent genes
that are frequently lost, or which underwent extensive
sequence divergence within Lepidoptera complicating
orthology assignment (right-hand columns in Fig. 3A).
87 orthogroups are present in 75% or more of the lepi-
dopteran species in this dataset, with sporadic gene
loss and occasional gene duplication on some inter-
nal branches (left-hand columns in Fig. 3A). To identify
orthogroups with higher ratesof duplication patterns, we

first determined that the data does not follow a normal
distribution (positive, non-symmetric, right skew)and is
non-parametric (Anderson-Darling test, p<0.05), and
that at least one orthogroup has a genecopy distribution

across species which differs from the mean number of
gene copies per orthogroup per species (Kruskal-Wallis
rank test, p<0.05; mean number of gene copies= 1.1645).
We found that two orthogroups deviate significantly
from the mean number of gene copies within a given
orthogroup gained at the lepidopteran node: OG0000164
and OG0000175 (Dunn test, p<0.0001; Fig. 3B). These
two orthogroups have the highest variation in copy
number, implying they have undergone extensive gene
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Fig. 3 Copynumber of genes gained on the ancestralnode of Lepidoptera. A Heatmap (right) showing gene copy number for each
orthogroup originating at the Lepidoptera node mapped to the speciestree (left). Lepidoptera node islabelled with a blue circle. Orthogroups
on the right-hand side of the figure have genespresent in few speciesand mayinclude spurious homologies. B Boxplots showing copy number
variation per speciesin the top & orthogroups present in all or most lepidopteran species.Bluebroken line signifies the mean copy number

per speciesfor all orthogroups. Orthogroups OG0000164and OGO000175havea mean copy number significantly different from the mean copy
number of lepidopteran orthogroups, assignified by an asterisk(p< 0.05).CTable showing functions and featuresfrom six orthogroups deviating

above the averagecopy number per orthogroup

duplication within Lepidoptera, and they are also pre-
sent in every lepidopteran species analysed. Sequence
homology from BLASTp searchesand domain annota-
tion from Pfam revealed that these proteins have a puta-
tive sugar transporter domain (OG0000164; MFS and
Sugarfother transporter, PF00083.27, GO:0016020|GO
:0022857|G0O:0055085) and a 6-bladed beta propeller
3D structure (OG0000175; GO:0005515) (Fig. 3C). To
determine whether there were any functions enriched
in the full setof 217 orthogroups gained on the lepidop-
teran node, we analysed the functional domains of each
to determine whether there were any categories which
were significantly overrepresented. Although no func-
tional categorieswere found to be enriched within this
dataset, approximately 9% of the orthogroups (19 out of
217) were found to contain a zinc finger domain (Sup-
plementary Table $2).We also discover that the Gloverin
gene family (OG0000859) emerged on the branch lead-
ing to Lepidoptera (Fig. 3C). The gloverin gene has pre-
viously been described as a lepidopteran novelty, and
we confirm its emergencecoincident with the evolution
of Lepidoptera, where it has been retained in 86 of the
99 lepidopteran speciesin our datasetincluding Microp-
terix aruncella (Fig. 3A). Gloverin, first purified from
Hyalophora gloveri [74], is a glycine rich protein with no

detectablehomology outside of Lepidoptera. It functions
as an antimicrobial peptide against a range of bacteria,
with greater specificity to Gram-negative bacteria, and
appears to be commonly and widely expressed across a
range of life stagesand tissues, with significant increases
in expression observed following exposure to bacteria
[75, 76].

Geneexpansion of lepidopteran sugarand solute
transporters

The orthogroup originating on the node leading to the
Lepidoptera with the highest mean copy number is a
sugar transporter gene family (OG0000164) (Fig. 3).
Across the species analysed, the copy number for this
lepidopteran-specific orthogroup ranged from one
gene (Micropterix aruncella) to twelve genes(Manduca
sexta). As the sugar fransporter protein superfamily is
large and diverse in animals [62], and to understand the
significance of this Lepidoptera-specific orthogroup, we
extended our analysis to include all orthogroups con-
taining a sugartransporter domain. We found 99 ortho-
groups with genespossessinga sugar transporter domain
present acrossall speciesin our dataset (Fig. 4A), nine of
which are annotated as emerging on the lepidopteran or
ditrysian node; genecopy number for all nine orthogoups
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Fig. 4 Origins and evolution of lepidepteran and ditrysian-specific sugartransporter genes. Orthogroups are identified asfollows: a—0G0000700,
b—0G0000319, c—0G0007512, d—0OG0001801, e—OG0000540, F—OG0008208, g—0OG0008344, —OG0000164, i—OGO00840 (A) Species

tree on the left is coloured by taxonomic group, with the Lepidoptera and Ditrysianodes labelled. The numbered ancestralnodes correlate

to the node of origin for the orthogroups shown in the gene tree (part B). Thegrey bar chart (middle) showsthat Lepidoptera (darkergrey bars)
havea higher total number of sugartransporter orthogroups compared to outgroup species.Copynumber of lepidopteran and ditrysian-specific
orthogroups varies greatly (heatmap, right): SLC22fransportersare below the light and dark brown bars (labelled a-d); SLC2transportersare

below the light and darkblue/green bars (labelled with letters e-i). B Phylogenetic free built using arepresentative sample of outgroup sugar
transporters, combined with sugartransporters identified in the Lepidoptera. SLC2transportersarehighlighted in light and darkbluefgreen

along with letters e-i, while SLC22transportersarehighlighted in light and darkbrown with letters a-d.Tip colours representthe node of origin (as
shown in the speciestree in part A)for each orthogroup. CThe four closely related SLC2transporterswere mapped to a selection of lepidopteran
chromasomes (left to right: Micropterix aruncella, Tinea trinotella, Tinea semifulvella, Papilio machaon and Autographa gamma). Sugartransporters
of lepidopteran origin arerepresented by atriangle, while those of ditrysian origin arerepresented by asquare.All four transporter orthogroups
group in close physical proximity, on the same chromosome. D Heatmap of expressionpattems of nine lepidopteran/ditrysian originating sugar

transporters in Bombyx mori tissues

in each species shows varying rates of copy number
expansion and gene loss (Fig. 4A). Four of these ortho-
groups were single copy in all or most species, while five
have undergone extensive gene duplication since their
lepidopteran origins (Fig.4A and B).

Next, we wanted to determine whether thesenine lepi-
dopteran sugar transporter-containing orthogroups had
a single evolutionary origin or whether they had evolved
independently from separate ancestral sugar transporter
genes.To resolve this, a phylogenetic tree of transporter
proteins from representative lepidopteran and outgroup
species was constructed using all sugar transporter

orthogroups (Fig. 4B). The tree topology suggests mul-
tiple origins of the lepidopteran- and ditrysian-specific
sugar transporter genes, although not each of the nine
orthogroups had independent origins. Notably, two
lepidopteran-originating orthogroups (OG0000164 and
0G0008208),and two ditrysian-originating orthogroups
(0OG0008344 and OGO000540) group close to each other
in the phylogenetic tree (e—h). Another orthogroup (i;
0G0008400) is located outside this clade, however each
of these orthogroups are present in a larger clade con-
sisting of members of the solute carrier 2 (SLC2) family
(Fig. 4B). In some taxa SLC2 genes have been shown to
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encode proteins that facilitate transport of small sugars
acrosscell membranes [62].

The remaining four sugar transporter orthogroups
(a-d) are all ditrysian-specific, three of which form a sin-
gle monophyletic group. Thefourth orthogroup is located
in a more phylogenetically distinct group, however, all
orthogroups belong to the SLC22 protein subfamily
(Fig. 4B). The SLC22 proteins are membrane transport-
ers known to regulate metabolic functions, transport-
ing a broader range of small molecules than SLC2 [62].
In all instances, the most closely related orthogroups in
the gene tree contain both outgroups and lepidopteran
species(Fig. 4B). This implies that the lepidopteran- and
ditrysian-specific transporter orthogroups originated
from more ancient genefamilies that were present across
all or most insects including Lepidoptera. Theseancestral
genes duplicated and underwent extensive amino acid
substitutions specifically in the lineage leading to Lepi-
dopteraor Ditrysia.

The four SLC2-like orthogroups [e—h] which group
closely together in the gene tree (Fig. 4B) are also co-
located in the genome, found consistently in close
association with one ancther across diverse lepidop-
teran species (Fig. 4C). This suggests that these sugar
transporter genes originated from a single ancestral
duplication event at the baseof the Lepidoptera and sub-
sequently underwent tandem duplication in the ancestral
lepidopteran and againin the branch leading to Ditrysia.
In contrast, for the SLC22-like orthogroups gained on
the ditrysian branch (a-d), we do not seethe sameclose
linkage and instead they are scattered on separate chro-
mosomes (Supplementary Figure 31). If these originated
from a single ancestral gene, as suggested by branch-
ing patterns in the gene tree, they dispersed around the
genomeafter duplication.

To investigate possible functions of these lepidopteran-
species transporter gene families, we assessedtheir pat-
terns of expression across multiple time points and
tissues from Bombyx mori [65, 66]. All genesfrom the
nine lepidopteran and ditrysian-specific genefamilies are
expressedin at least one tissue or at one developmental
time point (Fig. 4D). The silk gland was the most fre-
quent site of expressionacrossthe nine orthogroups, but
some of the geneshave wide and distributed expression
(Fig. 4D).

Lepidoptera propellin genesarosethrough harizontal
gene transfer

The second gene family which emerged at the base of
Lepidoptera and is maintained in significantly high copy
number acrossall butterfly and moth speciesanalysedis
orthogroup OGO000175 (Fig. 3). The genesin this family
were previously undescribed in insects. Below we show
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they encode proteins with a beta-propeller structure; we
therefore name this the propellin gene family. Intrigu-
ingly, this group of genesis conserved across Lepidop-
tera yet does not have detectable sequence identity to
any orthogroups in the arthropod outgroups included
in our initial analysis. Furthermore, iterative BLAST
searching revealed that OG000175is not the only set of
propellin genesin Lepidoptera; the genesare split into
eight distinct orthogroups, including the original group
0G000175with the highest copy number. All eight pro-
pellin orthogroups are specific to Lepidoptera (Supple-
mentary Figure S2).Combining all propellin orthogroups
together, we find Lepidoptera genomes have an average
of 11 gene copies, ranging from 3 copies in Neofacetella
micropterix (Micropterigidae) to 25 copiesin Phragmato-
bia fuliginosa (Erebidae)(Supplementary Table $5).

To assessthelikely origin of the propellin genein Lepi-
doptera, we carried out a BLASTp searchusing all pro-
teins in orthogroup QGO000175 against the NCBI nr
protein database excluding Lepidoptera sequences. This
revealed significant sequencesimilarity matches to pro-
teins from bacterial species. The most frequent bacte-
rial genus in the set of matches was Spiroplasma, with
additional matches in Macrococcus and Escherichia
(Supplementary Table S3). Using iterative rounds of
BLAST searching, we found very few matches outside
bacteria; we identified a potentially related unnamed
genein the genome of the plant Picea sitchensis (spruce;
ABK22491.1) and a fungus gnat Bradysia coprophila (30%
identity to a Spiroplasmahomologue of Lepidoptera pro-
pellin genesover 16%query cover). To confirm the likely
bacterial origins of the different propellin orthogroups,
we also carried out BLASTp and tBLASTn searches
against the nr and core nt databases, respectively, for
each of the propellin orthogroups. We searched protein
sequencesfrom 10 representative speciesin each of the
8 orthogroups using both methods and found that bac-
terial, specifically Spiroplasma, sequences represented
the majority of sequence similarity hits (Supplemen-
tary Table S4). While two genesfrom one orthogroup
showed sequencesimilarity to other insect proteins (E3
ubiquitin  ligases), we deduce that these hits are likely a
result of spurious homology, with low query coverage
(34-40%) and sequencesimilarity likely resulting from
convergent amino acid residues in repetitive regions. In
addition to this, all other hits from other speciesin the
same orthogroup showed sequence similarity to Spiro-
plasma and other bacterial proteins. These Spiroplasma
proteins were deducedto havesimilar tertiary structures
to propellin (i.e. 6-bladed beta propeller; RMSD value of
3.73); in contrast, the spurious insect protein hits pos-
sessedmultiple alpha helices and no structural similarity
(RMSD value of 5.57).
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Fig. 5 Lepidoptera-specificgenesencoding proteins with sequenceidentity and structural similarity to bacterial 8-bladed propeller proteins. A
Genetree of propellin and putative bacterial homologs.The Lepidoptera clade (blue) and Spiroplasmaclades(red)are labelled with coloured boxes
and text. All other branches represent arange of bacterial specieswhich are shown in Supplementary Figure S3.Molecular phylogenetic analysis
indicates the propellin genes of Lepidoptera are monophyletic, whose most closely branching lineages are Spiroplasmagenes,and sistergroup

to a clade dominated by Spiroplasmagenes(highlighted in red). B AlphaFold predictions suggest lepidopteran propellin proteins form 6-bladed
propeller structures similar to bacterial homologues; examples shown from Macrococcus(green), Spiroplasma(red) and the lepidopteran M.sexta
(blue). Additional protein struciure predictions in Supplementary FigureS4.CMolecular phylogenetic analysisindicates that the largest orthogroup
of lepidopteran propellin genesdivides into 6 clades,eachgene (purple) located at adifferent chromosomal location, most of which show
conserved synteny between lepidopteran species(synteny indicated by shaded purple regions).The Micropterigidae speciesM.aruncellaonly hasa

gene in clades 1. Marker genesare shown by various colours

Next, we constructed a phylogenetic tree of all
propellin copies and their putatively homologous
sequences. This shows that all lepidopteran propellin
sequencesare closely related in the gene tree (Fig. 5A,
Supplementary Figure $3). The most closely related
branches to the Lepidoptera clade are Spiroplasma
sequenceswhich, along with alarger sister clade domi-
nated by Spiroplasma sequences, suggests there has
been a putative horizontal genetransfer from bacteria
to Lepidoptera (Fig. 5A). Basedon the genetree topol-
ogy, we cannot excludethe possibility of multiple hori-
zontal transfer eventsinto Lepidoptera. Although there
are clear sequence similarity matches between Lepi-
doptera and Spiroplasma, the level of primary sequence
identity is low. The highest percentage identity found
between a lepidopteran protein and a Spiroplasma pro-
tein had only 35%identity over a sequencealignment of
134aa. This represents 45% coverage of a lepidopteran
propellin protein (ENSAGMG00005008917.1)and 18%
of a Spiroplasma protein (WP_164028422.1). To fur-
ther assesslegitimacy of the homologous relationships

between these genes with low sequence identity, we
predicted 3D structures of the deduced proteins from

Spiroplasma, Macrococcus, and Lepidoptera {using six

genes from Manduca sexta as representative of Lepi-

doptera) with AlphaFold [58] (Fig. 5B; Supplementary
Figure S4).We find clear similarity in predicted protein

structure with all lepidopteran and bacterial sequences
having a 6-bladed propeller structure (Fig. 5B). Fur-

ther support for homology hetween lepidopteran pro-
pellin proteins and bacterial proteins was found when
we aligned representative protein structures, which

showed an RMSD value of 3.83 and TM-score of 0.69
(Supplementary Figure S5). Each structured propel-

ler region within a propellin protein is approximately
221aalong consisting of blades of 30aain length. There
is variability outside of the beta-propeller domain
including regions of varying length and structure, most
notably in the additional domains in the Spiroplasma
protein model (Fig. 5B). To reflect this protein struc-
ture, we name the Lepidoptera genesthe propellin gene
family.

202



University of Oxford

Hoile etal. BMCGenomics  (2025)26:161

To further investigate the evolution of propellin genes,
we focussed attention on the high-copy number propel-
lin orthogroup (OGO000175; Supplementary Figure S2).
Phylogenetic analysis divides this orthogroup into six
clades within Lepidoptera, which we refer to as gene
subfamilies (Fig. 5C). The early diverging lineage of Lepi-
doptera, representedby the family Micropterigidae, hasa
propellin genein clade 1 in the genetree (Fig. 5C). Next,
we examined the local gene synteny for these six subfam-
ilies across representative lepidopteran species. Genes
from each subfamily, excluding clade four, were found in
a microsyntenic cluster of genes(‘marker genes’)which
are homologous across most or all species (Fig. 5C). This
confirms that each of these 6 propellin subfamilies are
one-to-one orthalogues acrossLepidoptera. Importantly,
many of the marker genes also exist in microsyntenic
blocks in the arthropod outgroups, consistentwith these
being the genomic sites where the Lepidoptera-specific
propellin genewas integrated (Fig. 5C). Since the six pro-
pellin subfamilies are at distinct chromosomal locations,
yet form a monophyletic group in molecular phyloge-
netic analysis, we propose that this orthogroup emerged
through asingleHGT eventfrom Spiroplasmaor another
bacterial source to Lepidoptera, followed by duplication
and transpaosition around the genome. Theseduplications
generatednot only the six subfamilies analysedin detail,
but also likely the additional propellin genesreferred to
above. We note that genesin subfamily 1 are intronless
(or haveoneintron), while the remaining subfamilies and
additional propellin orthogroups have between 0 and 8
introns, with the median count being 1 intron. This could
reflect transposition via an RNA intermediate or could
be a legacy of the gene’sbacterial origin (Supplementary
Table S5).

For a first insight into the possible functional role of
the lepidopteran propellin genes,we analysedthe expres-
sion of all copies of propellin using transcriptomic data
setsfrom three species:Bombyx mori, Danaus plexippus,
and Papilic machaon (Supplementary Figure S6). While
we find evidence for expression of all genecopies in each
species, the patterns are complex and variable within
and between species. In Danaus plexippus for example,
while most propellin copies show some expressionin lar-
val or pupal stages(8 of the 11 genes), levels of expres-
sion are highest in the adult life stage,with particularly
high expression found in the thorax, compared to the
head or abdomen {(Supplementary Figure S6).In Papilio
machaon most copies are restricted to one or two life
stages, while others are strongly expressed throughout
the life cycle of the butterfly. Expressionin Bombyxmori
shows wider coverage across life stagesand tissue types,
with most gene copies expressedin early developmental
and adult life stages.While expressionis common across
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most adult tissue types in Bombyx mori, there is little, or
no expression found in the midgut or silk glands (Sup-
plementary Figure S6). While there is little correlation
in expression between homologous copies of propellin
acrossall three species,we note that transcriptomic data-
sets available are not comprehensive. However, such per-
vasive expression acrosslife stagesand tissuesin multiple
species provides support to the fact that these genesare
functional acrossawide range of lepidopteran species.
We noted above that there were some sequence simi-
larity matches outside bacteria and Lepidoptera. The
putatively homologous genefrom Diptera is anuncharac-
terised locus (LOC119081672, encoding putative protein
XP_037046651)on an unplaced scaffold in the genome
assemblyof a fungus gnat Bradysia coprophila [77]. We
find this geneis presentin two speciesof Bradysia. It is
unlikely that the fungus gnat scaffold is a contaminating
sequence since it is present in two species, and because
it is adjacentin the genomesto recognisable insect genes
(Supplementary Figure S6). Analysis of the unplaced
scaffold reveals clearly dipteran genes immediately 3’
(LOC119081668) and relatively close 5 (LOC119081673
and LOC119081675)to the geneof interest. Intriguingly,
alocus immediately 5’ (LOC119081585) has high similar-
ity to springtail {Collembola) tyrosine kinases, and the
next neighbouring gene (LOC119081673) is Bradysia-
specific (Supplementary Figure S6). We therefore suggest
the Diptera gene LOC119081672 arose by an independ-
ent HGT from Spiroplasmain the Bradysia fungus gnat
genus, which has likely also acquired other genes by
HGT. We havenot deducedthe origin of the loci with a
sequencematch in Picea sitchensis (spruce).

Discussion

In this study we identified 217 'novel’ genesarising on
the evolutionary lineage leading Lepidoptera, after it had
diverged from outgroups including the closest related
order Trichoptera (caddisflies). We caution, however,
against this as a quantitative measure of genomic nov-
elty. First, we are using a pragmatic definition of novelty
that includes de novo genes, horizontally transferred
genes,and gene duplication followed by sequencediver-
gence; altering parameters relating to sequence diver-
gence could increase or decrease the gene count [78].
To improve inference of new genesin early lepidopteran
evolution, we employed a phylogenetically informed
approach to construct gene families, minimising the
effects of bias resulting from rapid sequencedivergence
[60]. Second, novelty at the Lepidoptera node could be
‘undercounted’ if some genome annotations are incom-
plete, particularly those of early diverging lepidopteran
taxa. Third, there are factors that could spuriously ‘over-
count’ novelty. For example,in our study around half the
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novel orthogroups were found sporadically in a small
number of distantly related Lepidoptera species. This
could indicate repeated geneloss following the origin of
the novel gene but could also include ‘noise’ as a result
of some proteins being grouped incorrectly due to spuri-

ous sequenceidentity. Secondary loss of genesfrom cad-
disfly genomescould theoretically causeovercounting of
geneson the Lepidoptera node, but we have minimized

this risk through use of four caddisfly genomes. We also
noted a small degree of overcounting (<2%) emerging
from alternative genome annotation methods [79], but
we accounted for this (seeMethods). Specifically, the ini-

tial input data consistedof proteomes predicted from the
Ensembl Genebuild annotation which incorporates RNA
sequencedataand filters poorly supported potential cod-
ing transcript proteins. A second method of genome
annotation, the BRAKER method, is potentially less
stringent and found some genesthat had been missed by
Genebuild. The difference amounted to just two ortho-

groups. The same caveats apply to counts of novel genes
at other similarly deep phylogenetic nodes. Despite this
caveat, we find it interesting that even more apparent
genenovelty (541 genefamilies) datesto the node leading
to Ditrysia. Thesegenesrequire further analysis, but the
observation suggeststhat the evolution of new biological

traits continued during the early evolutionary radiation
of moths. More important than an absolute number of
novel genes,the analysisgives us afirst lock into the rela-
tive importance of different modes of geneorigin during
the emergenceof Lepidoptera. We find the majority of
novel genefamilies gained on the ancestral lepidopteran

branch arose via geneduplication and divergence (~ 82%)
while around~18% geneshad no sequence matches or
any recognisable domains. These are putative candi-
dates for genesarising de novo from non-coding genes.
Justtwo genes(< 1%)are candidates for having arisen via
HGT (including the propellin gene),with hits to bacterial
or fungal species.

One of the genesthat likely arose via HGT was high-
lighted in our analysis as a novel gene that underwent
extensive gene duplication in Lepidoptera to generatea
large gene family. This gene family, which we name the
propellin genes, is potentially functional as evidenced
by the extensive retention through evolution and con-
served domain structure. Currently, however, its pre-
cise role in lepidopteran biology is unclear. Phylogenetic
analysessuggestthat the progenitor of the propellin gene
family was transferred to an insect from Spiroplasma
bacteria, some time on the Lepidoptera stem lineage.
Spiroplasma is a well-known intracellular symbiont in
arthropods. Furthermore, Spiroplasmais known to colo-
nise reproductive tissues,which in turn impacts upon the
host’s reproduction, and indeed this genusis one of two
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bacterial symbionts in Lepidoptera for which maternal
transmission has been demonstrated [80]. In some cases,
transmission is enhanced by manipulation of host physi-
ology, such as male-killing which increasesthe number
of female offspring as observed in Danaus chrysippus
[81]. Clearly, persistent association with reproductive
tissues gives opportunity for horizontal genetransfer, as
the symbiont DNA is in close physical proximity to the
DNA of the host germline. This has been seenin the
relationship between a mealybug and two endosymbi-
ont speciesTremblaya and Moranella [82]. Interestingly,
we also found a putatively homologous genein two spe-
cies of Diptera (genus Bradysia), possibly reflecting an
independent HGT event. This is consistent with previ-
ous findings that some types of gene are more prone to
HGT than others, perhapsthose encoding proteins with
few interaction partners [83]. The evolutionary reten-
tion of the likely HGT-derived propellin gene, plus its
extensive gene duplication in Lepidoptera, suggestthis
genefamily likely evolved to perform functions that are
important for the biology of moths and butterflies. We do
not know the biological role, or roles, of propellin genes
in Lepidoptera, but note that their bacterial homologues
havediversefunctions including ligand-binding proteins,
signalling proteins, lysases,structural proteins, isomer-
asesandhydrolases[84]. It is worth noting that the Spiro-
plasma geneswhich group closestto the propellin genes
in the gene tree are annotated as hypothetical proteins
without known function, suggestingmorework is needed
to understand the functional context of this gene.

The only other novel lepidopteran geneto show such
widespread retention and extensive gene duplication
encodesa family of SLC2-like sugartransporter proteins.
In other animals, membersof the SLC2sugartransporter
superfamily encode glucose-uptake proteins, ribose
transpaort proteins, and several putative membrane pro-
teins probably involved in sugar transport [62, 85, 86].
The functional link to sugarsis particularly intriguing
since the ecological association between Lepidoptera
and sugar-feeding changed markedly in early lepidop-
teran evolution. Specifically, adult moths in the basal
family Micropterigidae primitively lack a proboscis and
are pollen feeders, whereas adult moths and butterflies
in the Ditrysia use a proboscis to accesssugar-rich nec-
tar in flowers. Our wider comparative survey of sugar
transporter genefamilies picks up potentially interesting
co-evolution between this ecological shift and the sugar
transporter genes. We find that although OG0000164
(and one other sugartransporter genefamily) are present
in pollen-feeding Micropterigidae, it is not until the evo-
lution of the nectar-feeding Ditrysia that we see exten-
sive gene duplication, widespread gene retention and
the emergenceof additional SLC-like sugar transporter
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genefamilies [62]. We suggest therefore, that novel sugar
transporter gene families emerged at the base of Lepi-
doptera, but it was only later in lepidopteran evolution
that massive geneduplication and functional divergence
of sugar-transporter genestook place, in association with
nectar feeding. The causal link between these genetic
changesand the evolution of novel feeding behaviour in
the early evolution of Lepidoptera warrants further study.

Conclusion

We have demonstrated the emergence of 217 novel gene
families (orthogroups) on the node leading to Lepidop-
tera and 541 novel gene families emerging on the node
leading to the Ditrysia. Two orthogroups have signifi-
cantly higher gene copy per species across Lepidoptera
indicative of extensive gene duplication following their
origins. One likely originated by horizontal gene trans-
fer from the endosymbiont bacterium Spiroplasma and
then duplicated to generatea diverse group of ‘propellin’
genesencoding a 6-bladed propeller domain. The other
encodes a large set of sugar fransporter proteins and is
part of a diverse set of sugar and solute transporter genes
that duplicated and diverged extensivelyin early lepidop-
teran evolution.
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