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Abstract

Accounting for the estimated number of undescribed species, Gelechioidea are thought
to be among the most species-rich superfamilies of Lepidoptera, with 18,500 described
species, including numerous pests of economically significant crops such as cotton,
tomato and wheat. Family-level topology of the superfamily and the extent and the num-
ber of accepted families have received important revisions throughout the previous phy-
logenetic work on the group. Here we extracted 1767 nuclear protein-coding genes
from genomic and transcriptomic data from 57 ingroup taxa, including Haplochrois buvati
Baldizzone and Urodeta hibernella Staudinger, for which the whole-genome sequences
were generated in this study. We first analyse this phylogenomic dataset within a maxi-
mum likelihood framework to revisit the interfamilial relationships within Gelechioidea
and then integrate it with the existing taxon-rich, Sanger-sequenced data from up to
24 genes to re-evaluate the extent of the 20 currently accepted families by analysing this
integrated dataset encompassing 381 ingroup taxa. Although we also recover some of
the previously suggested multifamilial clades, the backbone topology we infer presents
novel arrangements of families compared to previously published work: overall, we
observe that Gelechioidea have diversified in four main lineages and find Stenomatinae
(Depressariidae) to be sister to the rest of Gelechioidea. We therefore elevate it to fam-
ily, Stenomatidae stat. nov. Moreover, we find the current circumscription of Elachisti-
dae to be non-monophyletic and propose a new delimitation to include the subfamilies

Elachistinae, Parametriotinae, Cacochroinae (Depressariidae) and Ethmiinae stat. nov.
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pollination to phytophagy, scavenging, predation, parasitism and even
parasitoidism (Bidzilya & Rajaei, 2024; Kristensen & Skalski, 1999; Luz

Gelechioidea are a highly diverse superfamily of apoditrysian Lepidop-
tera with around 18,500 described species (van Nieukerken
et al., 2011). Species from this group encompass a wide variety of life-

styles and adaptations and play significant functional roles, from

et al., 2015; Rubinoff & Haines, 2005). Moreover, larvae of Gelechioi-
dea have a striking diversity in feeding modes and lifestyles and can
engage in leaf mining, gall making and case bearing (Common, 1990;

Kristensen & Skalski, 1999). This group also includes numerous
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economically significant agricultural pests (Gozuagik et al, 2008;
Raine, 1966; White et al., 2007; Yan et al., 2019), as well as species
that provide fundamental ecological services (Buxton et al., 2018; Luo
et al., 2011). Despite their great ecological and economic significance,
Gelechioidea are poorly studied relative to other Lepidoptera, espe-
cially in terms of undescribed species diversity, unresolved systemat-
ics and phylogenetic relationships. A small selection of adult
gelechioid diversity can be seen in Figure 1.

The work of Hodges (1998) was the first of its time to adopt a
cladistic approach through the analysis of a character matrix that
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represented family- or subfamily-level groups as terminals to unravel
the relationships among the families of Gelechioidea, which put for-
wards major rearrangements of family-level groups within the super-
family. The first phylogeny with exemplar taxa for Gelechioidea was
published by Kaila (2004), sampling 193 larval, pupal and adult mor-
phological characters across 143 taxa, resulting in a tree that is
divided into two main lineages—one of which had genera that were
grouping together with Gelechiidae and the other with
Oecophoridae-associated genera, groups which he referred to as gele-

chiid and oecophorid lineages, respectively. Although there were no

FIGURE 1 A small section of the adult morphological diversity in the superfamily Gelechioidea. (a) Oecophoridae, Pleurota bicostella,
iNaturalist, photo by Pekka Malinen; (b) Batrachedridae, Batrachedra praeangusta, iNaturalist, photo by Pekka Malinen; (c) Stathmopodidae,
Atrijuglans hetaohei, iNaturalist, pest of walnuts; (d) Depressariidae, Tonica effractella, iNaturalist, photo by user “domf”; (e) Elachistidae, Elachista
argentella, iNaturalist, photo by Pekka Malinen; (f) Coleophoridae, Coleophora deaureatella, iNaturalist, photo by Pekka Malinen; (g) Oecophoridae,
Struthoscelis sp., photo by Keniji Nishida; (h) Cosmopterigidae, Eteobalea isabellella, photo by Friedmar Graf; (i) Cosmopterigidae, Eteobalea
serratella, photo by Friedmar Graf; (j) Oecophoridae, Promalactis procerella, iNaturalist, photo by Pekka Malinen; (k) Depressariidae, Scorpiopsis
pyrobola, iNaturalist, photo by Michelle Colpus. All photographs used with permission or according to the published copyright.
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PHYLOGENOMICS OF GELECHIOIDEA

suggested taxonomic revisions to come out of this study, it was the
first one that evaluated interfamilial relationships in Gelechioidea
using species as terminals. Soon other studies followed. Bucheli and
Wenzel (2005) published the first molecular phylogeny that integrated
two mitochondrial genes with morphological characters across 42 taxa.
Later, Kaila et al. (2011) presented the first extensive molecular phylo-
genetic study, sequencing 7 genes across 109 gelechioid taxa. They
found Elachistidae s.l. to be non-monophyletic as the core Elachistinae
were sister to (Coleophoridae 4 Batrachedridae), Parametriotinae
were included in a large clade which was sister to the aforementioned
three groups, and the rest of Elachistidae s.I. were in a different place
while not being in a monophylum themselves (Figure 2a).

Heikkila et al. (2014) published an integrated phylogenetic work
with 8 genes and 253 morphological characters across 155 taxa, and
they proposed 16 monophyletic families for Gelechioidea. Notably,
they redefined a monophyletic Depressariidae consisting of Depres-
sariinae and other subfamilies that were previously placed under Ela-
chistidae s.l, as well as additional subfamilies from Lecithoceridae,
Oecophoridae and Peleopodidae (Figure 2b). Aiming to test the con-
sensus on Gelechioidea systematics at that time, Sohn et al. (2016)
analysed up to 19 genes across 89 taxa, a dataset that was largely
independent from Heikkila et al. (2014) both in terms of sampled taxa
and the included genes. Although they did not recover Depressariidae
sensu Heikkild et al. as monophyletic, they proposed no substantial
taxonomic changes and suggested that even though some interfamilial
relationships were weakly supported in the respective studies, their
recurrence in phylogenies with independent taxon sampling hints at
their possible taxonomic validity. The most recent molecular phyloge-
netic work focused on Gelechioidea was from Wang and Li (2020),
who analysed 8 genes across 89 taxa and proposed 20 families,
among which were Peleopodidae and Ethmiidae (Figure 2d) that they
interpreted as distinct from Depressariidae sensu Heikkila et al.
(2014). Overall, Elachistidae and Depressariidae were the families that
received the most revisions throughout these studies. Although most

clades above family level were weakly supported in these studies,
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several groupings of families recur with moderate statistical support,
especially in the last three studies (Heikkili et al, 2014; Sohn
et al, 2016; Wang & Li, 2020): (1) the GC clade, or the “Gelechiid
assemblage” of Sohn et al. (2016) consisting of Gelechiidae and Cos-
mopterigidae; (2) the BC clade consisting of Batrachedridae and
Coleophoridae; (3) the SSB/M clade consisting of Stathmopodidae,
Scythrididae and Blastobasidae, sometimes also with Momphidae; and
(4) the AXLO clade consisting of Autostichidae, Xyloryctidae, Lecitho-
ceridae and Oecophoridae.

Phylogenomics, the use of genomic-scale molecular data in phyloge-
netics, has been proven to be quite useful in resolving phylogenetic rela-
tionships at different taxonomic levels of the insect tree of life. Such are
the relationships among different insect orders (Misof et al., 2014), among
superfamilies of Lepidoptera (Bazinet et al., 2013; Kawahara et al., 2019;
Mayer et al., 2021; Rota et al., 2022; Twort et al., 2021), among families
of different superfamilies in Lepidoptera (Espeland et al, 2018; Li
et al,, 2024) as well as relationships between subfamilies within focal fam-
ilies (Laurent & Kawahara, 2019; Murillo-Ramos et al., 2023; Ounap
et al,, 2025). Here, we aim to contribute to the understanding of system-
atics and phylogenetics of Gelechioidea. To achieve this, we first gathered
genomic-scale molecular data from 57 ingroup taxa that span 18 out of
the 20 gelechioid families proposed by Wang and Li (2020) and analysed
more than a thousand nuclear protein-coding genes in a phylogenomic
framework to better resolve the backbone phylogeny. Then, we incorpo-
rated most of the available Sanger sequencing data from the previous
three molecular phylogenetic studies in order to improve our taxon sam-

pling and to examine intrafamilial relationships.

MATERIALS AND METHODS
Taxon sampling

All the available genome assemblies and raw transcriptomic reads for

Gelechioidea (as of September 2022) were considered in this study.
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FIGURE 2 A Summary of the family-level topologies from a selection of previous molecular studies that focused on the group as a whole. All
family and subfamily names are according to (Wang & Li, 2020) and/or newer studies that changed a subfamily name, such as the name
Cacochroinae is from (Kaila et al., 2024). A subfamily is shown distinctively from its family only when it was not part of the rest of the family in
one of the studies displayed, or when it is relevant to the discussion in this work. Colours are assigned to families and only the families that were
particularly important to the main text of this work were highlighted with colours and colours match the family colours in the rest of the figures
throughout this work. (a) Kaila et al. (2011); (b) Heikkila et al. (2014); (c) Sohn et al. (2016); (d) Wang and Li (2020).

858017 SUOWILLIOD 8A 1810 3edldde aup Aq pausenob ae sajoie YO ‘85N JO Sa|nJ Joj A%eid18ulUO A8]IM UO (SUOTPUOO-PUB-SW.BI W00 A8 | 1M A1 1[BU1|UO//SANL) SUORIPUOD PUe SWLB | 8L 88S *[0202/20/50] U0 Ariqi]aulju 3|1 ‘8oueIH 8UeIyd0D Aq 6000L Ue/AS/TTTT OT/I0P/L0o" A3 1M AReid 1 pulu0'S uINosa.//:sdny Wwoly pepeoiumod ‘T ‘9202 ‘STTESIET



4 of 20 Systematic Royal

Entomology

Apart from two samples that had raw genome/exome sequencing
data, all of them were used in downstream parts of the analyses. This
resulted in 57 ingroup taxa, out of which 42 were raw transcriptomic
reads and 15 genome assemblies (Table S1). At its final extent, our
dataset included 18 out of 20 families that were proposed for Gele-
chioidea by Wang and Li (2020), although families Momphidae, Scy-
thrididae, Batrachedridae, Ethmiidae and Epimarptidae were
represented by only a single taxon. The 10 outgroup taxa used in this
study span six obtectomeran superfamilies: Alucitoidea, Calliduloidea,

Papilionoidea, Pterophoroidea, Pyraloidea and Thyridoidea.

Whole-genome sequencing and de novo genome
assembly

DNA extracts for the two elachistids Haplochrois buvati and Urodeta
hibernella were provided by Marko Mutanen (University of Oulu).
Library preparation and sequencing followed the museomics protocol
described in Twort et al. (2021). Generated paired-end libraries were
sequenced for 300 cycles (150 cycles each for forward and reverse
reads) on the lllumina NovaSeq platform at the Swedish National
Genomics Infrastructure (NGI) distributed over two lanes per sample
for each sample. The sequencing experiment yielded 33,329,738
reads for Haplochrois buvati and 30,847,549 reads for Urodeta
hibernella.

Raw data for both species was preprocessed as follows.
FASTQ files from the two different lanes were merged for each
read orientation before further preprocessing. PRINSEQ was used
with default parameters to filter out low complexity reads and
homopolymer stretches. Then, Trimmomatic (Bolger et al., 2014)
with ILLUMINACLIP mode was used to trim sequencing adapters.
Finally, trimmed and cleaned reads were used as input to SPAdes
(Prjibelski et al., 2020) for de novo genome assembly. Resulting
assemblies had N50 of 831 and 2110, and had 508,205 and
276,406 total contigs for Haplochrois buvati and Urodeta hibernella
respectively.

Preprocessing of the public data

Genome assemblies (Boyes & Blaxter, 2024; Boyes & Boyes, 2023;
Boyes & Boyes, 2024a; Boyes & Boyes, 2024b; Boyes &
Hammond, 2023; Boyes & Holland, 2023a; Boyes & Holland, 2023b;
Boyes & Boyes, 2024; Boyes & Hutchinson, 2023; Boyes &
Lees, 2023; Boyes & Parkerson, 2022; Boyes & Hutchinson, 2023;
Boyes & Kerry, 2023; Holland, 2023; Li et al., 2020; Mead et al.,
2021; Poelchau et al., 2015; Stahlke et al., 2023; Tabuloc et al., 2019;
Zhang et al., 2022) were downloaded from NCBI (Sayers et al., 2024),
using the provided command-line tool datasets (O’Leary et al., 2024).
Raw transcriptomic reads for each transcriptome sample (Calla
et al, 2017; Kawahara and Breinholt, 2014; Li et al., 2020;
Wang et al., 2020; Xu et al., 2021) were downloaded from ENA

YAPAR ET AL

(O’Cathail et al., 2025). Direct download links were obtained from the
accession numbers using ffq v0.0.4 (Galvez-Merchan et al., 2023).
Raw reads were processed as follows. Adapters and potential obvious
contamination were removed with cutadapt (Martin, 2011) according
to the FastQC (Andrews, 2010) reports; reads that were shorter than
50 nucleotides or those that had average base quality below 30 (below
20) were discarded for lllumina data (for older platforms). Reads that
had homopolymer stretches or those that had overall low complexity
were discarded using PRINSEQ'™ (Cantu et al, 2019). TRINITY
v2.13.2 was used on the cleaned transcriptomic reads for de novo
transcriptome assembly. Resulting assemblies were then clustered
into unique sequences that had less than 95% sequence identity with
CD-HIT-EST (Li & Godzik, 2006).

The resulting transcriptome assemblies and the downloaded
genome assemblies were processed with BUSCO v5.2.2 to search for
single-copy orthologous (SCO) genes for Lepidoptera as defined in
OrthoDB v10. BUSCO output directories per species were then used
as input to an in-house python script to extract the nucleotide and
amino-acid sequences for the found SCO genes. Only the genes that
were present in at least 70% of the transcriptomes and 90% of the

genomes were included for further analysis.

Species identity

The identity of species was checked by extracting the DNA barcode
(mitochondrial COI gene) from each assembly, and the sequence was
searched in BOLD (Ratnasingham & Hebert, 2007). The species
assigned to each assembly was changed only if the DNA barcode
matched with a 99% or higher identity to a species that was different

from the original identification.

Creating the core phylogenomic dataset

Amino-acid sequences for each gene were used to create multiple-
sequence alignments (MSAs) with MAFFT v7.490 (Katoh &
Standley, 2013) with the L-INS-i algorithm. Resulting MSAs were
back-translated to nucleotide alignments using the Python script
“pal2nal.py” (Archive S1). Having false-positive hits for a few
sequences across extracted genes in a phylogenomic dataset is com-
mon and removing potential outliers and paralogs has been reported
to improve the compiled datasets in terms of reduced violation of sub-
stitution models used for phylogenetic inference (Yang &
Smith, 2014). To account for this, a gene-by-gene sequence exclusion
method was implemented as follows. First, IQ-TREE v2.16 (Minh
et al., 2020) was used to create individual gene trees for each nucleo-
tide MSA. Then, for each gene tree, the relative length of the longest
branch (hereafter referred to as Pngy) was calculated and genes with
Pmax 2 0.1 were flagged as potential outliers. All gene trees that were
flagged as potential outliers were re-evaluated with a recursive tree

bisection method at the longest branch of the current tree to arrive at
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a “non-outlier” gene tree that still had the 95% of the tips of the start-
ing tree while still satisfying the global 70% taxon coverage threshold.
Finally, sequences from the problematic tips were removed from the
genes that could be ‘saved’ with this method and the resulting align-
ments were retained for downstream analyses. The code to evaluate
gene trees with the above-mentioned approach is implemented in the
R script “inspect_gene_trees.R” (Archive S1).

Amino-acid alignments for the kept genes after the above-
mentioned gene filtering approach were trimmed using TrimAl
v1.2rev59 (Capella-Gutierrez et al., 2009) with the provided heuristic
method -automatedl. The resulting filtered alignments were back-
translated as before and were subjected to the gene filtering method
as explained above. Resulting nucleotide alignments were
concatenated with the Python script “concat-aln” (Archive S1) with
the use of the Biopython package (Cock et al., 2009).

Integrating Sanger sequencing samples

The aligned dataset of 24 genes across 324 gelechioid taxa (see
Table S2 for voucher and gene information) was obtained from an
in-house instance of the voucher sequence database VoSeq
(Pefia & Malm, 2012). Then the concatenated matrix was split into
individual files for each gene. From each gene, the most complete
sequence was kept to be used as a reference sequence when
searching these genes across the genomic samples. These reference
sequences were mapped against one of the gelechiid genome
assemblies with available gene annotation (Pectinophora gossypiella
Saunders) so that they could be put into the correct reading frame.
The in-frame reference sequences for all the genes except COI
were translated into amino acids and were used in an in-house gene
finding pipeline (see Archive S2 Ounap et al., 2025) akin to BUSCO,
which uses MetaEuk (Levy Karin et al., 2020) for targeted gene dis-
covery and hmmsearch from the HMMER suite v3.1b2
(Eddy, 2008, 2011) to identify the homologues. COIl sequences
were searched with tblastn v2.13.0 (Altschul et al., 1990; Camacho
et al., 2009) using the invertebrate mitochondrial genetic code
(—db_gencode 5). Found genes and the VoSeq genes were re-
aligned together as amino acid translations and were back-

translated as explained above.

PHYLOGENETIC ANALYSES
Maximume-likelihood inference

Both RAXML-NG (Kozlov et al., 2019) and IQ-TREE v2.16 were used
to infer species trees from the concatenated matrix. The resulting
concatenated phylogenomic dataset was analysed as both nucleotides
and amino acids across five analyses that differed with respect to the
molecule type (NT vs. AA), partitioning scheme (X gene vs. X gene X
codon), inference software (IQ-TREE vs. RAXML-NG) and treatment
of third codon positions for the nucleotide data (NT12 vs. NT123).

@%u 5 of 20

For the amino acid data, the dataset was partitioned according to
genes and the best-fit models were determined using ModelFinder
(Kalyaanamoorthy et al., 2017) within IQ-TREE while restricting the
model search to only WAG, LG and Q.insect substitution models
(—mset WAG, LG, Q.insect). For the remaining analyses (NTXXX), the
best-fit models were searched with ModelFinder, while restricting
the model search to different rate heterogeneity and invariable sites
extensions of the GTR model (—mset GTR and -mrate | + R). To
assess branch support, Ultrafast bootstrap (Hoang et al., 2018) and
SH-like aLRT (Guindon et al., 2010) methods were used with all the
analyses listed here, with 5000 and 1000 replicates, respectively. Fur-
ther details regarding all independent analyses that were conducted
with the phylogenomic data can be found in Table 1. The resulting
maximum likelihood (ML) tree from the analysis #3 had the fewest
poorly supported nodes and was therefore selected to be further eval-
uated in analysis #6 by searching through all the included nucleotide
substitution models in IQ-TREE and with 10 concurrent independent
tree searches.

For the analysis of the combined dataset, the best performing
method for the phylogenomic dataset (NT123 X gene X codon) was
attempted but showed signs of overparameterisation of the already
highly gap-rich data, as several partitions consist of the third codon
position for only a single gene. For this reason, the combined data
were partitioned manually according to data source (genomic
vs. Sanger data) and genetic code (nuclear Sanger genes
vs. mitochondrial Sanger genes), which resulted in three partitions.
The best substitution model for each partition was searched using
ModelTest-NG (Darriba et al., 2020), with the option -T raxml. As for
the phylogenetic inference software, RAXML-NG was preferred
because of two reasons: (1) the initial attempt with IQ-TREE showed
poor ultrafast bootstrapping performance, with speed that was not
significantly faster than standard Felsenstein bootstraps, and
(2) RAXML-NG uses subtree pruning and regrafting (SPR) as the tree
search heuristic, which is proven to perform better at exploring the
tree space, especially with taxon-rich datasets (see the benchmarks in
supplementary material of Kozlov et al., 2019). To save time in com-
putations, the suboptimal IQ-TREE ML topology was used as the
starting tree for the RAXML-NG tree search. Later reanalyses of
the data without the custom starting tree did not yield a better topol-
ogy in terms of likelihood. The maximum likelihood analysis was ini-
tially constrained with the backbone tree from the phylogenomic
analyses, but further analyses without constraints showed that this
was unnecessary, as the obtained backbone topology did not change.
The resulting support values from 100 standard bootstraps were
mapped onto the ML tree that was inferred without a topological con-
straint after observing that constraining the tree search did not affect

the resulting backbone topology.

ASTRAL inference

Best-fitting models for each gene alighment were searched by run-

ning IQ-TREE with the ModelFinder option (-m MF, suppressing
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TABLE 1 Summary of the six independent phylogenetic analyses conducted with the core phylogenomic dataset.
ML Model/partitioning scheme Rate
software Data (#columns)  Partitioning (# partitions)  search Model set heterogeneity
1 IQ-TREE NT123 By gene (1767) ModelFinder -mset GTR -mrate | + R
(2,046,984)
2 RaxML-NG  NT123 By gene (1767) ModelTest-NG -T raxml Default (+I and
(2,046,984) +G)
3 IQ-TREE NT123 By gene and codon pos. ModelFinder (w/partition -mset GTR -mrate | + R
(2,046,984) (408) merging)
4 IQ-TREE NT12 By gene (1767) ModelFinder -mset GTR -mrate | + R
(1,364,656)
5 IQ-TREE AA (682,328) By gene (1767) ModelFinder -mset WAG, LG, Q. Default (all
insect possible)
(Main) 6 IQ-TREE NT123 By gene and codon pos. ModelFinder (w/partition Default (all possible) Default (all
(2,046,984) (408) merging) possible)

the subsequent tree inference step); then the found models were
used in 40 independent IQ-TREE runs for phylogenetic inference
with 1000 UltraFast bootstraps (Hoang et al., 2018) and the -bnni
options enabled.

Best-scoring trees out of 40 independent runs were selected by
re-evaluating the likelihoods using RAXML-NG (--evaluate mode,
which re-optimises both the model parameters and the branch
lengths) and used as input for WASTRAL-h (Zhang & Mirarab, 2022),
which is a new implementation of ASTRAL (Zhang et al., 2018) that
can weight quartets by using the branch lengths and branch support
values among the input gene trees.

Concordance factors

Gene and site concordance factors (gCF and sCF) were calcu-
lated on both the main ML topology and the ASTRAL topology
using IQ-TREE v2.4.0 in order to benefit from the newly imple-
mented --scfl option, which uses likelihood distributions when
sampling quartet states instead of relying on parsimony. gCF for
a branch could be summarised as the proportion of gene trees
(among the trees that have the relevant branches present) that
are in agreement with the focal branch, while sCF calculate an
estimate of the proportion of sites that support the particular
split caused by the branch in question among all sites that are
present in the concatenated alignment by effectively sampling
random quartet states around the focal branch, regardless of the
distribution of said sites among the genes. Quartet concordance
factors were calculated using ASTRAL-IIl (Zhang et al., 2018) by
fixing the input species tree topology (-g option) and just calcu-
lating the full set of support metrics available (-t 2 setting).
Resulting concordance (and discordance) factors were collected
and visualised using the concordance vector approach described
in Lanfear and Hahn (2024) to calculate confidence intervals
around the point estimates and to better investigate the discor-

dant cases.

Topology tests

To test phylogenetic hypotheses regarding some of the interesting
groupings for both our phylogenomic and denser trees, we conducted
tree topology tests (Kishino et al., 1990; Kishino & Hasegawa, 1989;
Shimodaira, 2002; Shimodaira & Hasegawa, 1999; Strimmer &
Rambaut, 2002) that are implemented in IQ-TREE (Minh et al., 2020).
For the phylogenomic tree, the resulting topologies from the six inde-
pendent analyses were tested with the best nucleotide models that
resulted in the presented topology (Figure 4). For the denser tree
result, seven alternative placements (Figure 3b-h) for the taxa that
belong to Pterolonchidae sensu Heikkild et al. (2014) were tested
against the maximume-likelihood topology (Figure 3a, Figure S1) to
assess confidence in the (non)monophyly of the family and in the
placement of Coelopoeta glutinosi as sister to the rest of Gelechioidea,

with the molecular data analysed here.

Visualisation

All phylogenetic trees were visualised using R (R Core Team, 2022),
with the relevant functions that were provided by the R packages ape
(Paradis & Schliep, 2019) and ggtree (Yu et al., 2017). All manual modi-
fications of the figures were done with Inkscape v1.3.2.

RESULTS AND DISCUSSION

General topology, support values and concordance
factors

We present a maximume-likelihood phylogenomic tree from 1767
genes across a total of 67 taxa (Figure 4 and Table S1), which, for
the first time, enables the examination of interfamilial relationships
in Gelechioidea with high amounts of molecular data. The tree has

maximal branch support throughout except for one node (see the
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FIGURE 3 Summary cladograms of the eight alternative topologies used for the topology tests conducted using IQ-TREE regarding the
monophyly/placement of the four included pterolonchid taxa. (a) Original topology; (b) Coelopoeta glutinosi is in the partial pterolonchid grade and
is sister to the BC clade; (c) Coelopoeta glutinosi branches after Syringopais temperatella, the one pterolonchid that was not in the pterolonchid
grade, and is sister to Peleopodidae; (d) Pterolonchids as a grade, forming a clade together with the BC clade; (e) All pterolonchids monophyletic
and sister to the BC clade; (f) All pterolonchids monophyletic and sister to the SSBM clade, placed according to Heikkila et al. (2014); (g) All
pterolonchids monophyletic and sister to (Orophia and Eutorna), placed according to Wang and Li (2020); (h) All pterolonchids monophyletic and

sister to the clade that includes Elachistidae.

labelled node in Figure 4 that has SH-aLRT value of 77.9/100 and
UFBS value of 100/100). When the tree is rooted with respect to
the included outgroups, overall four main lineages appear in the
backbone of the tree: (1) Stenomatinae (Depressariidae); (2) A
clade with Gelechiidae, Cosmopterigidae, Elachistidae, Ethmiidae,
Lypusidae, Depressariidae and Peleopodidae; (3) A clade with Blas-
tobasidae, Stathmopodidae, Scythrididae, Momphidae and Oeco-
phoridae; 4) A clade with Autostichidae, Xyloryctidae,
Batrachedridae, Coleophoridae, Epimarptidae and Lecithoceridae.
The topology could be summarised as (Outgroups,(1,(2, (3,4)))).
While we were mostly able to recover these four lineages regard-
less of the ML software, molecule type and different partitioning
strategies across our six different analyses (Table 1), there were
differences in the more recent splits across our different analyses
(Figures S2-S7). Nevertheless, the results of the analysis #6, which
yielded the maximum-likelihood tree with the fewest poorly sup-
ported nodes (only one node), and which we present here as the
preferred topology (Figure 4), provide insights into those recent
splits. It is also worth noting that despite the significant support
across almost all nodes, most deep splits have relatively short
branches.

Concordance factors were highly variable throughout the tree,
ranging 0.57-99.6, 30.29-99.87, 27.94-91.27 for the gCF, qCF
and sCF, respectively (Figure S8). Excluding five families with a

sole representative, the average CF values for branches that lead

to the 13 family-level clades were 52.9 for gCF, 45.1 for sCF and
72.7 for qCF while the values themselves ranged 2.05-99.6 (gCF),
33.23-91.27 (sCF) and 33.47-99.85 (qCF). Gene discordance fac-
tors due to non-monophyly of clades around a focal branch across
the discordant gene trees (referred to as gDFP values by IQ-TREE)
were generally high and displayed a left-skewed distribution with
the mean of 58.96 and the median of 70.98. Moreover, in most
cases when the gCF values were low, gDFP values were the high-
est value among the other values in the concordance vectors. This
may indicate a particularly high prevalence of gene tree estimation
error within our dataset.

Another interesting metric on our gene alignment that can
shed light on this phenomenon is the difficulty score (hereafter
referred to as DS) reported by Pythia (Haag et al., 2022), which is a
machine-learning estimator that uses inherent properties of the align-
ment such as sites/taxa ratio, percentage of missing data and topolog-
ical distance among parsimony trees inferred from the alignment to
report an estimated difficulty score between O and 1 (1 being the
most difficult). It has been shown before through the analysis of more
than 19,000 gene alignments across 15 empirical datasets that the
number of independent tree inferences can severely affect the accu-
racy of gene-tree inference, and it has been found that the DS of an
alignment predicted by Pythia in particular, can be largely predictive
regarding the number of tree searches required to find the maximum-

likelihood tree. When the difficulties of alignments are divided into
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FIGURE 4 Maximum-likelihood tree from the NT123 analysis. All the nodes except the one that is labelled with an asterisk have

SH —aLRT 280 and UFBS = 95. Tip labels are coloured according to the assigned family names prior to this study. From top to bottom, images
represent Antaeotricha schlaegeri, Oecophora bractella, Mompha conturbatella, Scythris sinensis, Hypatopa binotella, Stathmopoda melanochra,
Coleophora ornatipennella, Tymbophora peltastis, Stibaromacha ratella, Idioglossa polliacola, Tisis sp, Diurnea fagella, Urodeta hibernella, Aeolanthes sp.,
Depressaria radiella, Acria emarginella, Elachista quadripunctella, Ethmia bipunctella, Tonica effractella, Pancalia schwarzella, Dichomeris ustalella.

three categories as easy (DS <0.3), intermediate (0.3<DS<0.7) and (at least 90% of the time, among 100 tries), whereas this percentage
hard (DS > 0.7) alignments, only 34.09% of the alignments with inter- was 65.49 for the easy and 0.42 for the hard alignments (Liu
mediate difficulty would yield the best known ML topology reliably et al, 2024). Among the 1767 genes that comprise our dataset,
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19.75% were easy, 68.25% were intermediate and 12% were hard
alignments, according to the same Pythia score qualitative categorisa-
tion criteria. This demonstrates a prevalent problem in phylogenomic
datasets: the gene-tree estimation error is inevitable to a large degree
with the current standard methods of maximume-likelihood tree infer-
ence for the gene trees, and it needs to be accounted for when the
results of analyses that rely on inferred gene trees are being dis-
cussed. The same study (Liu et al., 2024), however underlines that the
effect of using possibly suboptimal ML gene trees as input for tree-
reconciliation methods might not be as detrimental. They show that
as the number of replicates for gene-tree inference increases, false-
positive branches would get increasingly lower local posterior proba-
bility support.

The resulting topology from the ASTRAL analysis (Figure S9)
differed from the one presented in Figure 4. However, for the
majority of disagreements between the two topologies, movement
of a single branch several nodes away in a rootwards direction
could explain the configuration observed in the ASTRAL tree.
Some examples of such cases are: (1) Elachista tengstromi
(Elachistidae, Elachistinae) jumped to a sister position to Gelechii-
dae+Cosmopterigidae instead of being sister to a clade that also
includes Parametriotinae (Elachistidae), (2) Urodeta hibernella
resolved as sister to Lypusidae + core Depressariidae, instead of
being sister to the latter, (3) Idioglossa miraculosa (Epimarptidae) is
sister to Autostichidae + Xyloryctidae + Lecithoceridae, instead of
being sister to Lecithoceridae, (4) Mompha cephalonthiella is sister
to SSBO instead of being sister to SSB, (5) Ethmia macelhosiella
(Ethmiidae) is sister to Chrysoclista linneella instead of being sister
to Chrysoclista linneella + Haplochrois buvati, which is a clade pre-
sent in the ML tree of two genera under the same subfamily Para-
metriotinae (Elachistidae), which was recovered as monophyletic in
all three previous molecular works that sampled this subfamily
(Figure 2). A detailed exploration of the example (1) mentioned
above is given in Figure S10. As exemplified by the ¥4 values for
the gene concordance on the heatmaps, this dataset suffers from a
severe case of gene-tree estimation error. In this specific case, the
grouping inferred by ASTRAL has decreased gCF and sCF values com-
pared to the ML-inferred grouping whereas the qCF seems to be
increased in the ASTRAL arrangement when compared to the ML
arrangement. The opposite of this pattern—ASTRAL arrangement
increasing gCF—is also observed among the other examples men-
tioned above. In theory, qCF would be able mitigate low levels gene-
tree estimation error where the gDFP values would be slightly ele-
vated (Lanfear & Hahn, 2024), but when the gene-tree estimation
errors are particularly high, values in the sCF and quartet concordance
vectors (CF, DF1, DF2) will be biased to be arbitrarily higher than the
true biological parameter they are estimating since the fourth value is
by definition zero for these factors. Another concern here is the
uneven sampling, especially for branches for which one of the four
groups around it is a sole representative of a family in our tree. In a
case of more even sampling, qCF and gCF would be able to sample
quartets where different representatives of the undersampled family

to test the concordance.
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Overall, the discordance between the ASTRAL and ML topolo-
gies is most probably resulting from noise in our gene-tree
topologies rather than a meaningful biological signal, which we
would not be able to detect or rule out due to the high level of
gene-tree estimation error in our dataset. The fact that this holds
even with 40 independent tree searches for each gene alignment
along with the observation of short branches in the backbone of
the ML tree remains consistent with the previously suggested
hypotheses of rapid radiations during the early divergence of Gele-
chioidea (Kaila et al., 2011).

Position of the root

When we complemented this phylogenomic dataset with Sanger
sequencing data from the previous three molecular phylogenetic stud-
ies and inferred a maximume-likelihood phylogenetic tree with this
new dataset with denser taxon sampling (hereafter referred to as
denser tree), we see that most families and their positions in the back-
bone are stable (Figure S1, see also the discussion below regarding
Pterolonchidae). We were able to recover the same family-level back-
bone topology with the denser taxon sampling dataset both with and
without using the phylogenomic tree’s family-level backbone topology
as the topological constraint for the denser tree phylogenetic
inference.

Throughout the earlier phylogenetic works focused on Gelechioi-
dea, the recovered position of the root varied (Figure 2). Here we find
with very good branch support in our phylogenomic tree that the
depressariid subfamily Stenomatinae is sister to the rest of Gelechioi-
dea (Figures 4 and 5, see also the discussion below regarding Ptero-
lonchidae). A peculiar pupal character, so-called lateral condyles in
abdominal segments preventing lateral movement, was suggested by
Minet (1990) to be a synapomorphy for an expanded concept of Ela-
chistidae. This trait is also present in Stenomatinae. The finding that
Stenomatinae is the sister to the rest of Gelechioidea would suggest
that this character is actually a synapomorphy, yet repeatedly
reversed, for the Gelechioidea.

Depressariidae, Lypusidae, Peleopodidae, Elachistidae,
Gelechiidae and Cosmopterigidae

After Stenomatinae, the tree splits into two main lineages: Lineage
#2 and the clade including Lineages #3 and #4 as denoted above.
The first split in Lineage #2 separates most of Depressariidae and
Lypusidae—which was previously placed as sister to either the
“AXLO” clade (Heikkilda et al., 2014; Wang & Li, 2020), or
(Peleopodidae + Stenomatinae) (Sohn et al., 2016)—from the rest.
Wang and Li (2020) regarded Depressariidae sensu Heikkild et al.
(2014) to be better split into two families and they redefined
Depressariidae to only include subfamilies Depressariinae, Hyper-
trophinae, Hypercalliinae and several additional genera while they

redefined a separate Peleopodidae to include Peleopodinae and
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Acriinae. As opposed to what was observed by Wang and Li, we do
not recover Peleopodidae and core Depressariidae as sister
groups. Instead, Peleopodidae are found here as sister to the rest
of the second clade within Lineage #2, a clade that consists of
Gelechiidae, Cosmopterigidae, Elachistidae, Ethmiidae and two sis-
ter depressariid genera Tonica and Pupulanella (Adamski &
Nishida, 2021). It is worth noting here that although the position
of Peleopodidae in our phylogenomic tree is maximally supported,
in the amino-acid tree, this family is recovered as sister to Lypusi-
dae (Figure S7) with high support (UFBS=>95, SH—alLRT >80)
although the sister relationship between (Lypusidae + Peleopodidae)
and core Depressariidae is not as well supported (UFBS = 67). This
suggests that the position of Peleopodidae within the lineage #2 in
our tree is not yet resolved. The observation that nucleotide and
amino-acid trees can yield conflicting topologies or an apparent dis-
crepancy in support values is a known phenomenon in phylogenomics
and has been explored methodically for Lepidoptera (Rota
et al., 2022), a dipteran family (Gillung et al., 2018), and for arthropods
in general (Zwick et al., 2012). It has been suggested that this phe-
nomenon most likely stems from so-called systematic errors, a term
that describes the situation in which the assumptions of the models of
molecular evolution used are violated in a biased manner.

Heikkila et al. (2014) demonstrated that Elachistidae sensu
lato as defined by Kaila et al. (2011) is polyphyletic, and the
name should describe the clade comprising subfamilies Elachisti-
nae, Parametriotinae and Agonoxeninae. However, Wang and Li
(2020) reported Elachistinae + Parametriotinae —previously sug-
gested as core groups of Elachistidae—to be non-monophyletic;
therefore, leaving Elachistidae paraphyletic. We observe a third
pattern here, in which one should include Tonica, Pupulanella
and Ethmiidae to have a monophyletic Elachistidae that includes
both Parametriotinae and most of Elachistinae. A single elachis-
tid taxon, Urodeta hibernella Staudinger, however, remains sepa-
rated from the rest of Elachistidae sensu Wang and Li (2020)
and instead is sister to the core Depressariidae. Despite the
apparent discrepancy between the position of Urodeta hibernella
here and in the main results of Heikkild et al. (2014), in the
DNA-only ML topology presented there, this taxon is recovered
as sister to Aeolanthes sp. and within a clade of other depressar-
iid taxa. The fact that Urodeta hibernella is recovered far away
from the rest of Elachistidae despite the available genomic data
across more than a million characters hints at the validity of this
placement near the core Depressariidae. The phylogenomic
topology for this clade [(Elachistinae, ((Tonica, Pupulanella),
(Parametriotinae, Ethmiidae)))] is corroborated by our denser
tree with the addition of Cacochroinae (Kaila et al., 2024),
(sampled only in the denser tree), as sister to Elachistinae
(Figure 6).
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Remaining families

As already explained above, sister to the Lineage #2 is a clade in
which Lineages #3 and #4 are sisters. Within Lineage #3, we recover
Oecophoridae as sister to the “SSBM” clade that consists of Stathmo-
podidae, Blastobasidae, Scythrididae and Momphidae. Oecophoridae
were previously found to be sister to the “AXL” clade consisting of
Autostichidae, Xyloryctidae and Lecithoceridae by Heikkila et al.
(2014) and Wang and Li (2020), although with low support. The rest
of the Lineage #3, the “SSBM” clade, is a group of families that were
recovered together before by Kaila et al. (2011), Heikkila et al. (2014),
Sohn et al. (2016) and Wang and Li (2020), sometimes with a different
order of splits within the group than the written order of the abbrevi-
ation. We recover the SSBM clade in our denser tree too (Figure 7).
However, there is an additional family that was represented with only
Sanger-sequenced samples, Ashinagidae sensu Wang and Li (2020).
Despite the lack of genomic data for Ashinagidae, it is recovered as
monophyletic and its position within the SSBM clade is consistent
with the topology in Wang and Li (2020). In Lineage #4, a clade con-
sisting of Batrachedridae and Coleophoridae is sister to the “AXL”
clade. Batrachedridae and Coleophoridae together as a clade were
found as either sister to the rest of Gelechioidea (Heikkila et al., 2014)
(Figure 2b), sister to Elachistinae (Wang & Li, 2020) (Figure 2d) or sis-
ter to (Elachistinae + Momphidae) (Sohn et al., 2016) (Figure 2c).
Interestingly, we see that Idioglossa, the only sampled epimarptid in
the phylogenomic tree, is positioned within the “AXL” clade, as sister
to Lecithoceridae. Sohn et al. (2016) recovered Idioglossa sister to
Lecithoceridae also, while the two epimarptids, including Idioglossa, in
Wang and Li (2020) were recovered as sister to the rest of Gelechioi-
dea. The finding that Epimarptidae is sister to Lecithoceridae is cor-
roborated, albeit with low bootstrap support, in our denser tree that
includes another epimarptid, Epimarptis hiranoi Sugisima (Figure 8).
The nucleotide versus amino-acid discrepancy highlighted above is
pronounced also here regarding the relative positions of Batrachedri-
dae, Coleophoridae and Idioglossa (Figure Sé). It is clear that more
methodical exploration of this phenomenon is required in
future work.

There is a family apart from the ones mentioned above that is
scattered across our denser tree, Pterolonchidae sensu Heikkila et al.
(2014), which was sampled only with four Sanger-sequenced taxa.
One pterolonchid is recovered as sister to (Stenomatinae
+ Gelechioidea) (Figure 5), two as the first two successive splits in the
clade that also includes (Batrachedridae + Coleophoridae) (Figure 8),
and the remaining one within Peleopodidae (Figure 6). Although it
brings concern regarding the validity of the group, this is a pattern
that is hard to comment on with high confidence since we do not
have genomic samples from this family. Indeed, we see that the pre-

sented placement here is not the only supported topology when we

FIGURE 5 Gelechiidae and Cosmopterigidae within Lineage #2 (Figure 4) in the denser tree with Sanger sequencing samples integrated.
Shapes at the nodes show the standard bootstrap support. Tips representing the phylogenomic samples are marked with a “PG” suffix to

distinguish them from the Sanger-sequenced samples.
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FIGURE 6 Remaining families within Lineage #2 (Figure 4) in the denser tree with Sanger sequencing samples integrated. Shapes at the
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the Sanger-sequenced samples.
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TABLE 2 Results from topology tests. Summary cladograms of the alternative topologies can be found in Figure 3.

Tree deltal Bp-RELL p-KH p-SH p-WKH p-WSH c-ELW p-AU

1 0 0.369 0.644 1 0.605 0.927 0.367 0.66

2 15.193 0.012 0.066 0.485 0.066 0.241 0.0127 0.0712

3 5.0739 0.232 0.356 0.713 0.356 0.681 0.232 0451

4 37.136 0 0.0099 0.071 0.0041 0.0215 4.34e-07 0.000802
5 7.7636 0.102 0.339 0.767 0.339 0.835 0.102 0.391

6 57742 0.242 0.395 0.736 0.395 0.769 0.242 0.517

7 32.227 0.004 0.0818 0.16 0.0578 0.184 0.00457 0.0278

8 18.093 0.04 0.192 0.399 0.192 0.561 0.0399 0.183

Note: All tests performed 10,000 resamplings using the RELL method. deltal: LogL difference from the maximal logL in the set. bp-RELL: Bootstrap
proportion using the RELL method (Kishino et al., 1990). p-KH: p-value of one-sided Kishino and Hasegawa (1989). p-SH: p-value of Shimodaira and
Hasegawa (1999). p-WKH: p-value of weighted KH test. p-WSH: p-value of weighted SH test. c-ELW: Expected Likelihood Weight (Strimmer &

Rambaut, 2002). p-AU: p-value of approximately unbiased (AU) test (Shimodaira, 2002). Significant values (rejected topologies by a given test) are shown in

boldface.

conducted topology tests with alternative topologies regarding
the placement of the included pterolonchid taxa. For instance,
placing all four pterolonchid taxa with the same ingroup topol-
ogy and the placement as they are recovered in Heikkila et al.
(2014) (Figure 3h) does not appear to be a significantly worse
topology than the presented topology (Table 2 Tree #6). Regard-
less of the weak molecular evidence for the validity of the
group, the presence of nearly or entirely immobile male valvae
gives support for the monophyly of a part of the Pterolonchidae
as described in Heikkild et al. (2014).

REVISED CLASSIFICATION

Elachistidae sensu nov.

As illustrated above, our results indicate that Elachistidae is not mono-
phyletic. We transfer Cacochroinae (Depressariidae), Ethmiinae stat.
nov. and genera Pupulanella and Tonica to Elachistidae sensu nov. A
unique synapomorphy of the revised concept of Elachistidae is the
arrangement of larval dorsal setae D1 and D2 in abdominal segment
A9: within Elachistidae sensu nov. the dorsal seta D1 is mesially placed
as compared to D2.

Urodeta hibernella, however, is excluded from this revised Elachis-
tidae as it is not recovered together with the rest of Elachistidae sensu

nov. in our molecular analyses and treated as unplaced to family.

Stenomatidae stat. nov.

As shown in both the phylogenomic and the ‘denser’ trees, Stenoma-
tinae is recovered as sister to the rest of Gelechioidea, away from
other Depressariidae. We raise it to Stenomatidae stat. nov. to restore
the monophyly of the core Depressariidae. Lack of secondary SV

setae in larval anal legs distinguishes Stenomatidae stat. nov. from the

rest of Depressariidae sensu nov. and other associated lineages such

as Ethmiinae stat. nov.

Depressariidae sensu nov.

As a result of the revisions listed above, the extent of Depressariidae
has now changed and includes the following subfamilies:
(i) Depressariinae (without Pupulanella and Tonica), (ii) Aeolanthinae,

(iii) Hypercalliinae and (iv) Hypertrophinae.

CONCLUSIONS

The hyperdiverse Gelechioidea has long been intractable for evolu-
tionary studies due to the poor resolution of family-level relationships.
Utilising more than 2 million base pairs of molecular data across
57 ingroup taxa, we now have a much-improved backbone phyloge-
netic hypothesis for Gelechioidea as compared to previously sug-
gested alternatives, with very high branch support. Although our
phylogenomic results based on nucleotide data provide further
insights into Gelechioidea phylogenetic systematics, there are several
issues that became apparent when the results from different analyses
on the phylogenomic core dataset and from the denser nucleotide
tree based on a much greater taxon sampling (but including up to
24 genes from the Sanger-sequenced samples) are critically compared.
These issues need further inspection in future works. Such are the
not-so-stable positions of Peleopodidae, Batrachedridae, Coleophori-
dae and Idioglossa; and the validity of Pterolonchidae in its current

delimitation in light of the (lack of) available molecular evidence.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

Figure S1. Maximum-likelihood tree from the denser dataset. Branch
support (standard Felsenstein bootstraps, FBP) is shown categorically
with node symbols.

Figure S2. ML tree from the phylogenomic analysis #1 (Table 1). Node
symbols indicate if a given node is absent in any other five phyloge-
nomic trees.

Figure S3. ML tree from the phylogenomic analysis #2 (Table 1). Node
symbols indicate if a given node is absent in any other five phyloge-
nomic trees.

Figure S4. ML tree from the phylogenomic analysis #4 (Table 1). Node
symbols indicate if a given node is absent in any other five phyloge-
nomic trees.

Figure S5. ML tree from the phylogenomic analysis #3 (Table 1). Node
symbols indicate if a given node is absent in any other five phyloge-
nomic trees.

Figure S6. ML tree from the phylogenomic analysis #6 (Table 1). Node
symbols indicate if a given node is absent in any other five phyloge-
nomic trees.

Figure S7. ML tree from the phylogenomic analysis #5 (Table 1). Node
symbols indicate if a given node is absent in any other five phyloge-

nomic trees.
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Figure S8. Cladogram of the ML tree topology from the phylogenomic
dataset (Figure 4) with gene, site and quartet concordance factors
shown as node labels as gCF/sCF/qCF.

Figure S9. Cladogram of the ASTRAL topology from the phylogenomic
dataset (Figure 4) with local posterior probabilities shown as node labels.
Figure S10. An example case of the discordance between the ML and
the ASTRAL topologies displaying the relationship between Elachista
tengstromi, the remaining Elachistidae, the GC clade and the rest of
the tree. GC clade: Gelechiidae+Cosmopterigidae.

Table S1. Taxon sampling for the core phylogenomic dataset. The
consortium/initiative, the project or the government institution is
given as the source when a publication is not available.

Table S2. Voucher code and gene information table for the Sanger
sequencing samples. “-” and “X” denote absence and presence, respec-
tively. GenBank accession code is given for the present genes if

applicable.
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