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Abstract

Phylogenetic trees are used to illustrate and study evolutionary relationships between organisms or
genes and are created using gene sequences from taxa. Barcode reference trees are used for
studying ecological and evolutionary patterns, for classifying taxa or for measuring phylogenetic
diversity. Although well-known, we still have a lot to learn about the Lepidoptera order of insects.
In this study, I first created a genus-level reference tree based on 24 lepidopteran superfamilies
that was then expanded into a BOLD-species supertree of Lepidoptera. The reference tree was
created using maximum likelihood in IQ-tree, and the BOLD tree was made by adding BOLD taxa
to the backbone, using phylogenetic placement and online tree inference (OTI). The resulting
reference tree contained 5331 genera from 25 superfamilies, and the BOLD tree contained 54738
taxa. The quality of the tree was checked by measuring grouping of sequences according to their
taxonomy and measuring how well sequences grouped to their reference genera. The sequences
grouped relatively well according to taxonomy, indicating a successful tree inference, and the
sequences placed themselves near their reference taxon. Accumulation curves of phylogenetic
diversity (PD) for each superfamily were also made and the maximum PD and PD completeness
estimated. The PD completeness ranged around 40-60 % indicating that there is still a lot of
phylogenetic diversity to be discovered. To conclude, this tree provides a new overview of the
current understanding of the Lepidopteran diversity and can be used for further identification of
Lepidopteran taxa.

Keywords: phylogeny, lepidoptera, phylogenetic tree, phylogenetic diversity, BOLD barcodes,
reference tree
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1. Introduction

A phylogenetic tree is a graphical representation of evolutionary relationships
between organisms or genes, and it can be used for classification, studying the
evolution of genes and traits in morphology, ecology and biogeography as well as
for conservation. The tips of the tree represent the existing taxa and the nodes
between two branches in the tree represent the most recent common ancestor
(MRCA) of those branches. The length of the branches between the nodes can
represent the number of substitutions that divide them from one another, and the
branching pattern makes out the topology of the tree. All taxa that share a branch
is called a clade and has monophyletic origin, i.e. share a common ancestor. A
tree can be rooted or unrooted. Rooting of a tree is essential for understanding the
evolutionary relationships between the taxa, since the root represents the MRCA
of all taxa in the tree.

A reference tree is a phylogenetic tree that is only built with named species
with a known placement and evolutionary history. It can be used as the backbone
for building on new, unknown taxa and further classification of unknown
barcodes (Czech et al, 2018). A barcode is a short fraction of DNA sequenced
from a specific gene region (Hajibabaei, 2007). The standardized barcode for
animals is the COI gene, or Cytocrome oxidase subunit I. A reference tree can
also be used in ecological analyses, such as for telling different evolutionary
histories in community ecology or to describe biodiversity (Cavender-Bares,
2009).

Since all the tips of a rooted tree share a common ancestor, phylogenetic trees
can be used to understand evolutionary processes over time, where the tips of the
tree represent the present and the root the most ancient time in the past (Ricklefs,
2007). Each branch in the tree can either split into two branches (speciation) or be
cut off (extinction), resulting over time in the diversity of species that we have
today. One use of phylogenetic trees is thus to estimate rates of speciation and
extinction, as well as these rates variation over time and among clades.

Because all species in a community differ from one another based on their
divergence from their shared most recent common ancestor, phylogenies can also
be a tool to understand the species assemblies of ecological communities (Webb
et al, 2002). Analysing the phylogenetic relationships between species in a
community, e.g. whether they are closely or distantly related from each other, can
help us answer questions regarding ecology and community structure. The
distribution and function of taxa can be understood better by integrating
knowledge of their functional traits with their phylogenetic relationships
(Cavender-Bares, 2009). Different traits are innovations over the evolutionary tree
of life and therefore tend to be shared by species with common ancestry resulting



in them often having similar niches, and evolution can thus be considered to play
a key role in the assembly of communities. Phylogeny can also be used for
understanding biogeographical patterns such as historical movements of taxa
across regions, habitats and biomes (Webb et al, 2002; Cavender-Bares, 2009).

A phylogenetic tree can be used as an alternative measure of diversity, by
bringing more information than just species richness. This is called phylogenetic
diversity (PD), and it is measured by summing over the branch lengths of
sequences added to the tree and thereby accounts for the evolutionary
relationships between taxa (Faith, 1992). For conservation biology, the concept of
PD can be used based on the assumption that PD diversity is linked to feature
diversity, since species with similar features often share a common ancestor
(Faith, 2018). With this approach to conservation, one values the diversity of
biological traits over the conservation of specific species, which can be beneficial
because different features often correspond to different ecosystem functions.

If we want to estimate the phylogenetic diversity (PD) in a community, a
useful tool is to make accumulation curves of the barcodes of the known, sampled
taxa (Smith, 2009). The accumulation curves can be used to estimate the total
diversity of a taxonomic group where a lot of species remain unsampled, which is
useful information in ecology and conservation.

Identification and classification of unknown species can be done using genetic
information such as barcodes. Barcodes can be used to quickly identify species
and sort them into phylogenetic groups (Hajibabaei, 2007). Identification and
classification of unknown species can be done using a reference tree, by finding
the phylogenetic placement of the species. Phylogenetic placement is a set of
methods to identify genetic sequences, called query sequences, by placing them in
a fixed reference tree (Czech et al, 2022). By inferring the query sequences on the
given set of reference sequences in the reference tree, phylogenetic information
about the sequences is considered when identifying them (Barbera et al, 2018).
Unknown species can thus be identified by finding the most likely phylogenetic
placement of them in the reference tree.

Undoubtably, reference trees are very useful for a range of fields in biology,
such as classification, evolution, ecology and conservation. The Lepidoptera order
might be one of the most well-known insect orders and has been the object of
many entomologists and common people’s interest throughout history. They are
estimated to have appeared about 300 Ma in the late carboniferous (Kawahara et
al, 2019), and as one of the largest insect orders, with about 160000 known
species, they have since spread their wings all over the Earth, evolving into a wide
range of superfamilies and genera.

There are many existing studies of phylogeny among Lepidoptera. On one
hand there are studies that tries to resolve the relationships between the major
Lepidoptera clades (e.g. Kawahara et al, 20019) but containing a very tiny



fraction of total diversity. On the other hand, there are well sampled phylogenies
(sometimes hundreds or thousands of species, see for example Chazot et al
(2021)). Therefore, there is a need to synthesize into a single tree all these works.

Though well-studied, being such a large group, the phylogenetic relationships
between many members of the order are still relatively unknown. Papilionoidea,
i.e. butterflies, is probably one of the most well-studied superfamilies. For
example, Chazot et al (2019) composed a genus-level phylogeny of Papilionoidea
with 994 taxa. Another charismatic superfamily is Bombycoidea with some of the
largest lepidopteran species and is also relatively well-studied (e.g. Hamilton et al,
2009). There is however a lack in the research of many Lepidopteran
superfamilies, and these must be studied further to fully understand the diversity
of the order Lepidoptera. With an increasing amount of genetic data available
online, the opportunities to create high-level phylogenetic trees has become easier
than ever. A reference tree for all Lepidoptera would be a useful tool for further
classification and knowledge about ecological and evolutionary patterns of this
order of insects.

The aim of this study was to construct a species-level reference tree containing
almost all species of Lepidoptera sequenced to date. To make the tree, I first
created a genus-level backbone with 5331 genera. Then I added all named
Lepidoptera species sequences from BOLD, Barcode of Life Data Systems, which
is a database with freely available DNA barcodes (Ratnasingham, 2024). This
resulted in a species-level supertree containing 54738 taxa. The quality of the tree
was tested by measuring how well sequences grouped according to their
taxonomy and if they grouped to their reference taxon. The phylogenetic diversity
sampled was finally estimated for each superfamily.



2. Methods

2.1 Collecting Genetic Data

For each known genus of Lepidoptera, accession codes of 1-7 genes, as many as
were available for each genus, were collected from GenBank at the National
Center for Biotechnology and Information (NCBI). The genes collected were
Cytochrome oxidase subunit 1 (COI), Elongation factor 1 alpha (EF1a),
Carbamoyl-phosphate synthetase (CAD), wingless (wgl), Cytosolic malate
dehydrogenase (MDH), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and Ribosomal protein S5 (RpS5). A small section of COI has been massively
sequenced as it is the standard barcode of insects and must be included for using
taxonomic assignment of unknown taxa. Therefore, if COI did not exist in
GenBank for a specific genus, that genus was excluded altogether. Only known,
scientifically described genera of Lepidoptera were used, meaning that if a genus
was known genetically but had no name, it was excluded. If the same gene had
been uploaded to GenBank several times for the same genus (e.g. for multiple
species of the same genus) the accession code of the gene with the longest
sequence was collected.

When all the accession codes were collected, the sequences were downloaded
from GenBank using the function read.GenBank() in R (tidyverse-, ape- and
readxl-packages), producing one file for each superfamily and gene. All
superfamilies were finally compiled together by gene. In total, there were 25
superfamilies (Alucitoidea, Bombycoidea, Calliduliodea, Copromorphoidea,
Cossoidea, Drepanoidea, Epermenioidea, Gelechioidea, Hyblaeoidea,
Geometroidea, Immoidea, Noctuoidea, Mimallonoidae, Papilionoidea,
Pterophoroidea, Pyraloidea, Schreckensteinioidea, Sesioidea, Simaethistioidea,
Tineoidea, Tortricoidea, Uranioidea, Urodoidea, Yponomeutoidea and
Zygaenoidea) and 5433 genera. Since all genera were sequenced for the COI
gene, there was also a total number of 5433 sequences of the COI gene. For the
other genes, wgl had 2390 sequences, RPS5 had 1877, CAD had 1698, MDH had
1625 and EF1A had 2789 collected sequences.



2.2 Alignment

The program MAFFT (v7.526) was used to align the sequences to make sure they
were homologous and in the same position across genes and species. MAFFT is a
command line program and the text file for each gene was used as input file and
the output files were set as fasta-format. The “--Auto” parameter was added for all
alignments, which switches the algorithm according to the data size (Katoh,
2013). For most alignments the default gap penalty of 1,53 was used. If the output
alignment had a lot of gaps with this option, the gap penalty was changed with the
“--op” parameter to 2.0.

The alignments were adjusted by hand by removing off looking sequences that
aligned poorly with the rest of the sequences and gap only columns, and the
insertions/deletions were adjusted to maintain the codon structure. If a species
was removed from the COI-gene, the barcode, it was also removed from the other
genes. The adjusted alignments were re-run in MAFFT to get a new alignment
based on the adjustments. This was done repeatedly until no obvious rogue
sequence could be identified in the alignment.

To check for long branches that could indicate misalignments or odd
sequences, some simple gene trees were run using 1Q-tree 2.4. Long branches
were checked in the alignment and if the sequences looked weird compared to the
rest of the alignment, e.g. due to lots of gaps or substitutions that could indicate a
poorly made alignment, they were deleted from the alignment. The finished
alignments for the different genes were concatenated into one big alignment
including all genes. Now the dataset contained 5331 genera in total.

2.3 Creating the Backbone

A backbone tree was made with one known species per genus, to use as a
reference tree for later addition of species. The backbone was made with the
command line program 1Q-tree 2.4 to create the base of the tree. [Q-tree uses
maximum likelihood methods to infer the tree (Minh et al, 2020). Maximum
likelihood involves searching for the optimal tree topology by examining different
tree topologies and choosing the one with the highest likelihood. To root the tree,
six outgroup species were added to the concatenation. The outgroup species were
belonging to Trichoptera, the sister group of Lepidoptera.

Expecting that each gene is mutating at a different rate, the dataset was
partitioned to let IQ-tree estimate the values of the substitution parameters for
each gene separately. In the partition, the substitution model set for each gene was
GTR+I+G, i.e. general time-reversable model with invariable site plus discrete
gamma model.

A constraint for the tree topology was set in 1Q-tree to fix the already known
topology in the tree, using the “-G” parameter. That means that families and



superfamilies were forced to be monophyletic. The relationships between most
superfamilies were constrained using Kawarahara et al. 2019. The superfamilies
not included in Kawahara et al, 2019, were left unconstrained, leaving IQ-tree to
find their positions on its own. These superfamilies were Copromorphoidea,
Epermenioidea, Galacticoidea and Schreckensteinioidea. The outgroups were
constrained as well.

2.4 Adding BOLD species

2.4.1 BOLD download and alignment

A BOLD download of all lepidoptera species was aligned using MAFFT v.7.
Only the taxa with known species names were used, a total of 49883 taxa. First,
all the BOLD species were aligned, with gap penalty set at 2.0 and adjusted
manually to reduce the gaps. After the adjustment, the alignment still had a lot of
gaps, so it was run again in MAFFT, this time with a gap penalty at 3.0. The
BOLD alignment was aligned with the COI alignment of the backbone, creating
the full alignment. Using R (Tidyverse, ape), the full alignment was trimmed to
only have 658 bases per sequence. Sequences of less than 100 bases were
removed altogether from the alignment. After the alignment the BOLD taxa had
decreased to 49844 and the final dataset of the full alignment (BOLD+backbone
COI) had 54738 sequences.

2.4.2 Phylogenetic Placements and Online Tree Inference

When working with trees of this size, common methods of tree building such as
the one we used when creating the backbone, starts to get very computationally
intensive. Therefore, we used a new method called Online Tree Inference (OTI),
that uses phylogenetic placement to repeatedly ad species to an existing reference
tree. Phylogenetic placement is a method that involves placing query sequences in
a reference tree (Barbera et al, 2018). For this, the program EPA-ng was used,
which first makes a preplacement of the query sequences by finding likely
candidate branches for them and then determines the optimal placement of the
queries via maximum likelihood. EPA-ng required a reference tree, the reference
alignment, the COI substitution model and the full BOLD+backbone-alignment to
run, so these were prepared in beforehand.

Using the new method Online Tree Inference, OTI, the phylogenetic inference
was looped repeatedly over one query after another, adding fixed placements of
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species to the backbone after each loop until all sequences were in the tree. The
OTI was done on a supercomputer, using EPA-ng for the phylogenetic placement.

The COI substitution model, GTR + I + G, that was used when building the
backbone, in which [Q-tree had estimated the value of the parameters, was
specified for the program.

The BOLD+backbone-alignment, the reference tree, the reference alignment
and the COI model were sent to the supercomputer. Because EPA-ng does not
work with invariable sites, +1, in the substitution model, that parameter was
removed. To reduce the risk of getting a tree topology that is not representable to
reality due to chance, the OTI was run 10 times, giving 10 different tree
topologies. For the following analyses however, only one of the trees was used.

2.5 Analyses

The finished trees were used for analyses. Three different analyses were done. As
a sanity check of the tree building method, we tested if BOLD barcodes grouped
by their taxonomy (genus name) rather than randomly. As a second sanity check,
we tested if BOLD sequences grouped with their reference taxon or randomly in
the tree. As a third analysis we measured how well the sampled sequences in the
tree represent phylogenetic diversity.

2.5.1 Grouping of BOLD barcodes according to their taxonomy

To measure grouping in the tree, that is how well the taxa cluster according to
their genera, pairwise distances of tips within versus between genera were
calculated using R, ape-package, cophenetic()-function. Pairwise distances were
calculated as the branch lengths between two tips in the tree. The branch length
corresponds to the number of substitutions, meaning that the longer the branch
length between two species, the more mutations separate them from each other. If
taxa are grouping well in the tree, the pairwise distance within genera should
therefore be smaller than the one between genera.

First, the reference genera from the backbone were removed from the BOLD
tree, to make sure that all names of the tips were built similarly, and to reduce the
risk of duplication of the species used for the reference since they are also among
the BOLD species. This resulted in a reduced tree containing only the BOLD
species and not their reference genera. The pairwise distances were calculated
from the reduced tree and a pairwise distance matrix was made. The pairwise
distances between each species of each genus were calculated, as well as the
pairwise distances between the species of each genus and a species from a random
genus. The results were plotted as histograms, one including the distances of all
genera, as well as separate ones for each superfamily respectively.
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2.5.2 Grouping of BOLD sequences to reference taxon
compared with random taxon

To see if the phylogenetic distances between the BOLD species and their
reference genera were smaller than the distances between the BOLD species and a
random reference taxon, pairwise distances were calculated in R, ape-package.
The distances between all BOLD species that had a matching genus reference and
their respective reference genera, were compared to the distance between the
BOLD species and a random reference genus. The distance from the root of the
tree to every tip of the tree was first calculated and for each pair of sequences the
most recent common ancestor (MRCA) between the grafted sequence and its
corresponding reference genus was found. The pairwise distance was then
calculated by summing over the root-to-tip distance for each tip and then
subtracting the distance between the MRCA and the root times 2. The same
procedure was done for the grafted sequence and a random reference genus. The
calculated pairwise distances were plotted as a histogram.

2.5.3 Accumulation Curves

To measure how well the sampled sequences in the tree represent phylogenetic
diversity (PD), accumulation curves were made using R, ape-package. At first,
when adding samples to the tree, the accumulation rate is fast, as adding taxa in
the beginning contributes to a lot of new phylogenetic diversity, making the curve
steep in the beginning (Cardoso et al, 2014). The more taxa that are added, the
less phylogenetic diversity is gained for each taxon since a lot of features have
already been added, and the accumulation curve levels off with increasing number
of taxa.

The BOLD tree was divided into superfamily subtrees, one for each
superfamily, and the reference genera of the trees were removed, so they only
contained the BOLD species. For each superfamily tree, one taxon was picked
randomly and then one taxon was added at a time in a random order until
recreating the complete phylogeny. The total branch length of each subtree was
then calculated, so that the resulting curves show the accumulation of new
phylogenetic diversity contributed by additional, random taxa.

The maximum phylogenetic diversity was predicted using an asymptotic fitted
curve. This was done using the Michaelis-Menten model, that uses the observed
curve to estimate when the curve reaches its asymptote, or maximum diversity
(Cardoso et al, 2014). The predicted phylogenetic diversity was drawn over the
observed accumulation curves to visualize the observed diversity versus the
predicted maximum diversity. By fitting the model, we estimated the value of the
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parameter in the Michaelis-Menten model that gives us the maximum
phylogenetic diversity. By dividing the observed PD by the predicted PD, we get
the PD completeness, which is the percentage of phylogenetic diversity that has
been observed of the predicted maximum PD. This thus showed the proportion of
the predicted maximum diversity that we compared with the observed diversity of
the different superfamilies that are known and sequenced.
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3. Results

3.1 Backbone and BOLD Super Trees

The resulting backbone tree contained 5331 tips, i.e. 5331 genera from 25
superfamilies (figure 1). The tips were constrained at family-level in their
superfamilies except for the Copromorphoidea, Hyblacoidea, Epermenioidea,
Galacticoidea and Schreckensteinioidea, which are still unresolved regarding
placement. In previous studies they have placed as follows: Copromorphoidea
with Urodoidea or Epermenioidea. Hyblaeoidea with Pyraloidea. Epermenioidea
as apoditrysian. Galacticoioidea as sister to Immoidea. Schreckensteinioidea near
Urodoidea. In my reference tree, the Copromorphoidea placed with Gelechioidea,
Pyraloidea, Papilionoidea and Urodoidea. Hyblaeoidea with Sesioidea.
Epermenioidea placed with Calliduloidea, geometrioidea, Noctuoidea and
Urodoidea. Galacticoidea grouped with Pyraloidea, and Schreckensteinioidea
grouped with Zyganoidea. The BOLD tree contained 54738 tips of known BOLD
species and the reference genera from the backbone tree (figure 2). The BOLD
species placed themselves generally well according to genus.

14



Figure 1. Genus-level backbone tree of Lepidoptera, containing the reference genera,
5331 tips.
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Figure 2. Species-level tree of Lepidoptera with BOLD species and reference genera,
54738 tips.

3.2 Are BOLD barcodes grouping according to their
taxonomy or randomly?

The pairwise distance within each genus was generally smaller than the ones
between different genera (figure 3). However, quite a lot of overlap was seen,
where the distance was the same within versus between genera. Overall, the
online tree inference successfully recovered phylogenetic signal with a tree
matching the expected taxonomy.
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Figure 3. Pairwise distance within versus between genera. The pink colour shows the
pairwise distance within genus, the grey colour the pairwise distance between genera and
the darker pink is the overlap between the two. The X axis shows the phylogenetic
distance and the Y axis the density of taxa.

3.3 Are BOLD sequences grouping with their
reference taxon or randomly in the tree?

The phylogenetic distance between BOLD species and their reference genus was
generally smaller than the distances between BOLD species and a random
reference genus (figure 4). A small overlap is seen between the two. Generally,
BOLD sequences are grouping well with their reference taxon as they are placed
near their expected genus.
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Distribution of phylogenetic distances
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Figure 4. The distribution of phylogenetic distances between BOLD species and their
reference genus (blue bars), compared to the distances between BOLD species and a
random reference genus (pink bars). The purple colour is due to overlap between the two.
The x-axis shows the phylogenetic distance (branch length) and the y-axis the density of
taxa with that specific phylogenetic distance.

3.4 Observed vs fitted Accumulation Curves of
Phylogenetic Diversity

The observed accumulation curves (full lines, Figure 5 and 6) are steep at first, as
expected, and start to level off as we sample more species. The curves show that
the superfamily with the highest observed phylogenetic diversity (PD) is the
Noctuoidea and the one with the lowest observed PD is the Mimallonoidae. The
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fitted curves (dashed lines, figure 5 and 6) show that for all superfamilies the
current sampling remains far from the asymptotic (maximal) PD. For many of the
superfamilies, the fitted curve starts levelling off a bit earlier than the observed
curves, which could indicate an underestimation of the maximum phylogenetic
diversity and the need for more appropriate models.

Small superfamilies

- Alucitoidea
Cossoidea
Drepanoidea
Immoidea
o Mimallonoidae
S Pterophoroidea
~—— Sesioidea
—— Tineoidea
—— Tortricoidea
—— Yponomeutoidea
> o —— Zygaenoidea
o 2
7]
2
©
L
©
S o
g 279
>
¥ =
o
o |
s}
—— Observed
o - - Fitted
I | | | |
0 500 1000 1500 2000

Number of taxa

Figure 5. Accumulation curves of the small superfamilies of <3000 sampled species. The
full lines are the observed phylogenetic diversity of the sequenced taxon in the tree. The
dashed lines represent the predicted maximum phylogenetic diversity calculated by the
Michaelis-Menten model.
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Large superfamilies
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Figure 6. Accumulation curves of the large superfamilies, > 3000 sampled species. The
full lines are the observed phylogenetic diversity of the sequenced taxon in the tree. The
dashed lines represent the predicted maximum phylogenetic diversity calculated by the

Michaelis-Menten model.

3.4 Phylogenetic diversity sampling completeness

The PD completeness ranged between 40-60 % for all measured superfamilies
(Figure 7). The Immoidea superfamily is empty because it was too small to
measure. The most well-sampled superfamily is the Bombycoidea and the least
well-sampled the Sesioidea.
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Phylogenetic diversity sampling completeness

Figure 7. PD completeness for each superfamily. The completeness shows the percentage
of the phylogenetic diversity that has been sampled, calculated as observed PD divided
by predicted PD. Immoidea is empty due to it being a very small superfamily.
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4. Discussion

The pairwise distance within versus between genera can be an indication of how
well the sequences group according to their genera. If the pairwise distance within
genera is smaller than the one between genera, it strongly indicates that the taxa
are grouping well to their respective genera, which supports it being a
monophyletic group. Therefore, a good tree should have little overlap within
versus between genera. The result of the pairwise distances calculations show a
separation between the distances within versus between genera, with tendency
towards smaller distances within genus than between genera. This indicate a
relatively good grouping according to taxonomy; however, a lot of overlap is still
observed, see figure 3. There are at least three explanations for this large overlap.
First, the online tree inference is a new method, which has not yet been
thoroughly tested for its ability to recover the “true” tree. This could mean that the
method we used to build the tree was not providing reliable results.

Second, it could be that some sequences have been classified wrongly in BOLD
itself, and they cannot be recovered as monophyletic genera. Since the BOLD
sequences were not restricted to be grouped with their reference genus, the
placement of a species outside its genus clade could be correct, only that it had
been wrongly classified to begin with. Previously, before the breakthrough of
gene sequencing, classifications were dominantly made based on morphology
rather than genetics, leading to some cases of misclassified taxa. Modern day
methods of using genetic data to classify species give us a chance to correct
previous wrongly classified species and put them in their true taxonomy.

A third explanation for the overlap is that the genera are different in size.
Within a big genus, the distance between species could be relatively long due to a
high number of mutations between two distantly related species. On the other
hand, the distance between genera could be relatively short if the genus is small
and the genus it is compared to is close on the tree. This could give cases where
distances between genera are relatively short or within genus relatively long,
causing an overlap of distances within versus between genera but no indicative of
a low-quality tree.

The distribution of phylogenetic distances turned out to be good in terms of
grouping of sequences to their reference genera. The BOLD sequences had a
generally smaller phylogenetic distance to their reference genera than to another
random reference genus, with only a small overlap, indicating that BOLD
sequences placed themselves close to their reference genera, see figure 4.

The accumulation curves show how much phylogenetic diversity is gained by
adding more species to the tree. The observed curves, i.e. the curves of the known,
sequenced taxa, show steep curves at first, that levels off when adding more taxa.
When we start sampling species in the tree, there is a high chance that a new
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species represents an entire new clade unsampled before, thereby adding a lot of
new phylogenetic diversity. With an increasing number of sampled species in the
tree, this probability decreases since the species are added to groups already
represented in the tree and these species only bring little new evolutionary history.
An uncertainty about the shape of the observed curve is the fact that only one
randomization of taxa added was done per superfamily, which brings a need to be
careful with the estimates of maximum PD and PD accumulation. This could
have given curves that do not really represent reality, as chance may have
randomized the tip labels in an order that does not represent the average
accumulation of phylogenetic diversity. To validate the results, we need to repeat
the randomized addition of species multiple times. This was not done as part of
this work due to the long computational time required for this. The PD
completeness ranged between 40 to 60 %, which means that there is still a lot of
phylogenetic diversity to be discovered, even among the most well-known and
well-sampled superfamilies (Papilionoidea, Bombycoidea). The fitted curves
started to level off a bit earlier than the observed curves for many of the
superfamilies. This could be an indication that the predicted maximum PD has
been underestimated by the fitted model, suggesting that the real maximum PD is
higher.

To quickly check the quality of the predicted maximum PD, I looked up the
total number of species for a few superfamilies (Papilionoidea, Bombycoidea and
Pterophoidea) in COL, Catalogue of Life (Banki, 2026). Catalogue of Life
compiles all species that have been recorded, weather they are genetically
sequenced or just morphologically known as species. According to COL,
Papilionoidea has 21020 recorded species. The observed sequences used in the
tree are 7313. This indicates that only about 35 % out of all recorded species have
been sequenced. According to the PD completeness the Papilionoidea have about
58 % observed species. For Bombycoidea, the observed sequences were 4806.
According to COL, there are 5709 species, which means that about 80 % have
been sequenced. The PD completeness indicates that around 61 % have been
observed out of the predicted maximum PD. Pterophoroidea have 1611 recorded
species in COL and 254 observed in our tree, which is ca 16 % of the recorded
species in COL. The predicted maximum PD, however, shows that around 47 %
out of predicted maximum PD have been observed. Two out of the three
superfamilies (Papilionoidea and Pterophoidea) I looked at, show a higher
percentage of observed sequences according to the predicted maximum PD than
to the recorded species on Catalogue of Life. This indicates that the value of the
maximum PD is underestimated. One of the three superfamilies (Bombycoidea)
showed a higher percentage observed species against the Catalogue of Life
species than what the PD completeness indicated. That could mean that the
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predicted maximum PD suggest that there is more species richness than we know
and that there are many more species to be recorded.

To summarize, the quality of the tree building method can be seen as both good
and bad. The first test, where I tested the grouping of BOLD barcodes according
to taxonomy, showed a separation between the distance within versus between
genera with a generally smaller distance within genus, which indicates a good
grouping according to taxonomy. The big overlap, however, can be seen as a sign
of bad grouping. The distribution of phylogenetic distances of BOLD sequences
to their reference taxon compared to a random reference taxon, showed only a
small overlap, indicating that the species had placed themselves well to their
reference genus. The estimated maximum PD seem to be a bit underestimated
when compared to the observed PD and the catalogue of life for some
superfamilies, indicating that the measured PD completeness might have been too
high for some superfamilies.
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5. Conclusion

I produced the largest species-level tree of Lepidoptera, to my knowledge, which
gives a new overview of the current understanding of Lepidopteran diversity and
sequencing/barcoding effort, although some groups still need extra effort. Overall,
this tree is a very good source of information for taxonomic identification of
Lepidoptera using phylogenetic placement. This kind of reference tree is needed
for further studying of the Lepidopteran order.
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