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Abstract

Over the past decade, genomic-scale data has revolutionized insect phylogenetics by
allowing the generation of increasingly comprehensive genomic and taxonomic datasets.
However, because different approaches have been used, it is often difficult to understand
to what extent these data can be integrated to reconstruct evolutionary trees. In this study,
we focus on the beetle suborder Adephaga to explore whether genomic data produced
in the past decade can be combined to reconstruct the largest phylogenomic tree of
this clade to date. To that end, we collected publicly-available transcriptomes, genomes,
and target sequence capture data of Adephaga beetles to generate a global dataset.
Taking advantage of a newly developed bioinformatic pipeline, we demonstrate the overall
compatibility of data types, especially of ultraconserved elements and exon-capture data.
We also examined the impact of factors such as the treatment of off-target flanking
genomic regions, data trimming regimes and partitioning, as well as varying levels of
taxonomic and genomic sampling on phylogenomic inference. Using a matrix of 2,471 loci,
we inferred the most comprehensive fossil-based evolutionary tree of Adephaga beetles.
Our results confirm the independent colonization of aquatic ecosystems by two lineages.
We also reconstruct Hygrobiidae as sister to Amphizoidae and a paraphyletic Aspidytidae,
supporting the evolutionary convergence of prothoracic glands in both Hygrobiidae and
Dytiscidae. Our results suggest an origin of Adephaga in the Carboniferous, with
subsequent diversification of major lineages in the mid-Permian. Future efforts should
focus on expanding the taxonomic sampling in Geadephaga, this clade of terrestrial
beetles being the most diverse lineage in Adephaga and paradoxically one of the least
sampled. To that end, we introduce a new ultraconserved element probe set tailored for
Geadephaga beetles that will help generate compatible genomic data to further refine the

Adephaga tree of life.

Introduction

Advances in high-throughput sequencing of genome-wide
molecular data greatly enhance our ability to resolve the
tree of life. This is particularly true for insects (Ribeiro
& Espindola, 2024), the most diverse clade of animals on
Earth, for which phylogenomic trees have flourished in the
past decade (e.g., Borowiec et al., 2025; Frandsen et al.,
2024; Johnson et al., 2018; Kawahara et al., 2019; D. Liu et
al., 2024; McKenna et al., 2019; Misof et al., 2014; Peters et
al., 2017; Simon et al., 2019; Soghigian et al., 2023; Song
et al., 2020; Wutke et al., 2024). Commonly used genomic
data generation methods include whole-genome sequenc-

ing (Ng & Kirkness, 2010), transcriptomics (McGettigan,
2013; Wang et al., 2009), ultraconserved elements (UCEs;
Faircloth et al., 2012), exon capture (ExC; Lemmon et al.,
2012), restriction-site associated DNA sequencing meth-
ods (RADseq; Davey & Blaxter, 2010; Peterson et al., 2012)
and mitogenomics (Curole & Kocher, 1999; Osigus et al.,
2013). Capture methods such as ExC, UCEs, or hybrid ap-
proaches such as HyRAD-X (Schmid et al., 2017), have the
benefit of being able to utilize historically preserved mu-
seum specimens in a cost-effective manner (Mayer et al.,
2021; Pauli et al., 2024; Van Dam et al., 2017). On the other
hand, genomes and transcriptomes, in addition to their
high cost, generally require high-quality fresh genomic ma-
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terial (but see Gauthier, Cardenas, et al., 2025). While the
compatibility of ExC data with genomes and transcriptomes
is straightforward, recent research has shown that UCEs as
well could be combined, to some extent, with such data.
For instance, many hexapod UCEs are composed of protein-
coding sequences, allowing researchers to combine them
with genomic and transcriptomic data, therefore increasing
taxon sampling available for phylogenomic inferences
(Baca et al., 2021; Bossert et al., 2019; Gustafson et al.,
2023; Van Dam et al., 2021). The ability to integrate mul-
tiple sources of genomic data allows reconstructing more
comprehensive phylogenomic trees for species-rich clades
across the tree of life. With a better understanding of the
genomic nature of available data produced in the past
decade, it becomes feasible to combine several types of data
into larger supermatrices. However, because the sequencing
of genomic data is often limited for major insect lineages,
few clades offer the chance to empirically explore such ap-
proaches (but see Baca et al., 2021; Bossert et al., 2019;
Henriquez-Piskulich et al., 2024).

One such example is the beetle suborder Adephaga,
comprising ca. 50,000 species of mostly predatory beetles
inhabiting terrestrial and aquatic ecosystems worldwide.
This lineage counts some of the most striking life histories,
evolutionary features, and morphologies among beetles
(Bergsten & Miller, 2007; Darlington, 1943; Dettner, 1985;
Eisner & Aneshansley, 1999; Moore et al., 2022; H. G. Span-
gler, 1988; Tucker, 1969). Several recently described, re-
lictual aquatic beetle families are also part of Adephaga
(e.g., Aspidytidae and Meruidae, Ribera et al., 2002; P. J.
Spangler & Steiner, 2005). Because of these characteristics,
the systematics of Adephaga have received increased atten-
tion using both morphological and molecular approaches
(Baca, Alexander, et al., 2017; Baca et al., 2021; Beutel,
1993, 1995, 1998; Beutel et al., 2006, 2013; Beutel, Ribera,
et al., 2020; Beutel & Haas, 1996; Beutel & Roughley, 1988;
Burmeister, 1976; Gustafson et al., 2020; Hammond, 1979;
Ribera et al., 2002; Shull et al., 2001; Toussaint et al., 2016;
Vasilikopoulos et al., 2019, 2021).

Traditionally, Adephaga beetles have been divided into
two major groups, the Geadephaga and Hydradephaga
(Crowson, 1960), corresponding to four extant superfami-
lies. Terrestrial Geadephaga beetles (= Caraboidea) are the
most species-rich group in Adephaga with over 40,000 de-
scribed species divided into three families: the Carabidae
(ground beetles, ca. 37,000 species), Cicindelidae (tiger bee-
tles, ca. 2,900 species), and Trachypachidae (false ground
beetles, six species) (Lorenz, 2021; Wiesner, 2020). While
family relationships within Geadephaga have historically
been disputed (Lopez-Lépez & Vogler, 2017; Maddison et
al., 1999, 2009; Shull et al., 2001), the monophyly of this
lineage is currently well-supported (McKenna et al., 2019;
Beutel et al., 2020; Baca et al., 2021; Gustafson et al., 2020;
Vasilikopoulos et al., 2021). The Hydradephaga are aquatic
or semi-aquatic beetles including the Amphizoidae (trout
stream beetles, five species), Aspidytidae (water cliff bee-
tles, two species), Dytiscidae (diving beetles, ca. 4,800
species), Haliplidae (crawling water beetles, ca. 240
species), Hygrobiidae (squeak beetles, six species, but see

Nilsson (2006) for a discussion of family name priority and
use of Paelobiidae instead of Hygrobiidae), Meruidae (wa-
terfall beetles, 1 species), Noteridae (burrowing water bee-
tles, ca. 280 species), and Gyrinidae (whirligig beetles, ca.
900 species) (Baca, Toussaint, et al., 2017; Miller & Berg-
sten, 2012; Nilsson, 2006; Nilsson & Hajek, 2024; Short,
2018). Similarly to Geadephaga, there has also been un-
certainty about family relationships in the group; but the
paraphyly of Hydradephaga is generally agreed upon, with
Gyrinidae (= Gyrinoidea) placed as sister to the rest of the
Adephaga, in which Geadephaga are sister to Haliplidae (=
Haliploidea) and Dytiscoidea (Baca, Alexander, et al., 2017;
Baca et al., 2021; Beutel, Ribera, et al., 2020; Gustafson
et al., 2020; Lopez-Lépez & Vogler, 2017; McKenna et al.,
2015, 2019; Vasilikopoulos et al., 2021; S.-Q. Zhang et al.,
2018). The most recent phylogenomic treatments focusing
on Adephaga by Baca et al. (2021) and Vasilikopoulos et
al. (2021) resulted in largely consistent relationships al-
though the two studies relied on alternative target-capture
approaches to generate genomic data, namely UCEs and
ExC. These two studies largely expanded our understanding
of Adephaga phylogenomics and concurred in the estab-
lishment of a robust backbone for the suborder, with a
monophyletic Geadephaga and a paraphyletic Hydrade-
phaga (Baca et al., 2021; Vasilikopoulos et al., 2021). Future
work should therefore focus on significantly increasing
taxon sampling for all families to test the more fine-scale
classification of Adephaga and to better understand the
evolutionary history of the various lineages composing this
species-rich lineages of beetles.

In that regard, one of the key issues emerging from the
modern history of Adephaga phylogenomics, is the variety
of data used to infer evolutionary trees. Because existing
genomic datasets theoretically differ in nature, it is unclear
to what extent these genomic datasets can be integrated
into larger-scale genomic matrices for Adephaga and how
future research should be undertaken to facilitate the infer-
ence of increasingly comprehensive phylogenies. To date,
no investigation into the viability of combining the dif-
ferent types of capture data used in Adephaga phyloge-
nomics has been performed. To fill this gap, the aim of this
study is to primarily determine if ExC, genomes, transcrip-
tomes, and UCE Adephaga genomic data can be integrated
into a large supermatrix. Assuming such a large-scale in-
tegration of genomic data is achievable, it would (1) result
in the largest Adephaga evolutionary tree ever assembled,
benefiting from a decade of genomic work led by multi-
ple research groups across the globe, (2) demonstrate that
any type of future approach among the ones used recently
to generate data can be integrated into this global effort,
thereby augmenting the taxon sampling of an ever-grow-
ing Adephaga tree of life, and (3) allow for a further re-
finement of Adephaga evolutionary history by generating a
much denser phylogeny in which additional and more ac-
curately placed fossils could be used to estimate divergence
times of Adephaga, pending a critical reassessment of the
extant fossil record.
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Methods

Taxon sampling

To test the feasibility of generating a large-scale genomic
matrix of Adephaga, we combined several, publicly-avail-
able, genomic-level datasets (Baca, Alexander, et al., 2017;
Baca, Toussaint, et al., 2017; Barclay, Geiser, et al., 2023;
Barclay, Natural History Museum Genome Acquisition Lab,
et al., 2023; L. Crowley et al., 2023; L. M. Crowley et al.,
2021, 2023, 2024; Gough et al., 2020; Gustafson et al., 2020;
McKenna et al., 2019; Misof et al., 2014; Peters et al., 2014;
Pflug et al., 2020; Sivell et al., 2023; Sota et al., 2022;
Van Belleghem et al., 2012; Vasilikopoulos et al., 2019,
2021; Weng et al., 2021). Those datasets were retrieved
from the National Center for Biotechnology Information
(NCBI) database https://www.ncbi.nlm.nih.gov/, DNA Read
Archive of the DNA Database of Japan (DDB]J)
https://www.ddbj.nig.ac.jp/, the Dryad Digital Repository:
https://datadryad.org, and Zenodo zenodo.org (Table 1 A).
Sequence data was composed of exon capture (ExC), ge-
nomic assemblies (GEN), RNAseq transcriptomes (TRA) and
ultraconserved elements (UCE; Table 1 B). A majority of
these data (AllTaxa, Ntax = 317) represents the beetle sub-
order Adephaga (Ntax = 311), but the other beetle subor-
ders Archostemata (Ntax = 3), Myxophaga (Ntax = 2) and
Polyphaga (Ntax =1) were also included as outgroups. A
subset of 220 taxa was also generated (SubTaxa) in sub-
sequent analyses to harmonize the taxonomic coverage at
the genus-level. In this subset the genus-level representa-
tives with the highest number of identified loci were kept,
those representing different data types (e.g., EXC, Genomic,
Transcriptomic, and UCE), and those belonging to major
species-groups of a given genus based on the literature
(e.g., Carabus based on Sota et al. (2022); Calosoma based
on Toussaint & Gillett (2018), Toussaint et al. (2021) and
Sota et al. (2022), Pamborus: based on Sota et al. (2022)).
Additionally, based on the sequence data assemblies (see
Preliminary locus recovery) we confirmed taxon identity us-
ing MitoFinder (Allio et al., 2020). We specifically aimed
at recovering fragments of the mitochondrial cytochrome
¢ oxidase subunit I (CO1) commonly found as off-target
sequencing (aka bycatch) in capture methods (see supple-
mental materials). A list of taxa, accession numbers, refer-
ences, and, in some cases, corrected species identifications
used, are available in the supplementary materials.

Integrated probe set

We combined all available Adephaga oligonucleotide
probes (i.e., baits) used to generate both ExC and UCE data
in silico. These probes are designed to hybridize with and
isolate genomic regions of interest in high-throughput se-
quencing libraries (Mayer, 2016; C. Zhang & Mirarab,
2022). After hybridization, libraries are enriched and se-
quenced; and these reads are assembled and mapped
against the probe set used to generate them. The available
probe sets that were used in this study are the following:
Adephaga ExC (49,786 probes targeting 923 protein-coding

Table 1. Number of Adephaga samples used in each
dataset.

A) Family AllTaxa SubTaxa
Amphizoidae 3 3
Aspidytidae 3 3
Carabidae 170 79
Cicindelidae 23 22
Dytiscidae 69 69
Gyrinidae 11 11
Haliplidae 11 9
Hygrobiidae 4 4
Meruidae 1
Noteridae 13 11
Trachypachidae 3 2
Total 311 214
B) Data type AllTaxa SubTaxa
ExC 95 90
GEN 15 15
TRA 39 39
UCE 168 76
Total 317 220

(A) The column AllTaxa includes all Adephaga samples used for designing and testing
the integrated in silico probe sets. The column SubTaxa indicates the number of samples
used to reduce taxonomic biases of some groups in subsequent analyses. The total does
not include outgroups. (B) The total number of samples per data type for the AllTaxa
and SubTaxa datasets. The total includes outgroups.

exons from 651 genes; Vasilikopoulos et al., 2021), UCE
Adephaga 2.9kvl (38,948 probes targeting 2,941 loci;
Gustafson et al., 2019) and the UCE Coleoptera 1.1Kvl
(13,674 probes targeting 1,172 loci; Faircloth, 2017); here-
after referred to as ExC, UCE-Ade, and UCE-Col respec-
tively. By design, the UCE-Ade probe set contains 300
probes from the UCE-Col (Gustafson et al., 2019). These
probes targeting ca. 300 redundant loci were removed from
the UCE-Col in our workflow given that they primarily tar-
get Adephaga beetles and are included in the UCE-Ade
probes. For the downstream workflow we considered all ExC
probes targeting an exon the equivalent of probes targeting
a locus.

We mapped all probe sets against four genomes Nebria
brevicollis (Carabidae; GCA_944738965.1; L. Crowley et al.,
2023), Nebria salina (Carabidae; GCA_944039245.1; Sivell
et al, 2023), Ophonus ardosiacus (Carabidae,
GCA_943142095.1; L. M. Crowley et al., 2023), and Pteros-
tichus madidus (Carabidae; GCA 911728475A.2; L. M. Crow-
ley et al., 2021), in order to identify which genome recov-
ered the most loci. Of the four genomes used, the one of
Pterostichus madidus recovered the most loci (see supple-
mental materials and Table S2-S3). Mapping was performed
using a combination of Burrows-Wheeler Aligner MEM (BWA
MEM v0.7.17; Li & Durbin, 2009), SAMtools (v1.6; Li et
al., 2009), and bedtools (v2.31.0; https://bedtools.readthe-
docs.io), to identify and remove overlapping probes (Figure
1A). Additional identification and removal of overlapping
probes was performed using BLAST (v2.14; Altschul, 1997),
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Figure 1. Flow chart of the bioinformatic workflow used in this study.

A flow chart of the bioinformatic workflow used for the AllTaxa dataset. A) The pipeline to create the joined probe set described in section Integrated probe set. B) The pipeline to
generate the curation datasets using the joined probe set and assemblies as described in the Dataset curation section. A visual explanation of the curated data is also presented. C)
The pipeline to generate datasets for phylogenomic inference with the AllTaxa dataset. Each step indicates the progressive generation of data matrices as described in Matrix con-

struction.

with a percentage identity of 90% and no gaps. Before
merging loci, we identified which probes from ExC and
UCE-Col overlapped with the UCE-Ade probes, because the
latter targets the most loci. This step ensures that multiple
probes do not map to more than one contig (See Figure
2). This is because we take advantage of phyluce’s (v 1.7.1;
Faircloth, 2016) duplicate locus and probe identification,
as well as paralog discovery, during locus recovery from
sequence data (“Finding UCE step,” phyluce assem-
bly_match_contigs_to_probes). This makes the bioinformatic
workflow readily accessible and simplifies our downstream
workflows.

Up to this step of the bioinformatic pipeline, the differ-
ent probe sets were kept separate. However, it was neces-
sary to adjust the probe IDs to comply with the expected
format in phyluce. To maintain separation of probes in the
joined probe set, we renamed the remaining probes from
each set, keeping the UCE-Ade probes original identifiers
(e.g., uce-1, uce-2, ... etc.), while UCE-Col identifiers
started at uce-1000000 and ExC at uce-2000000, so that all
loci had their own unique ID. All remaining and renamed
probes were concatenated, to create a custom probe fasta
file for locus recovery called joined probe set (see Sup-
plemental Materials). To quantify the effectiveness of this
approach, we identified the number of loci recovered for
the AllTaxa dataset with the ExC, UCE-Ade, UCE-Col, and
joined probe sets. All custom scripts used for these steps
can be found at https:/github.com/crcardenas/Ade-
phaga UCE.

Preliminary locus recovery

We first processed and assembled all data described in the
section Taxon sampling. UCE sequence data from Sota et
al. (2022) was assembled using the default phyluce pipeline,
while all other short-read sequence data had technical
reads trimmed and sequence-quality checked using fastP
(v0.19.5; Chen et al., 2018), with default parameters. The
resulting trimmed reads were assembled using SPAdes
(v3.14.1; Prjibelski et al., 2020), following the same defaults
settings as in phyluce. All assembled non-UCE sequence
data, including those generated with ExC, were processed
using the phyluce pipeline "Harvesting UCE Loci From
Genomes” by matching the UCE-Ade probes to assemblies
with a minimum coverage of 50% and identity of 80% (-cov-
erage 50 —identity 80; Baca et al., 2021; Bossert et al., 2019).
Identified loci were then extracted with 1600 base-pair (bp)
flanking regions for genomic loci, and 800 bp flanking re-
gions for ExC and transcriptome loci, following the treat-
ment of genomic and transcriptomic data found in Bossert
et al. (2019) and Baca et al. (2021) (e.g., —flank 800).

As suggested by the phyluce workflow, the resulting
datasets were aligned in phyluce and “internally trimmed”
using the default phyluce Gblocks wrapper (v 0.91b; Castre-
sana, 2000), given the age of most Adephaga family-level
splits (> 50 million years ago, Ma; Baca et al., 2021). A
non-exhaustive examination of alignments was performed
in Geneious (v 2023.2; http://www.geneious.com/), reveal-
ing many lengthy matrices (median maximum length of
7,200 bp, minimum length of 301 bp and maximum length
of 26,220 bp), that were longer than the extracted genomic
loci (ca. 3,300 bp), and excessively gappy (see Figure S1).
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Figure 2. Sequence data integration

TRA

A graphic representation of integrating diverse genomic data sources and probe overlap on a theoretical gene; modified from Bossert et al. (2019). All rows are presented as if they are
aligned except for the bottom RNAseq example (TRA). The first row simplifies where targeted exon capture (ExC, dark blue rectangles) and ultraconserved element (UCE, black rec-
tangles) probes may target a theoretical genome (GEN) represented by a solid black line. The second and third rows represent the resulting sequence capture data for UCE and ExC
data respectively. The fourth row represents a theoretical gene in light blue with three exons and two introns. Here, probes are shown to overlap with each other, and the UCE par-
tially on an intron. Lastly the fifth row represents a TRA sequence in red and where the respective probes map.

As discussed by Bossert et al. (2019) this might be due
to a lack of intergenic and intronic data in transcriptomic
data (See Figure 1 A). Alternatively, this may be due to the
fact that some sequence data, e.g., UCE-Col data (Sota et
al., 2022), had extremely long assembled contigs (median
length of 2,779 bp and maximum length of 23,670 bp), that
appeared to contribute to gappy alignments. The result-
ing trimming performed with Gblocks in phyluce returned
comparably short alignments (median length of 148 bp and
maximum length of 849 bp) that appeared to have suffered
a drastic loss of phylogenomic information. Given these ini-
tial results, we developed an alternative pipeline to curate
the sequence data utilizing methods available in phyluce
(see below).

Dataset curation

Following the preliminary inspection of resulting align-
ments pre- and post-trimming (see previous section Pre-
liminary locus recovery), we predicted that the core genomic
regions targeted by the probes (i.e., excluding the flanking
regions), should be both conserved and variable enough
for phylogenomic inferences at deep evolutionary scales
(see also Conservedness of probe kits section). We therefore
generated three datasets to test this prediction: core,
core+flanking, and flanking. In these datasets, core are the
regions of sequence data targeted by the probes,
core+flanking are the regions targeted by the probes plus
the non-probe flanking regions resulting from off-target
sequencing and assembly, lastly flanking are exclusively
the non-probe flanking regions resulting from off-target
sequencing (see Figure 1 B). We used the same phyluce
“Harvesting UCE Loci From Genomes” pipeline as previously
described but reduced the flanking lengths to 400 bp

(core+flanking) and 0 bp (core) for all data mapped to the
joined probe set (ExC, GEN, TRA, & UCE data). To recover
only the flanking regions, the core loci were mapped
against the core+flanking, to identify and remove the core
region using custom scripts (see supplemental materials).

Locus characterization and partitioning
schemes

Characterizing loci targeted by probe sets, allows cogenic
loci to be merged for phylogenomic inference, under the
assumption that cogenic loci share a similar evolutionary
history. Merging cogenic UCEs has been shown to increase
bootstrap values and the overall robustness of phyloge-
nomic analyses (Van Dam et al., 2021).

To characterize the genomic features targeted by the
UCE-Ade and the joined probe set, we used the genome of
Pterostichus madidus (genome annotations are available at
https://projects.ensembl.org/darwin-tree-of-life/). We an-
notated intergenic and intronic features not present in the
original genome annotation, using bedtools complement.
The mapping information from the integrated probe set sec-
tion was summarized using bedtools groupby, to identify the
genomic nature of the targeted loci. Identified cogenic loci
were merged in a new partition file using a custom script
(see supplemental materials). To account for the potential
impact of cogenic loci being identified and merged, we per-
formed dedicated phylogenomic inferences (See Concatena-
tion-based phylogenomic inference).

Matrix construction

Each dataset was aligned using MAFFT (v7.475; Katoh &
Standley, 2013) with the —auto option, outside of the phy-
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luce pipeline (Figure 1 C). We included the comparison of
two different trimming methods by generating additional
datasets trimmed using trimAl (v1.4; Capella-Gutiérrez et
al., 2009), and Gblocks (Castresana, 2000; Talavera & Cas-
tresana, 2007). The parameters used for trimming were tri-
mAl -automated] for each alignment, while for Gblocks (v
0.91b) parameters were set to the same defaults used by
phyluce for all alignments (-b1 0.5 -b2 0.85 -b3 8 —b5 10).
Post alignment and trimming, we discarded loci that con-
tained less than three taxa and alignments shorter than
50 bp. Combining all so far described methods of curation,
trimming, and partitioning resulted in 12 variants of the
AllTaxa dataset used for phylogenomic inference (see Table
2).

As the amount of available phylogenomic data has
grown, concerns about the impact of locus occupancy (i.e.,
the minimum number/percentage of taxa for a given locus),
and taxon sampling on inferences have been raised (Lem-
mon et al., 2009; Roure et al., 2013; Wiens, 1998). Research
has also shown that Including more loci with the drawback
of having more missing datat can improve concatenation-
based phylogenomic inferences (Huang & Knowles, 2016;
Jiang et al., 2014; Streicher et al., 2016; Wiens & Tiu, 2012).
To account for these important developments, locus occu-
pancy was taken into account in a set of alternative analy-
ses. We generated subsets with 30% and 40% locus occu-
pancy, thereby augmenting the number of phylogenomic
analyses to a total of 24 for the AllTaxa dataset (but see also
Concatenation-based phylogenomic inference for the SubTaxa
dataset).

Concatenation-based phylogenomic
inference

Using the previously described 24 matrices, phylogenomic
analyses were conducted on the AllTaxa datasets (Ntax =
317; Table 1). The optimal partitioning schemes and cor-
responding nucleotide substitution models were identified
in IQ-TREE2 (v2.1.2 Minh et al., 2020), using ModelFinder
(commands -MF+MERGE and -rfclusterf, Chernomor et al.,
2016; Kalyaanamoorthy et al., 2017), with the best partition
selected using the Akaike Information Criterion corrected
(AICc). Maximum likelihood (ML) phylogenomic inferences
were performed in IQ-TREE2 with the -allnni option.
Branch support was estimated using 1000 ultrafast boot-
strap replicates (UFBoot; Hoang et al., 2018; Minh et al.,
2020), with the -bnni option, as well as 1000 SH-like ap-
proximate likelihood ratio tests (SH-aLRT; Guindon et al.,
2010). Combined values of UFBoot > 95 and SH-aLRT > 80
for a given branch were considered robust. Phylogenomic
analyses were run on Baobab, one of the high-performance
bioinformatic clusters of the University of Geneva.
Following the phylogenomic inferences of these 24 ma-
trices from the AllTaxa datasets, we examined and selected
our preferred trimming and locus recovery method (i.e.,
core with trimAl; see Results), based on the number of re-
covered loci and expected topology. We then performed
phylogenomic inferences with the SubTaxa dataset to re-
duce taxonomic bias (Ntax = 220; Table 1). However, we
only used the preferred trimming method (i.e. trimAl, see

Results) with the SubTaxa dataset to generate 12 additional
matrices: with all curation approaches, 30% and 40% locus
occupancy, and gene or locus partitioning (see Table 2).
These additional phylogenomic analyses were performed
using the same parameters described above.

Coalescent-based species tree estimation

Parallel phylogenomic inferences in a coalescent frame-
work were conducted to account for the potential impact of
gene tree discordance in the preferred SubTaxa matrix. We
used IQ-TREE2 to generate locus trees from our partition
file (Ntax = 220; Table 1). ModelFinder was implemented
without the +MERGE option, otherwise the setup for all
ML tree reconstructions was the same as described previ-
ously. Because we used short alignments (i.e., core probe
regions), with moderate degrees of missing data, and se-
lected lower coverage matrices (30% and 40% locus occu-
pancy), we relied on weighted ASTRAL (WASTRAL v1.15.2.3;
C. Zhang & Mirarab, 2022), to take into account branch
support as a measure of phylogenetic uncertainty. Local
posterior probabilities (LPP) were calculated using default
parameters (LPP > 95 were considered robust).

Estimates of phylogenomic support

We further quantified genealogical and site-specific concor-
dance of the preferred matrix using IQ-TREE2 (Minh et al.,
2020; Mo et al., 2023). With this approach the site and gene
concordance factors (sCFs and gCFs respectively), were cal-
culated by quartet analysis providing support for the branch
of a tree based on the data (site or genes). A sCF score less
than or near 33% indicates that ML methods may favor a
different topology, whereas gCFs range from 0% to 100%
indicating the proportion of loci or genes that support the
topology estimated using ML phylogenomic inference. The
locus trees used in WASTRAL were used for concordance
analyses.

Divergence time estimation

We performed Bayesian relaxed-clock divergence time esti-
mation in BEAST (v1.10.4; Suchard et al., 2018), using the
preferred ML topology inferred with the SubTaxa (N = 220)
core trimAl 30% gene partitioning matrix as a fixed input
topology (See Results). To reduce the computational burden
linked to the use of thousands of genomic-scale sequences
for hundreds of lineages, we used the gene-shopping ap-
proach developed in SortaDate (Smith et al., 2018). We se-
lected 100 loci that best fit the SortaDate default criteria
and created a new partition and matrix file using AMAS
(Borowiec, 2016). Using PartitionFinder2 (v2.1.1; Lanfear et
al., 2014, 2016; Stamatakis, 2014), we searched for the op-
timal partitioning scheme using the options —-min-subset-
size 2000, —rcluster-max 1000, and —rcluster-percent 20, to
minimize overparameterization. The best nucleotide sub-
stitution models available in BEAST were then searched us-
ing ModelFinder in IQ-TREE2. The identified partitioning
scheme and substitution model were used as input in
BEAUTi v1.10.4 (Suchard et al., 2018). Each partition was
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Table 2. Matrix statistics

A) 30% locus Locus Gene Missing Alignment Distinct
occupancy partitioning partitioning data length (bp) patterns PIS IS
AllTaxa core 2,931 2,539 58.509 % 337,279 284,534 158,010 147,177
Gblocks
AllTaxa core 2,941 2,546 61.249% 423924 363598 210862 171,882
AllTaxa
core+flanking 2,420 2,232 66.504 % 918,136 848,408 603,803 200,693
Gblocks
AllTaxa
core+flanking 2,420 2,232 66.004 % 706,083 639,817 425,569 184,095
trimAl
AllTaxa flanking 1,167 1,116 58.895% 59,279 55,997 38,346 10,496
Gblocks
AT 2,283 2,108 71.348% 479,035 464376 373015 49,902
SubTaxa core 2872 2471 58551 % 405,363 320920 198822 171,241
SubTaxa
core+flanking 2,325 2,149 65.038% 808,479 704,679 516,647 197,461
trimAl
SubTaxa ﬂ?c:ilr(r:gﬁ 1,197 1,148 69.618% 377,219 358,818 292,774 41,516
B) 40% locus Locus Gene Missing Alignment Distinct
occupancy partitioning partitioning data length (bp) patterns PIS IS
AllTaxa core
Gblocks 1,741 1,497 54.095% 225,062 189,424 106,569 99,126
AllTaxa core
trimAl 1,741 1,498 56.183% 265,065 226,075 131,356 110,583
AllTaxa
core+flanking
Gblocks 1,222 1,151 61.365% 520,283 481,088 344,465 113,530
AllTaxa
core+flanking
trimAl 1,221 1,150 61.425% 407,334 370,095 247,796 104,861
AllTaxa flanking
Gblocks 710 687 54.621% 41,298 38,909 26,357 7,646
AllTaxa flanking
trimAl 1,095 1,040 66.804 % 266,271 257,871 204,597 29,481
SubTaxa core
trimAl 1,782 1,517 52.943% 263,670 207,188 130,518 112,703
SubTaxa
core+flanking
trimAl 1,239 1,161 59.731% 468,131 409,663 301,754 113,571
SubTaxa flanking
trimAl 1,180 1,110 64.799 % 350,865 337,007 280,344 33,827

Matrix statistics for the AllTaxa and SubTaxa datasets. Each sub-table indicates the locus occupancy A) 30% and B) 40%. Each row represents a dataset starting with AllTaxa (N = 317
taxa) or SubTaxa (N = 220 taxa), followed by the curation and trimming method (e.g., SubTaxa core trimAl). For each matrix the following is reported from the phyluce log file unless
stated otherwise: locus/gene partitioning - the number loci defined by the respective partition file, missing data - the degree of missing data in the alignment (using AMAS, Borowiec,
2016), alignment length (bp) - the total length in base pairs of the alignment, distinct patterns - the total distinct patterns in the matrix, parsimony informative sites - the number of
parsimony informative sites (PIS) in the matrix, and invariant sites (IS) - the number of invariant sites in the partition.

assigned an uncorrelated lognormal relaxed clock, the
mean of which was set up with a uniform distribution
(starting value of 0.01, upper value of 1.0, and lower value
of 1.0e-6). We enforced node calibrations based on the Ade-
phaga fossil record that we re-curated to account for recent
fossil descriptions (e.g., A. G. Kirejtshuk & Ansorge, 2023;
H. Liu et al., 2023; Rosova et al., 2023, see supplemental
materials), new possible placements due to the expanded

taxon sampling, and incorrect placements of previously in-
cluded taxa (e.g., Schmidt et al., 2023). In total, we relied
on 28 carefully selected fossils for divergence time estima-
tion analyses in BEAST (Table 3).

Fossil calibrations were set up as exponential or lognor-
mal prior distributions in two sets of analyses with 95% of
the distribution ranging from the minimum age of the fossil
(i.e., age of the geological stratum in which the fossil was
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described) up to 50 million years older. For each fossil cali-
bration, we set the real space of the lognormal distribution
to 20 million years and the standard deviation to 13.47 mil-
lion years. For exponential priors, we set a mean value of
13.65 million years and estimated the offset values to in-
clude the 50 million year range previously described (see
supplementary materials). Five replicates of ten indepen-
dent BEAST analyses per prior distribution type (50 each)
were run on Bamboo, one of the high-performance bioin-
formatic clusters of the University of Geneva. Each run con-
sisted of 30 million generations, with tree and parameter
sampling every 2,500 generations. The log files were ex-
amined in Tracer (v 1.7.2; Rambaut et al., 2018) to assess
convergence. After applying a burnin of 5 million gener-
ations, the remaining sampled parameters and trees were
combined in LogCombiner v1.10.4 (Suchard et al., 2018), be-
fore being summarized in TreeAnnotator v1.10.4 (Suchard et
al., 2018), to produce maximum clade credibility trees.

Conservedness of probe Kkits

The joined probes used in this phylogenomic approach are
designed to target conserved orthologous regions of
genomes (Faircloth, 2017; Gustafson et al., 2019; Vasi-
likopoulos et al., 2021). Moreover, Gustafson et. al (2020,
2023) proposed that the UCE-Col probes are more con-
served than that of UCE-Ade. Using a linear mixed effect
model (LMM) with the R package Ime4 (Bates et al., 2015)
we tested how conserved the ExC, UCE-Ade, and UCE-Col
probe sets were. To compare the probe sets, we used par-
simony informative and invariant sites of the targeted loci
as a measure of conservedness. We predict that a conserved
probe set will have fewer parsimony informative sites and
more invariant sites compared to others given the sequence
data available.

We recovered statistics relative to parsimony informative
and invariant sites from the output generated by IQ-TREE2
for the six AllTaxa 30% locus occupancy datasets
(core+flanking trimAl, core+flanking Gblocks, core trimAl,
etc.; see phylogenomic inference section). We identified loci
shared by the six datasets and calculated the proportion of
parsimony informative and invariant sites per locus from
the IQ-TREE?2 log file as variables of interest. We tested lin-
ear models for both parsimony informative and invariant
sites, and we defined the fixed effect as probe source (ExC,
UCE-Ade, and UCE-Col). We included two random effects:
trimming within curation (6 categorical effects) and locus.
Using locus as a random effect accounts for variation from
each dataset that may be present in each locus. Three mod-
els were built: one including all random effects, a second
including only curation within trimming, and a third ac-
counting only for variation within loci. The best-fit model
was selected using the homoscedasticity and the distribu-
tion of residuals along with the Akaike Information Crite-
rion (AIC) of each model. We used the R package ImerTest
(Kuznetsova et al., 2017) to generate significance values
and the R package emmeans (Lenth, 2017; Searle et al.,
1980) to estimate the means of the fixed effects in the best-
fit model and compare each mean estimate.

UCE probe subset optimization for
Geadephaga

To support future research in Geadephaga (see Results and
Discussion), we used phyluce to develop a dedicated subset
of UCE-Ade probes for optimized probe synthesis and in
vitro targeted capture. We removed probes unlikely to suc-
cessfully recover loci in most Geadephaga, based on the
large genetic distance measures of design taxa as reported
in Gustafson et al. (2019), but also based on redundancy,
wherein a close relative with smaller genetic distance mea-
sures was available. We also tested the impact of excluding
all non-base genome probes, except for one other distant
taxon in both the tailored probes and generalized UCE-Col
probes within the full UCE-Ade probe set (see supplemen-
tal material). Following each removal, the remaining probes
were aligned to clean, assembled contigs generated from
mixed data (transcriptomic and UCE) for ten Geadephaga
taxa across the three extant recognized families: Carabidae,
Cicindelidae and Trachypachidae (Gough et al., 2020; Pflug
et al., 2020). Resulting changes in locus recovery relative to
the number of probes remaining in the probe set were in-
vestigated. More specific details of the new probe kit design
can be found in supplemental material.

The final subset of the UCE-Ade probes was optimized
for maximum locus recovery, using a minimal number of
probes. We tested the probes in silico to ensure that this was
the case and that the minimal difference in loci targeted be-
tween the subset and full UCE-Ade probe set did not signif-
icantly affect phylogenomic performance. In silico testing
involved the generation of 50% and 80% locus occupancy
matrices that were subjected to ML analysis using IQ-TREE,
with the model set to GTR and topological support assessed
with 1000 ultrafast bootstrap replicates.

Results

Integrated probe set

The overarching goal of this study was to combine the
wealth of publicly-available data offered by several recently
published studies, to augment both locus and taxon sam-
pling across Adephaga. We combined three probe sets to
“recapture” sequence data in silico. The resulting joined
probe set contains 90,130 probes targeting 4,255 loci; with
46,102 ExC probes targeting 860 loci, 34,995 UCE-Ade
probes targeting 2,619 loci, and 9,033 UCE-Col probes tar-
geting 776 loci. We removed 3,684 ExC probes targeting 63
loci and 4,641 UCE-Col probes targeting 396 loci because
these probes overlapped with UCE-Ade and targeted multi-
ple loci in the Pterostichus madidus genome. Locus recovery
of the P. madidus genome in phyluce using the new joined
probe set recovered 677 loci targeted by ExC probes, 362
loci targeted by UCE-Col probes, and 2,486 loci targeted by
UCE-Ade probes; for a total of 3,525 targeted loci. Phyluce
subsequently identified and removed 458 targeted loci for
matching multiple contigs, and 452 contigs for matching
multiple targeted loci, resulting in a final set of 2,994 loci
found in the P. madidus genome for phylogenetic inference.
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Table 3. List of fossils used for divergence time estimation in BEAST.

Fossil Number Suborder Placement I\A/I;r; Family Subfamily References
tColeopsis archaica Root . . ) .
A.G. Kirejtshuk et al,, 2014 1 Coleoptera Root Min Age 295 TTshekardocoleidae A. G. Kirejtshuk et al., 2014
THydroscapha jeholensis Stem . _ Cai et al,, 2012; Chatzimanolis et al., 2012;
Caietal, 2012 2 Myxaphaga it L2286 hiydroseaphidac Fikagek et al, 2020; Fraser et al,, 2017
TKirghizocupes proporeius 3 Archostemata Sterp 221.5 Cupedidae - A. Kirejtshuk et al., 2016; Ponomarenko, 1969
Ponomarenko, 1969 Cupedidae
TA;jnJacTrgg Z;Z‘Trcgggz 4 Archostemata Stem Priacma 122.46 Cupedidae Cupedinae A. Kirejtshuk et al., 2016; J. J. Tan et al., 2006
tCretotortor sp. Stem - . .
Nel, 1989 5 Adephaga Heterogyrinae 174.1 Gyrinidae Heterogyrinae Gustafson et al., 2017; Nel, 1989
tCretodineutes rotundus . - - .. . b
Liang et al., 2020 6 Adephaga Stem Dineutini 98.17 Gyrinidae Gyrininae Liang et al., 2020; Shi et al., 2012
TGyrinus aq(ﬁlﬁxgaggg 7 Adephaga Crown Gyrinus 23.03 Gyrinidae Gyrininae Gustafson et al., 2017; Nel, 1989
TApermunda asiaticus Stem . . A. G. Kirejtshuk & Ansorge, 2023; Ponomarenko
Ponomarenko & Volkov, 2013 e Slpies: Trachypachidae 2L etyfpasiiicas i Ezlin s & Volkov, 2013
tPalaeopronyssiformia groehni Crown .. . ) . A
Wiesner et al,, 2017 9 Adephaga Cicindelidae 41.3 Cicindelidae Schmidt et al., 2023; Wiesner et al., 2017
-]'Krszgfa ng,vj::raz%le{%’ 10 Adephaga Stem Paussinae 98.17 Carabidae Paussinae Kataev et al., 2019
TCretomophron mutilus Stem . . .
Rosové et al., 2023 11 Adephaga Omophroninae 98.17 Carabidae Omophroninae Rosovaet al., 2023
TBurmapseudomorphus planus Stem . . .
Beutel et al, 2020 12 Adephaga Hrreeilipes 98.17 Carabidae Harpalinae Beutel, Liu, et al., 2020
TCansomhclJenglzgsgz; 13 Adephaga Stem Calosoma 23.03 Carabidae Carabinae Nel, 1988
tLimodromus hoffeinsorum 14 Adeph s Pl - 413 Carabid Pl . Schmidt. 2015
Schmidt, 2015 ephaga tem Platynini . arabidae atyninae chmidt,
TArchaeonebria inexspectata deph briini bid brii hmid |
Schmidt & Kavanaugh 2019 15 Adephaga Crown Nebriini 41.3 Carabidae Nebriinae Schmidt et al., 2019
TBembidion bukejsi - . . . . .
16 Adephaga Stem Bembidion 41.3 Carabidae Trechinae Schmidt & Michalik, 2017

Schmidt & Michalik, 2017
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Fossil Number Suborder Placement I\A/Ig:: Family Subfamily References
THaliplus cretaceus . A - Ponomarenko & Prokin, 2015; Prokin &
Prokin & Ponomarenko, 2013 17 Adephaga Stem Haliplus 122.46 Haliplidae Haliplinae Ponomarenko, 2013
THydroporus carstengroehni Stem - . _
Balke et al,, 2010 18 Adephaga Mo 41.3 Dytiscidae Hydroporinae Balke et al., 2010; Wolfe et al., 2016
(Kzﬁﬁ'g\géigﬁzzoiggg 19 Adephaga Stem Vatellini 41.3 Dytiscidae Hydroporinae Klausnitzer, 2003; Michat & Torres, 2011
tCoptotomus balticus Stem .. . .
Hendrich & Balke, 2020 20 Adephaga oo 41.3 Dytiscidae Coptotominae Hendrich & Balke, 2020
HJapanolaccophilus beatificus 21 Adephaga Stem 413 Dytiscidae Laccophilinae Balke & Hendrich, 2019; Wolfe et al., 2016
Balke & Hendrich, 2019 Laccophilini ’ ’ ’ v
T([:./Tﬁfel ggsﬁcgégg 22 Adephaga Stem Copelatus 41.3 Dytiscidae Copelatinae Miller & Balke, 2003; Wolfe et al., 2016
TColymbetes miocaenicus Stem - . -
Riha, 1974 23 Adephaga Colymbetes 11.6 Dytiscidae Colymbetinae Riha, 1974
THydrotrupes prometheus Stem .. . ; .
G6mez & Damgaard, 2014 24 Adephaga e 41.3 Dytiscidae Agabinae Gomez & Damgaard, 2014; Wolfe et al., 2016
TAmbarticus myanmaricus Stem . . . .
Yang et al, 2019 25 Adephaga Dytiscinae 98.17 Dytiscidae Dytiscinae Shietal.,2012; Yanget al., 2019
tAcilius florissantensis 9 deph s ilini 33.9 iscid . httos:/coll chkhan;, ?09; d h
Wickham. 1909 6 Adephaga tem Aciliini b Dytiscidae Dytiscinae ttps://collections.peabody.yale.edu/search/
’ Record/YPM-IP-000005
TCybister Cf’é‘lf:;”‘;‘;g‘j 27 Adephaga Stem Cybistrini 15.9 Dytiscidae Cybistrinae Fikagek et al,, 2008
TPalaeodytes gutta Stem .. ) Ponomarenko, 1987; Ponomarenko & Prokin,
Ponomarenko, 1987 = Sl Dytiscidae LI Dyl 2015; Prokin et al., 2013

Details of the 28 fossil taxa used as calibrations in this study to infer divergence times of Adephaga beetles. Some fossils used in Baca et al. (2021) were discarded because new paleontological information and/or their re-examination casts some doubt on their placement (e.g.
Schmidt et al., 2023). The table lists all fossils used and provides the following information: fossil name, suborder, placement, minimum age, family, and subfamily. Additional information such as geological deposit or prior settings used in BEAUti, are included in the supple-

mental materials.
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Figure 3. Locus recovery of genomic data for each probe set.

ExC Genome Transcriptome UCE

A box and whisker plot of the number of targeted loci found in the available Adephaga sequence data: exon capture (ExC), genomes (GEN), transcriptomes (TRA), and ultraconserved
elements (UCE). The statistics are derived from the core+flanking dataset resulting from the standard phyluce UCE workflow for phylogenomic data. Each sequence data type is
mapped against a) the ultraconserved elements Adephaga UCE probe set (UCE-Ade, 2,941 targeted loci), b) the ultraconserved elements Coleoptera probe set (UCE-Col, 1,172 tar-
geted loci), c) the exon capture probe set (ExC, 923 targeted protein-coding exons), and d) the joined probe set (4,255 targeted loci) generated in this study.

We found that ExC sequence data recovered fewer loci
when mapped against just UCE probes. Similarly, UCE se-
quence data recovered fewer loci when mapped against just
the ExC probes (Figure 3 A-C). The ExC sequence data
mapped against the UCE-Ade probes recovered an average
of ca. 60 more loci (ca. 120% increase). In some cases, only
12-20% of ExC loci mapped to UCE-Ade, but in others 400%
to nearly 545% more loci were recovered; e.g. Galerita sp.
SRR12339130: 443 ExC to 1,922 UCE-Ade and Haliplus lath-
ridioides SRR12339113: 232 ExC to 1263 UCE-Ade (Figure 3
D). Overall, we found a notable average increase in recov-
ered loci using the joined probe set for each data type (Fig-
ure 3 D; supplementary materials).

Dataset Curation

To improve phylogenomic inference, we generated a bioin-
formatic pipeline to curate sequence data, where the tar-
geted core and flanking regions were extracted from tar-
geted loci (Figure 1 B). For each curation method the total
locus recovery was ca. 99% of the total targeted loci (n
= 4,255; Table S3). The core+flanking datasets recovered
the most loci and on average the core datasets recovered
the most taxa per locus. Because we extracted the core re-
gions from the core+flanking data to generate the flanking
dataset, the number of recovered loci and taxa are identi-
cal for the core+flanking and flanking datasets (See supple-
mental).
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Locus characterization and partitioning
scheme

Mapping the joined probe set to the Pterostichus madidus
genome using BWA MEM and BLAST identified 3,378 tar-
geted loci. Of these, 2,600 of loci were identified as genic
and the remaining 778 as intergenic genomic features (Fig-
ure S3). Approximately 26% of these probes target both
intronic-exonic or exonic-intergenic features. In total, 468
genic features recovered 1,122 cogenic targeted loci (Figure
S5). Characterization of the UCE-Ade probe set showed that
71% of the targeted genomic features are exonic, includ-
ing those that target both intronic-exonic and intergenic-
exonic features (Figure S4). Importantly, for both the joined
and UCE-Ade probe sets a small percentage of probes were
found to target loci from all three genomic features: in-
tronic, exonic, and intergenic (UCE-Ade: 1.31% and joined:
1.04%).

Using the characterization of the joined probe set, tar-
geted loci that were identified as cogenic were merged for
phylogenomic inference (i.e., gene partitioning datasets).
The initial set of gene partitions contained 174 genes with
326 cogenic loci targeted by the ExC probes set, 387 genes
with 750 cogenic loci targeted by the UCE-Ade probes and
48 genes with 67 cogenic loci targeted by the UCE-Col
probes.

Matrix construction

When aligned, the minimum number of sequences per lo-
cus (n = 3), resulted in slightly fewer loci than described in
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the Integrated probe set section: core 4,212, core+flanking
4,215, and flanking 4,215. The total number of sequences
in the alignments were marginally higher for the core cu-
ration method (Table S4 A, see supplemental materials),
compared to the core+flanking and flanking methods (Table
S4 B & C, see supplemental materials). Examination of the
same statistics for source probes in our integrated probe set
(i.e., the joined probe set), showed that ExC probes recov-
ered more loci compared to the two UCE probe sets (see
supplemental materials).

The gappy flanking regions were highly reduced by both
trimming approaches. The most extreme reduction in
alignment length occurred in the curated datasets that re-
tained flanking data; both Gblocks and trimAl removed 1.6
to 1.8 kbp from coretflanking and flanking alignments.
While the alignments for the core and coret+flanking data
were on average longer than this minimum length thresh-
old (50 bp; Table S5 A & B), trimming approaches for all cu-
rated datasets had some loci reduced below the minimum
length and some longer loci still retained. Gblocks reduced
the length of the flanking data the most, ultimately remov-
ing more loci given our minimum alignment length (mean
= 55 bp, median 38 bp; Table S5 C, see supplemental ma-
terials). The change in alignment lengths also depended on
which loci were targeted by the original source probes in
our joined probe set. When trimmed, the UCE-Ade and ExC
probes reduced the length more so than UCE-Col. While
these results were not as extreme as in Preliminary locus re-
covery, we still observed a significant impact on alignment
length in our AllTaxa dataset. trimAl removed a smaller
number of loci from the core+flanking data, and most loci
were retained except for the flanking data which was greatly
reduced; core: Gblocks 4,185, trimAl 4,212 (of 4,212 un-
aligned); core+flanking: Gblocks 4,203, trimAl 4,203 (of
4,215 unaligned); flanking: Gblocks 2,142, trimAl 4,181 (of
4,214 unaligned).

Concatenation phylogenomic inference

The phylogenomic inferences relying on datasets trimmed
using Gblocks often resulted in a higher number of un-
realistic/incoherent topologies compared to those relying
on datasets trimmed using trimAl (supplemental materials).
Comparison of phylogenomic inferences using different cu-
ration methods revealed that the core datasets consistently
inferred more realistic topologies compared to other cu-
ration approaches. While the core+flanking resulted in
topologies that were more consistent with core data than
those based on flanking, the flanking data always recovered
inconsistent and moderately supported topologies (e.g., pa-
raphyletic Gyrinidae or Noteridae + Meruidae as sister to
the rest of Adephaga). For most datasets the gene and locus
partitioning produced identical family-level topologies, but
gene partitioning returned higher branch support in All-
Taxa 30% datasets. In some cases when fewer loci were re-
covered, as in the Gblocks 40% dataset, branch supports
were higher in inferences based on locus rather than gene
partitioning. The AllTaxa core trimAl datasets (30%, 40%,
and both partitioning schemes), included more loci and the
respective phylogenomic analyses produced well-resolved

topologies with strong branch support. From the previous
results (see Matrix construction results) and careful screen-
ing of phylogenomic relationships recovered in alternative
topologies recovered (see supplemental materials), we se-
lected trimAl as trimming method for the SubTaxa analyses.

As we observed with the AllTaxa analyses, inferences
based on the SubTaxa core datasets returned more robust
relationships at different evolutionary time scales than
those including flanking regions. The core+flanking and
flanking data further revealed that the flanking regions are
increasingly difficult to align and likely have a strong im-
pact on phylogenomic inferences at deeper evolutionary re-
lationships. This is most likely because sequence data with
an average length of 719.1 bp (234 bp min, 980 bp max) be-
comes six times as long once aligned and is composed of
many gaps (before any trimming, see Figure S1). In con-
trast, differences between the AllTaxa and SubTaxa core
dataset phylogenomic analyses were very limited or null
depending on the dataset and partitioning strategy. The re-
sults of all SubTaxa phylogenomic analyses (including the
ones based on core+flanking and flanking) are summarized
at the subfamily level in Figure 4, and all inferred trees and
tree statistics can be found in the supplementary materials.
We assessed that the SubTaxa core trimAl 30% gene dataset
was likely the most robust topology, and it was selected to
present the phylogenomic relationships and used as a fixed
input for divergence time estimation.

Coalescent-based species tree inference

The higher-level phylogenomic relationships (i.e. family-
level relationships) in the wASTRAL coalescent analyses of
locus trees generated from the SubTaxa core trimAl 30%
gene partitioning resulted in low local posterior probabili-
ties along the tree backbone (e.g. LPP < 0.60, see Supple-
mental Materials). Backbone topological conflict with the
ML inferences was significant but with low statistical sup-
port. This indicates there is no supported discordance be-
tween the ML and wASTRAL analyses. Besides, some sub-
family relationships were highly supported and shared
between wASTRAL and IQ-TREE analyses (e.g., Hygrobiidae
+ (Amphizoidae + Aspidytidae), Lancetinae + Coptotomi-
nae, Harpalinae + Brachininae, or Trachypachidae + (Cicin-
delidae + Carabidae), Figure 4).

Estimates of phylogenomic support

The concordance factor analysis of locus trees generated
from the SubTaxa core trimAl 30% gene partitions resulted
in differing degrees of support at the locus and site levels.
The gCF varied across the preferred topology ranging from
0.26 to 13.56, while the sCF had lower variance ranging
from 31.93 to 42.75. These results indicate that 6 to 335 of
2471 loci informed the preferred topology, and that approx-
imately one third of the parsimony informative sites sup-
ported deep phylogenomic relationships (see also Supple-
mental Materials for all sCF and gCF values).
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Figure 4. Summary of phylogenomic inferences for Adephaga beetles.

Preferred maximum likelihood (ML) phylogenomic tree of Adephaga resulting from the IQTREE analysis of the SubTaxa core trimAl 30% gene dataset. Only family and subfamily
level phylogenomic relationships are presented. Branch support from alternative ML phylogenomic analyses of other datasets are presented in mosaic plots. Branch support values
for which space was not available are numbered with their corresponding mosaic plots to the left of the tree. Additional branch information for the preferred topology including the
gene and site concordance factors (gCF and sCF respectively), and wASTRAL local posterior probabilities (LPP) are displayed (gCF / sCF / LPP). Photographs of species belonging to
major lineages of Adephaga are presented, from left to right and top to bottom: Carabus depressus (Carabidae, Carabinae), Ozaena lemoulti (Carabidae, Paussinae), Siagona europea
(Carabidae, Siagoninae), Odacantha melanura (Carabidae, Harpalinae), Pogonus chalceus (Carabidae, Trechinae), Omophron brettinghamae (Carabidae, Omophroninae), Clivina montei
(Carabidae, Scaritinae), Elaphrus aureus (Carabidae, Elaphrinae), Calomera littoralis (Cicindelidae), Trachypachus gibbsii (Trachypachidae), Ilybius fenestratus (Dytiscidae, Agabinae),
Eretes griseus (Dytiscidae, Dytiscinae), Cybister lateralimarginalis (Dytiscidae, Cybistrinae), Neptosternus kaszabi (Dytiscidae, Laccophilinae), Hygrobia hermanni (Hygrobiidae), Hy-
droporus erythrocephalus (Dytiscidae, Hydroporinae), Sinaspidytes wrasei (Aspidytidae), Neohydrocoptus subvittulus (Noteridae, Noterinae), Haliplus confinis (Haliplidae, Haliplinae),
and Patrus nathani (Gyrinidae, Gyrininae). Photos were taken by Michael Balke, Udo Schmidt and ukbeetles.co.uk. Specimen images are not to scale.

Divergence time estimation

The independent BEAST divergence time analyses recov-
ered consistent estimates. For each run the acceptance ratio
of operators was greater than zero, with most > 0.23. The
uniform(nodeHeights(treeModel)) operator acceptance ratio
was lower in all runs, with an average of 0.10 for each distri-
bution type. These independent runs had effective sample
size (ESS) for most parameters > 200, and all > 100 except
for replicate five of the lognormal distribution in which the
Calosoma fossil calibration posterior had an ESS = 80. Repli-
cate three for exponential and two for the lognormal distri-
butions were selected based on likelihood and ESS values.
The estimated ages for the exponential analysis are found
in Table 4. Both exponential and lognormal analyses recov-

ered consistent divergence times and credibility intervals
(see Supplemental materials). Overall, our median crown
estimates tend to push back in time the divergences of ma-
jor Adephagan lineages (Figure 5). The trees for both analy-
ses are available in the supplementary materials.

Conservedness of probe sets

We find that sequence data generated using UCE probes is
generally more conserved than those with ExC regardless
of the curation or trimming method used. A total of 1,146
loci were found in common between the six AllTaxa 30%
datasets. These loci are composed of 320 ExC, 571 UCE-
Ade, and 255 UCE-Col. We find that UCE-Col has the lowest
mean parsimony informative sites and most invariant sites
(Figure 6 A, B). For all flanking data, some loci can be com-

Bulletin of the Society of Systematic Biologists 13


https://ssbbulletin.scholasticahq.com/article/138262-global-integration-of-phylogenomic-data-and-fine-scale-partitioning-strategies-refine-the-evolutionary-tree-of-adephaga-beetles/attachment/283540.jpg?auth_token=tVB9g8ffhaC83TfwYF8_
http://ukbeetles.co.uk/

Global Integration of Phylogenomic Data and Fine-Scale Partitioning Strategies Refine the Evolutionary Tr...

Table 4. Comparison of divergence times

Crown Group Median ::;Sizt:niy(%% cl MCKennaiitaé((zsvosg)chl/)ledian e Baﬁ:‘}iaal'; (:goeﬂ)

inMa (95% Cl)

N Fossils 28 18 23

N Adephaga Fossils 24 2 18
Coleoptera 346 (331-364) 327 (297-343) 317 (303-335)
Adephaga 277 (272-283) 230(197-257) 255 (247-266)
Caraboidea 252 (251-254) 170(150-198) 227 (221-236)
Gyrinoidea 257 (237-272) 136*(83-179) 242 (230-254)
Haliploidea 176 (162-191) NA 157 (145-170)
Dytiscoidea 251 (254-266) NA 220(212-231)

Comparison of divergence times from the exponential analysis for major clades of Adephaga estimated in this study and a selection of studies that recovered similar backbone rela-
tionships. See selected studies for further discussion. The 95% credibility intervals (CI) correspond to the 95% HPD parameter summarized from the BEAST posterior samples in this
study, Baca et al. (2021), and from MCMCtree (Dos Reis et al., 2016) in McKenna et al. (2019). (*) Note that Gyrinoidea in McKenna et al. (2019) was only represented by the subfamily
Gyrininae and did not include Heterogyrinae or Spanglerogyrinae hence the large deviation with other studies listed in the table.

posed entirely of parsimony informative and invariant sites
(Figure 6 A, B). The best-fit model included the random ef-
fects of trimming within curation and loci, this model has
standard errors that were homogenous with low variance
and the overall effect of probe source is strong (Supplemen-
tal File 1: SuppFilel LMM A, B). For selection of the best-
fit LMM selection, see supplementary materials. The esti-
mated global means indicates that loci from the ExC probe
set contain the highest proportion of parsimony informa-
tive sites and UCE-Col the lowest proportion, and the in-
verse result for the invariant sites (Supplemental File 1:
SuppFilel LMM C, D). Pairwise comparison of estimated
means returned standard errors that were homogenous
with little variance and significant differences in the esti-
mated means between all probe sets, where UCE-Col has
fewer parsimony informative sites and more invariant sites
than ExC and UCE-Ade (Supplemental File 1: Supp-
Filel LMME, F).

UCE probe subset optimization for
Geadephaga

We found minimal loss in locus recovery following removal
of UCE-Ade probes designed for taxa with large genetic dis-
tances from the other Geadephaga used in probe design,
as well as those with some form of representational redun-
dancy (supplemental materials). Ultimately, we were able to
limit the number of UCE-Ade probes to a subset of 11,208
probes (30% of the total probes) targeting 2,925 loci (99%
of the total loci), with evidence for minimal reduction in lo-
cus recovery across Geadephaga taxa (Table S1).

In silico testing of this final subset of probes relative
to the full UCE-Ade probe set revealed a loss of only 68
loci between the 50% complete matrices, and 64 loci be-
tween the 80% complete matrices generated (Figure S6 &
S7). Phylogenomic analysis showed neither differences in
topology nor branch support between trees produced by the
50% matrices (Figure S8 & S9). Trees produced using the
80% complete matrices differed only in the placement of a
single clade and had largely similar branch support (Figure
S10 & S11). These in silico results suggest the two probe

sets are likely to perform similarly for in vitro targeted-
capture and enrichment in Geadephaga taxa, with missing
loci and probes unlikely to significantly impact the phy-
logenomic performance of the UCE-Ade subset relative to
the full probe set. We call this new probe subset the “Gea-
Sub-2.9Kv1” and make it publicly available under a public
domain license from dryad, available in the supplementary
materials.

Discussion

Effectiveness of integrating diverse genomic
data

The construction of a 2,471-locus supermatrix (512 tar-
geted by ExC probes, 1,282 by UCE-Ade, and 253 by UCE-
Col), allowed for the inference of the most comprehensive
phylogenomic tree of Adephaga to date (Figures 4 and 5). In
total, 1,022 cogenic loci were merged into 424 gene parti-
tions, illustrating the power of locus characterization in ge-
nomic data. The overlap between ExC and UCE datasets fur-
ther supports the genic nature of hexapod UCEs (see Baca
et al., 2021; Bossert et al., 2019; Van Dam et al., 2021).
By integrating annotated chromosome-level genomes into
our pipeline, we identified the genomic features (exonic,
intronic, and intergenic) targeted by the joined probe set.
This is particularly significant given the incomplete char-
acterization of the UCE-Ade probe set (Baca et al., 2021),
due to limited genomic data. Approximately 71% of UCE-
Ade probes target exonic regions in the Pterostichus ma-
didus genome, aligning with findings by Baca et al. (2021),
for UCE-Col probes mapped to the genome of Tribolium cas-
taneum (Coleoptera, Polyphaga, Tenebrionidae). Interest-
ingly, ca. 1% of loci targeted by the probes originated from
all three genomic features: exonic, intronic, and intergenic.
This discrepancy may stem from the automated pipelines
used for genome annotation. Future improvements to algo-
rithms or transcriptome-based genome annotations are ex-
pected to enhance UCE characterization. Regardless, merg-
ing cogenic loci targeted by probes based on
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Figure 5 a. Bayesian time-calibrated timetree of Adephaga.

Time-calibrated tree of Adephaga based on 28 fossil calibrations implemented with an exponential prior distribution and a fixed topology derived from the SubTaxa core trimAl 30% gene
matrix. The tree was constructed using the Interactive Tree Of Life (Letunic & Bork, 2024), FigTree (http://tree.bio.ed.ac.uk/software/figtree/), and merged in Inkscape (Inkscape Project,
2022). Outgroups are collapsed. Numbers placed on nodes indicate the placement of fossil calibrations used to estimate divergence times in BEAST. The number of loci recovered per
taxon with the joined probe set is presented as a bar plot along the tree tips indicating the original source of the data as exon capture (ExC - blue), transcriptome (red), genome (gold), or
ultraconserved elements (UCE - black). Illustrations of Adephaga beetles are presented along the right of the figure, from top to bottom: Gyrinus (Gyrinidae, Gyrininae), Haliplus (Halipli-
dae, Haliplinae), Meru (Meruidae), Hydrocanthus (Noteridae, Noterinae), Hygrobia (Hygrobiidae), Sinaspidytes (Aspidytidae), Amphizoa (Amphizoidae), Desmopachria (Dytiscidae, Hy-
droporinae), Hydroporus (Dytiscidae, Hydroporinae), Laccophilus (Dytiscidae, Laccophilinae), Cybister (Dytiscidae, Cybistrinae), Dytiscus (Dytiscidae, Dytiscinae), and Eretes (Dytiscidae,

Dytiscinae). Illustrations are not to scale.

Bulletin of the Society of Systematic Biologists 15


https://ssbbulletin.scholasticahq.com/article/138262-global-integration-of-phylogenomic-data-and-fine-scale-partitioning-strategies-refine-the-evolutionary-tree-of-adephaga-beetles/attachment/283541.jpg?auth_token=tVB9g8ffhaC83TfwYF8_
http://tree.bio.ed.ac.uk/software/figtree/

Global Integration of Phylogenomic Data and Fine-Scale Partitioning Strategies Refine the Evolutionary Tr...

Families Sequence Data Type
i Amphizoidae . Carabidae . Dytiscidae :] Haliplidae . Meruidae . Trachypachidae . ExC . TRA
[] Aspidytidae [l Cicindelidae [ | Gyrinidae [ | Hygrobiidae [| Noteridae []cen |l uce

Locus Recovery

4

i
=
:

!
[D] Carboniferous | Permian Triassic | Jurassic | Cretaceous [Paleogene | Ng ||

350 300 250 200 150 100 50 0 Ma

Figure 5 b. Bayesian time-calibrated timetree of Adephaga.

Continuation of the time-calibrated time tree based on 28 fossil calibrations implemented with an exponential prior distribution and a fixed topology derived from the SubTaxa core tri-
mAl 30% gene matrix. Numbers placed on nodes indicate fossil taxa used to calibrate the tree. The number of loci recovered per taxon with the joined probe set is presented as a bar plot
to the right of taxa names, color codes indicate the original source of the data as exon capture (ExC - blue), transcriptome (TRA - red), genome (GEN - gold), or ultraconserved elements
(UCE - black). Illustrations of Adephaga beetles are presented along the right of the figure, from top to bottom: Trachypachus (Trachypachidae), Manticora (Cicindelidae), Therates (Cicin-
delidae), Cicindela (Cicindelidae), Elaphrus (Carabidae, Elaphrinae), Scarites (Carabidae, Scaritinae), Omophron (Carabidae, Omophroninae), Pterostichus (Carabidae, Harpalinae), Omo-
glymmius (Carabidae, Rhysodinae), Goniotropis (Carabidae, Paussinae), Leistus (Carabidae, Nebriinae), Scaphinotus (Carabidae, Carabinae) and Carabus (Carabidae, Carabinae). Illustrations
are not to scale.
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Figure 6. Proportion of parsimony informative and invariant sites.

Violin plots of the distribution of A) parsimony informative sites and B) invariant sites, for AllTaxa 30% datasets. For both A) and B) violin plots, columns indicate the curation
method and rows indicate the trimming approach, reflecting the categorical groupings used in the linear mixed models. Each plot contains a violin plot of groupings by UCE-Ade,

UCE-Col, and ExC.

characterization, strengthened the robustness of phyloge-
nomic inferences.

The combination of loci targeted by different probe sets
within our pipeline improved the compatibility and ex-
panded the number of taxa available for phylogenomic in-
ferences. At deeper evolutionary time scales, fewer con-
served loci are available. As a result, increasing the number
of targeted loci is necessary to identify informative loci,
even at the expense of lower locus occupancy and missing
data. Similarly, including more taxa from clades of interest
helps ensure their representation despite low locus occu-
pancy. Moreover, integrating probe sets with varying levels

of conservedness enhances the robustness of phylogenomic
inferences. Most importantly, removing the flanking region
and applying a more conserved trimming approach im-
proved matrix construction.

We developed an alternative approach to that of Bossert
et al. (2019), eliminating the need for semi-manual cura-
tion with liberal trimming approaches like Gblocks. Instead,
only targeted core probe regions are considered and flank-
ing data is discarded. Generally, multi-sequence alignment
trimming is used to reduce non-biological signals intro-
duced by alignment methods. However, while some studies
suggest that trimming loci can weaken phylogenomic sig-
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nals (G. Tan et al., 2015), others argue that it is essential to
improve phylogenomic inferences (Talavera & Castresana,
2007). Our comparison clearly underlines that Gblocks re-
moves more informative sites from conserved core regions
than trimAl (Table 2). This likely stems from Gblocks having
a fixed trimming parameter applied to all locus alignments,
whereas trimAl employs a per-locus algorithmic decision-
based approach that may be better suited for integrated
datasets. Additionally, Talavera & Castresana (2007) sug-
gest that Gblocks performance decreases with shorter align-
ments (1,200-2,400 bp), whereas our preferred curation ap-
proach relies on alignments averaging 200 bp before
trimming (Table S5). By restricting analyses to the core re-
gions targeted by probes and excluding flanking regions, we
consistently recovered stronger phylogenomic signals and
better-supported phylogenomic relationships.

By extracting the core region using phyluce, we signif-
icantly reduced the need to trim persistent gappy regions
in capture data. Although some homologous regions re-
main in the flanking regions, the Conservedness of probes
results clearly show that trimming flanking data can lead
to nearly 100% variant or 0% invariant sites. This suggests
that the flanking regions of targeted loci contain more am-
biguous homology than previously thought. The presence
of gappy regions is partly due to the absence of introns in
transcriptomic data, as noted by Bossert et al. (2019) and il-
lustrated in Figure 2. This is further supported by the fact
that over 70% of the targeted loci are genic, and nearly 23%
of the targeted loci in the joined probe set are exonic-in-
tronic. Additionally, our analyses show that more loci were
retained using targeted core regions, and that trimAl did
not reduce matrix length to the extent of removing loci.
Phylogenomic studies focusing on deep-time evolutionary
scales or integrating transcriptomes with capture data may
benefit from completely excluding flanking regions.

We demonstrate that there is unintended ancestry in the
targeted genomic regions shared by the two capture ap-
proaches used in Adephaga. This is significant, as select-
ing or creating probe sets tailored to a specific question is
critical in phylogenomic projects (discussed in Gustafson
et al., 2023). UCE probes are theoretically designed to tar-
get deeply conserved regions of the genome, with the fre-
quency of variable sites increasing further from the core re-
gions (Faircloth et al., 2012; McCormack et al., 2013). In
contrast, EXC probes are theoretically designed to target
less conserved regions capable of resolving shallower evo-
lutionary relationships with fewer loci (<1000) (Lemmon et
al., 2012; McCormack et al., 2013). Here, we further demon-
strate that Insecta UCEs are genic in nature; much more
than initially anticipated. Moreover, the overlap of UCE
and ExC probes suggests that either UCE loci are less con-
served than previously thought, and/or that ExC loci are
more conserved. Our findings show that the ExC and UCE
probe kits exhibit distinct but overlapping levels of con-
servedness compared to one another (Figure 6). By inte-
grating these probe sets, we retain these varying levels of
conservedness into the in silico probe set, potentially offer-
ing the advantages of both methods: targeting both more
and less conserved regions of the genome. While further

research into the design and conservedness of these data
generation strategies is needed, we have shown that the
overlap between these two approaches results in backwards
compatible loci (e.g., retrocompatible), where ExC and UCE
probes target the same genomic regions and features.

The methods we employed to integrate diverse genomic
data for increased taxon sampling, allowed for the inclusion
of five additional fossils to estimate the age of the Ade-
phaga tree. The resulting divergence times represent an in-
crease in the age of important crown groups (Table 4). For
example, the median age of beetles (order Coleoptera), was
pushed back nearly 20-30 million years compared to recent
estimates (Baca et al., 2021; McKenna et al., 2019). Such
discrepancies are expected, because augmenting the taxon
sampling allows the placement of fossils deeper in the tree,
thereby applying the fossil associated minimum ages to
more derived nodes. The age of Coleoptera was not the fo-
cus of this study and other suborders were not adequately
sampled to accurately estimate its age (See Table 4). Fur-
thermore, more investigation into the role of maximum
ages of prior distributions need to be conducted to contain
the ages of Coleoptera as a whole. Regardless, we show that
the phylogenomic data available for Adephaga is not yet re-
flective enough of the true composition of this suborder.
For example, Geadephaga represents nearly 90% of Ade-
phaga species diversity, yet this diversity is still underrep-
resented in currently available data. This lineage (primarily
represented by the family Carabidae) is poorly represented
in the fossil record, making estimates for this group chal-
lenging (see discussion in Baca et al., 2021). Further sam-
pling of missing subfamilies and tribes, aided by the de-
velopment of the newly introduced UCE probe kit, should
improve the incorporation of additional fossil calibrations
in the future.

Current hypotheses of Adephaga
relationships

The suborder Adephaga has been recognized as a mono-
phylum early on, based on several morphological synapo-
morphies (Beutel et al., 2008; Beutel & Roughley, 1988;
Lawrence et al., 2011), whereas phylogenomic relationships
among families have proven more challenging to address
until now. The classification and phylogeny of families
within Adephaga have quickly and substantially evolved in
the past decades. Earlier studies suggested the monophyly
of Hydradephaga or the family-level ranking of several lin-
eages (e.g., Paussidae, Rhysodidae), based most frequently
on morphological features (Crowson, 1960). However, the
progressive introduction of DNA-based phylogenetic infer-
ences has revolutionized our understanding of Adephaga
evolutionary history (Baca, Alexander, et al., 2017; Baca et
al., 2021; Gustafson et al., 2020; Lopez-Lopez & Vogler,
2017; Maddison et al., 1999, 2009; Ribera et al., 2002; Shull
et al., 2001; Toussaint et al., 2016; Vasilikopoulos et al.,
2021). In parallel, the combination of Hennigian morpho-
logical phylogenetics with increasingly refined morpholog-
ical character matrices of Adephaga has allowed a conver-
gence to relatively stable family-level relationships (Beutel,
1993; Beutel et al., 2006, 2013; Beutel, Liu, et al., 2020;
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Beutel & Roughley, 1988). Despite this progress, several
questions remain open with respect to inter- and intra-
familial placements across Adephaga. Our supertree ap-
proach, based on the cumulative efforts of independent re-
search groups over the past decade, allows to substantially
expand the taxon sampling for all Adephaga main lineages
and offers new insights into our understanding of the group
classification and evolutionary history.

Gyrinoidea

Whirligig beetles (Gyrinidae) are recovered as sister to the
rest of Adephaga, with strong support coming from the core
region sequence data (Figure 4). This placement is in line
with the current treatment of this lineage as a superfamily
(Gyrinoidea), with respect to the rest of the Adephaga tree
of life (Figures 4 and 5). Our results confirm, once more, the
paraphyly of Hydradephaga, with Gyrinidae recovered as
sister to both Geadephaga and the remaining aquatic fam-
ilies (i.e., Dytiscoidea; Baca, Alexander, et al., 2017; Baca
et al., 2021; Beutel, 1993; Beutel et al., 2006, 2013; Beu-
tel, Liu, et al., 2020; Beutel & Roughley, 1988; Gustafson
et al., 2020; McKenna et al., 2019; Vasilikopoulos et al.,
2021). The spurious relationship of Gyrinidae + Haliplidae
recovered in earlier studies (e.g., Shull et al., 2001; see S.-Q.
Zhang et al., 2018), is strongly rejected here in agreement
with previous studies based on independent datasets (ref-
erences herein). Relationships and ages recovered within
Gyrinidae (Figure 5) are consistent with the tip-dated phy-
logeny of the family by Gustafson et al. (2017), and the
previous time-calibrated, phylogenomic study of Adephaga
by Baca et al. (2021). Within Gyrinidae, we infer Span-
glerogyrinae (a single extant species endemic to southern
USA) as sister to Gyrininae + Heterogyrinae (a single extant
species endemic to Madagascar), while within Gyrininae,
Gyrinini is sister to reciprocally monophyletic Dineutini
and Orectochilini. The origin of modern whirligig beetles is
dated back to the Permian ca. 257 Ma (Table 4), the split be-
tween Heterogyrinae and Gyrininae dated back to the early
Jurassic ca. 190 Ma and the origin of modern Gyrininae
dated back to the mid-Jurassic ca. 167 Ma.

Haliploidea

We infer Haliplidae as sister to all remaining aquatic fami-
lies (i.e., the Dytiscoidea) which is in line with most recent
molecular phylogenomic studies and morphological infer-
ences (Baca et al., 2021; Baca, Toussaint, et al., 2017; Beutel
et al., 2013; Beutel, Liu, et al., 2020; Gustafson et al., 2020;
McKenna et al., 2019; Toussaint et al., 2016; Vasilikopoulos
et al., 2021). The recognition of this evolutionary branch
as a superfamily (i.e., Haliploidea) is less obvious than be-
fore. Perhaps a more inclusive definition of Dytiscoidea that
would include Haliplidae is desirable and would better de-
pict the existence of two aquatic monophylums in Ade-
phaga. The two currently recognized subfamilies Haliplinae
and Peltodytinae (van Vondel, 2021) are recovered as sister
and reciprocally monophyletic. Genera within Haliplidae
were all recovered as monophyletic but a large-scale phy-
logeny of the family is still lacking despite ongoing work

to refine the classification of the family (van Vondel, 2017,
2019, 2021). The phylogenomic relationships inferred in
this study are in line with the only recent morphological
phylogeny of the group (van Vondel, 2021), indicating that
the current classification of Haliplidae is robust. The origin
of modern Haliplidae is dated back to the Jurassic ca. 176
Ma (Table 4), while the origin of modern Haliplinae is dated
back to the early Cretaceous ca. 133 Ma.

Dytiscoidea

The monophyly of Dytiscoidea is inferred with maximal
support and confirms the placement of this lineage as sister
to Haliploidea, both forming the second aquatic monophy-
lum within Adephaga (Figures 4 and 5). Within Dytiscoidea,
we recover Meruidae (the unique species Meru phylissae
dwells in waterfall hygropetric ecosystems of southern
Venezuela, P. J. Spangler & Steiner, 2005) as sister to No-
teridae, in line with all molecular studies to date (Baca,
Alexander, et al., 2017; Baca et al., 2021; Baca, Toussaint,
et al., 2017; Balke et al., 2008; Beutel et al., 2006, 2013;
Beutel, Liu, et al., 2020; Toussaint et al., 2016). The split
between Meruidae and Noteridae is estimated to have oc-
curred during the Triassic ca. 226 Ma while the origin of
modern Noteridae is dated back to the Jurassic ca. 175
Ma in a somewhat synchrony with that of Haliplidae. The
phylogenomic relationships within Noteridae are consis-
tent with those of Baca et al. (2017) in recovering Notomi-
crinae (including Phreatodytini) as sister to Noterinae.
Two major discrepancies in Adephaga phylogenetics
have remained largely debated in the past decade. First, the
placement of Hygrobiidae has been inconsistently recov-
ered as (1) sister to Aspidytidae and Amphizoidae, (2) sis-
ter to Dytiscidae, or (3) sister to Aspidytidae, Amphizoidae
and Dytiscidae (reviewed in Gustafson et al., 2021). Second,
the monophyly or paraphyly of the water cliff beetle family
Aspidytidae have both been proposed in different studies
(Baca et al., 2021; Toussaint et al., 2016; Vasilikopoulos et
al., 2019, 2021). In this study, we consistently recover Hy-
grobiidae as sister to Aspidytidae and Amphizoidae, in line
with some recent studies (Baca et al., 2021; Gustafson et
al., 2020; Toussaint et al., 2016; Vasilikopoulos et al., 2019,
2021), and supporting the idea that the presence of pro-
thoracic glands, a suggested synapomorphy grouping Hy-
grobiidae and Dytiscidae (Beutel et al., 2006, 2013; Beutel,
Liu, et al., 2020), has evolved convergently (Forsyth, 1970).
As emphasized in Gustafson et al. (2021), these glands are
quite distinct between the two lineages and a closer in-
vestigation of morphological structures supports a scenario
of evolutionary convergence. We also infer Aspidytidae as
paraphyletic as recovered in some studies (e.g., Baca et
al., 2021; Toussaint et al., 2016) and in contradiction with
others (Vasilikopoulos et al., 2019, 2021). The family con-
sists of two monotypic genera, Aspidytes from South Africa
and Sinaspidytes from China with a similar ecology, adults
and larvae being found in hygropetric habitats. These two
species are similar in appearance and are classically united
by the presence of a strongly shortened pedicellus enclosed
in part by the globular distal part of the scapus (Balke et
al., 2005; Toussaint et al., 2016). However other charac-
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ters proposed to unite the two species are currently consid-
ered plesiomorphic (e.g., metacoxal plates). Furthermore,
the morphology of Aspidytidae larvae is very similar to that
of Amphizoidae, their sister lineage in our phylogenomic
inference (Alarie & Bilton, 2005; Toussaint et al., 2016).
It is likely that only genome-scale data will finally allow
tackling the placement of both Aspidytes and Sinaspidytes
within this clade. We infer a split between Hygrobiidae and
the remaining families of this clade in the late Triassic ca.
208 Ma, with a subsequent cladogenetic event between As-
pidytes and Synaspidytes + Amphizoidae in the Jurassic ca.
175 Ma.

Higher-level relationships within the most diverse
aquatic family, Dytiscidae, have been largely unresolved
and differed strongly between analyses (see Baca et al.,
2021; Gustafson et al., 2020; Vasilikopoulos et al., 2021).
The currently recognized subfamilies are supported as be-
ing monophyletic based on molecular data (Baca et al.,
2021; Gustafson et al., 2020; Miller & Bergsten, 2014; Vasi-
likopoulos et al., 2021), with most receiving similar support
through analysis of larval morphology (Michat et al., 2017).
However, the only consistent grouping among subfamilies
is the monotypic Hydrodytinae as sister to the diverse Hy-
droporinae (Baca et al., 2021; Gustafson et al., 2020; Miller
& Bergsten, 2014; Vasilikopoulos et al., 2021). Genomic-
scale data also groups Agabinae + Colymbetinae and
Dytiscinae + Cybistrinae together in a clade, as recovered
here (Figure 4; Baca et al., 2021; Gustafson et al., 2020;
Vasilikopoulos et al., 2021). An important difference among
analyses is the placement of the subfamily Matinae. Mati-
nae was previously placed as sister to all other Dytiscidae
(Désamoré et al., 2018; Miller, 2001; Miller & Bergsten,
2014). Here, Matinae is recovered well inside Dytiscidae as
part of a clade including Agabinae + Colymbetinae, with low
support in analyses of the core region only (Figure 4). A
similar placement was recovered in Gustafson et al. (2020)
and Baca et al. (2021). Vasilikopoulos et al. (2021) simi-
larly inferred a nested position for Matinae, but as sister to
the Hydrodytinae + Hydroporinae clade instead. This same
study placed the clade Coptotominae + Lancetinae as the
sister lineage to all other Dytiscidae. Our current dataset,
and those based largely on UCEs, have placed this clade
sister to Laccophilinae, rather than all other lineages. The
present study, representing the most comprehensive phy-
logenomic analysis in terms of taxon sampling and data
types, infers a different dytiscid tree from the ExC tree
of Vasilikopoulos et al. (2021), comprising two reciprocally
monophyletic groups: one consisting of Hydrodytinae + Hy-
droporinae; and the other containing all other subfamilies
(Figure 4). While this pattern was also inferred in Gustafson
et al. (2020) using UCE data alone, it was not recovered in
Baca et al. (2021). Additionally, taxon sampling for Dytis-
cidae in the present study and others utilizing genomic-
scale data, are limited relative to the known diversity of
this group. Therefore, the major branching pattern within
Dytiscidae remains unclear and requires future investiga-
tion with extensive taxon sampling. We estimate the origin
of modern Dytiscidae at the end of the Triassic ca. 208 Ma,
an age predating previous estimates (e.g., Baca et al., 2021;
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Désamoré et al., 2018), with potentially important impli-
cations for our understanding of diving beetle evolutionary
history.

Caraboidea/Geadephaga

We infer Caraboidea (= Geadephaga) as a monophylum, and
our phylogenomic tree further clarifies the relationships
and temporal origin of many constituent subfamilies and
tribes, the placement and evolution of which have been de-
bated for at least a century (reviewed in part in Bousquet,
2012). At the family level, we infer Trachypachidae as sister
to Cicindelidae and Carabidae with strong branch support
(Figure 4). Despite earlier suggestions that Trachypachidae
could be related to Hydradephaga (e.g., Beutel & Roughley,
1988; Hammond, 1979), it was also postulated that this
family was likely more closely related to Carabidae (Beutel
& Haas, 1996; Kavanaugh, 1986). The monophyly of terres-
trial Adephaga families (i.e., Caraboidea/Geadephaga) has
since received increasing support from recent morpholog-
ical and molecular studies, although internal phylogenetic
relationships have remained, to some extent, unresolved
(e.g., Maddison et al., 2009; Shull et al., 2001). The place-
ment of Trachypachidae in our phylogenomic tree is in line
with the most recent studies and is currently undisputed
(Baca et al., 2021; Beutel, Liu, et al., 2020; McKenna et al.,
2019; Vasilikopoulos et al., 2021). This family consists of
six species placed in two extant genera, the South American
Systolosoma and Holarctic Trachypachus, the former not yet
placed in a phylogenomic framework although the mono-
phyly of Trachypachidae is supported by both morphology
and Sanger sequencing data (Beutel, Liu, et al., 2020; Mad-
dison et al., 2009). We estimate that Trachypachidae di-
verged from their sister group in the Permian ca. 236 Ma,
but the origin of the modern crown group and divergence
between genera remains unexplored.

The placement of Cicindelidae as sister to Carabidae
is consistent with other phylogenomic studies and in line
with morphology (Baca et al., 2021; Beutel, Liu, et al., 2020;
Gough et al., 2020; McKenna et al., 2019; Vasilikopoulos
et al., 2021). Even though the family status of Cicindelidae
has been challenged in the past, it is strongly supported
by genomic data and the unique morphological characters
of this group (Duran & Gough, 2020; Gough et al., 2019;
Putchkov & Cassola, 2005). Within Cicindelidae, we infer
Manticorini as sister to the rest of the family, in agreement
with previous studies (Baca et al., 2021; Galian et al., 2002;
Gough et al., 2019, 2020; Vasilikopoulos et al., 2021). Fu-
ture studies should aim at sampling all recognized genera
within this tribe to test the relationships of constituent lin-
eages. We recover the tribe Collyridini as the next lineage
branching off the topology, and subsequently Ctenostoma
(Ctenostomatini) as sister to Tetracha (Megacephalini), two
unexpected placements in contradiction with earlier stud-
ies in which Ctenostomatini are either inferred as sister to
Cicindelini and Oxcycheilini (Gough et al., 2019, 2020), or
as sister to Collyridini (Galian et al., 2002; Vogler & Bar-
raclough, 1998). The placements of Ctenostomatini, Col-
lyridini, Megacephalini and Oxycheilini require additional
scrutiny with expanded taxon sampling. Similarly, we infer
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Therates (Cicindelini) as sister to Oxycheilini, a result con-
sistent with Vasilikopoulos et al. (2021) but in contradiction
with earlier studies based on multilocus data (Galian et al.,
2002; Gough et al., 2019; Vogler & Barraclough, 1998). We
estimate the origin of modern tiger beetles in the Jurassic
ca. 166 Ma, largely predating the earliest fossil record for
the family (Schmidt et al., 2023). Following an early inter-
est in their molecular phylogeny (Galian et al., 2002; Vogler
& Barraclough, 1998; Vogler & Pearson, 1996; Zerm et al.,
2007), tiger beetles have subsequently been overlooked for
more than a decade, despite their remarkably conserved
morphology, diverse ecologies, and striking adaptations
(e.g., bat echolocation hearing organs and responses; H. G.
Spangler, 1988; Yager et al., 2000). With a limited fossil
record and reduced phylogenomic coverage, our under-
standing of tiger beetle evolution is currently hampered,
and future studies should aim at expanding the taxonomic
coverage of this family.

Within Carabidae, we recover relatively robust phyloge-
nomic placements of most currently accepted subfamilies
across two major clades (Figures 4 and 5). The first clade
in the Carabidae phylogeny, is dated back from the Triassic
ca. 207 Ma, and includes three subclades comprising mul-
tiple subfamilies, some of which are the most species-rich
in the family (e.g., Trechinae). The first subclade comprises
the Broscinae, Elaphrinae and Scaritinae, three subfamilies
with no obvious morphological ties. The Elaphrinae and
Scaritinae were recovered as sister by Baca et al. (2021) that
did not include Broscinae, while Vasilikopoulos et al. (2021)
recovered Scaritinae outside of a clade comprising Brosci-
nae and Elaphrinae. This area of the tree requires much
deeper sampling to be resolved in the future. Nevertheless,
the Scaritinae are inferred as monophyletic with Clivini re-
covered as sister to Scaritini + Pasimachini, in line with
Hogan (2012). We infer an origin of Scaritinae in the Juras-
sic ca. 173 Ma, but understanding the evolutionary history
of this subfamily will require a refined placement among
Carabidae. In a second subclade, we infer the Loricerinae
as sister to the Omophroninae, two species-poor subfami-
lies represented by a single genus, with surprisingly wide-
spread geographic ranges. This relationship was also recov-
ered in Vasilikopoulos et al. (2021). The robust placement
of these subfamilies is key with regards to fossils recently
described from mid-Cretaceous Kachin amber in both lin-
eages and used for divergence time estimations (H. Liu et
al., 2023; Rosova et al., 2023). The third subclade infers the
Trechinae as sister to the Harpalinae and Brachininae, a ro-
bust placement recovered in all recent phylogenomic stud-
ies (Baca et al., 2021; Kim et al., 2024; Raupach et al., 2022;
Vasilikopoulos et al., 2021), as well as to some extent in
morphological studies (e.g., Beutel et al., 2008; Beutel, Liu,
et al., 2020). Trechinae have been the focus of intense re-
search into their systematics and evolution (e.g., Faille et
al., 2021; Maddison et al., 2019; Maddison & Ober, 2011),
yet no comprehensive dated evolutionary tree of the sub-
family has been inferred to date. Future taxon sampling will
be key to refine the very tentative temporal estimates pro-
vided here (i.e., divergence time of Bembidiini + Pogonini
at ca. 120 Ma). The inferred sister-relationship of Brachin-

inae and Harpalinae is well-established in the literature.
Although the phylogeny of Brachininae has been largely
overlooked in the past, the systematics and evolution of
Harpalinae have been the focus of some scrutiny (Ober,
2002; Ober & Heider, 2010; Ober & Maddison, 2008). The
internal phylogenomic relationships within Harpalinae are
largely in agreement with Vasilikopoulos et al. (2021) from
which a majority of the taxa were used. Nevertheless, this
very diverse group of ground beetles necessitates a much
denser sampling to resolve the phylogenomic relationships
among the numerous constituent tribes. The split between
Brachininae and Harpalinae is dated back to the Jurassic ca.
158 Ma with an origin of modern Harpalinae in the early
Cretaceous ca. 136 Ma in broad agreement with the earlier
fossil-based estimates of Ober & Heider (2010).

The second major clade of Carabidae comprises two sub-
clades. The first subclade is composed of several lineages
previously recognized as separate families. For instance,
Paussinae ant nest beetles have long been considered a
distinct family among Adephaga due to unique morpho-
logical adaptations observed in myrmecophilous lineages
(Crowson, 1960). Similarly, Rhysodinae wrinkled bark bee-
tles were once considered a family (i.e., Rhysodidae), with
uncertain placement among beetles, despite early work
suggesting phylogenetic affinities with Carabidae (R. T. Bell
& Bell, 1962). We infer Paussinae as sister to Rhysodinae,
and within a larger clade that also comprises Siagoninae,
although with moderate branch support. This clade was
also recovered with moderate support by Vasilikopoulos et
al. (2021) based on the analysis of ExC alone, although
Paussinae were recovered as sister to Siagoninae. The re-
spective placements of Paussinae and Rhysodinae therefore
remain uncertain and additional taxon sampling of con-
stituent tribes would help clarify this matter considering
the long branches inferred for each family. The clade com-
prising Paussinae, Rhysodinae and Siagoninae is in turn
recovered as sister to the Nebriinae. Finally, the second
subclade is merely composed of the charismatic subfamily
Carabinae. The placement of Carabinae within Carabidae
has been challenging and various hypotheses have been
proposed, usually with low branch support (Maddison et al.,
1999, 2009; Ribera et al., 2005; Shull et al., 2001). Our phy-
logenomic inference is largely in agreement with Baca et al.
(2021), although their taxon sampling was significantly less
comprehensive, and is in contradiction with Vasilikopou-
los et al. (2021) who recovered Carabinae in a phyloge-
nomic grade along with most other subfamilies. The study
of genome-scale phylogenomic relationships in Carabidae
supports a close relationship between Carabinae and Ne-
briinae (Gauthier, Blanc, et al., 2025; Gauthier, Cardenas,
et al., 2025), as do earlier studies based on morphological
grounds (R. T. Bell, 1967; Beutel, 1992; Jeannel, 1940). An
exhaustive genomic and taxonomic sampling of all subfam-
ilies including as many tribal representatives as possible
might be the only avenue to clearly identify the placement
of Carabinae within Carabidae, as well as to disentangle the
relationships of other enigmatic subfamilies (e.g., Apotom-
inae, Cicindinae, Nototylinae).
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With ca. 37,000 described species, ground beetles are the
most diverse family of Adephaga and one of the most di-
verse beetle families overall. Despite an acute interest in
their systematics and taxonomy, knowledge of their evo-
lutionary history is trailing far behind, principally because
a robust phylogenomic tree of the group is missing. There
is a paucity of research in Carabidae phylogenetics using
genomic resources (Gauthier, Blanc, et al., 2025; Gauthier,
Cardenas, et al., 2025), and existing evolutionary trees
based on few loci are not sufficient to explore evolutionary
patterns and processes in this family due to unresolved
placements and lack of branch support (Maddison et al.,
1999, 2009; Ribera et al., 2005). Most future efforts in Ade-
phaga phylogenomics should be directed to expand the
depth of coverage at the subfamilial and tribal levels in
Geadephaga.

To that end, we introduce a newly optimized UCE probe
set named the GeaSub-2.9kv1. The optimization aspect be-
ing the probe to locus recovery ratio for the purposes of in
vitro targeted capture and enrichment. The cost of probe
synthesis increases with probe number, therefore this new
development will aid phylogenomic investigations within
Geadephaga by making probe synthesis more affordable,
without impacting phylogenomic performance. Details of
the newly introduced probe kit GeaSub-2.9kv1 can be found
in supplemental materials on dryad: https:/doi.org/

10.5061/dryad.w9ghx3fzf.
Evolutionary history of Adephaga

A Permian origin is now well-established for crown Ade-
phaga based on time-calibrated molecular phylogenies
(Baca et al., 2021; McKenna et al., 2019; Toussaint et al.,
2017) and fossil data, at least in part (Beutel et al., 2024;
Boudinot et al., 2023; Ponomarenko & Prokin, 2015; Pono-
marenko & Volkov, 2013). Some of these Permian Ade-
phaga fossils have been assigned to extant families such as
Gyrinidae (Beutel et al., 2024; Yan et al., 2018) and Trachy-
pachidae (Kirejtshuk & Ansorge, 2023). However, the place-
ment of the former has been contested (Beutel et al., 2019;
A. G. Kirejtshuk & Prokin, 2018), and all pre-Cenozoic fossil
taxa in the latter belong to the extinct subfamily tEodromi-
nae, whose exact composition and relationship to Cara-
bidae remain unclear (Kirejtshuk & Ansorge, 2023). The
Triassic held the first major diversification event with the
origins of the four superfamilies: Gyrinoidea, Caraboidea,
Haliploidea, and Dytiscoidea (Baca et al., 2021; Figure 5).
There is strong support for the monophyly of these groups
and now consensus among phylogenomic studies regarding
the early branching pattern of Adephaga with Gyrinoidea
sister to the clade (Caraboidea (Haliploidea + Dytiscoidea);
Baca et al., 2021; Gustafson et al., 2020; Vasilikopoulos et
al., 2021).

Much thought has gone into the likely ancestral ground
plan for Adephaga (R. Bell, 1966; Crowson, 1960; Evans,
1982). Given the consensus regarding the deepest splits in
the Adephaga tree, and significant differences in the mor-
phology, behavior, and ecology of adult and larval stages of
aquatic adephagan lineages (Ribera et al., 2002; see Beutel
et al., 2020 for review), numerous independent invasions

of diverse aquatic habitats from the terrestrial environment
are likely. With the exception of the algophagous Halipli-
dae and a few carabid taxa (e.g., Rhysodinae wrinkled bark
beetles), all adephagans are carnivorous and largely preda-
tory, particularly as larvae. Adult Adephaga also uniformly
have their metacoxa fused to the metathorax to some de-
gree, limiting their ability to swing the hind leg forward to
at most 5° (Evans, 1977). Crowson (1955; see also Crow-
son, 1960) proposed that the ancestral Adephaga was likely
a subcortical predator. Consistent with this, Evans (1977)
argued that the metacoxal fusion would afford improved
wedge-pushing ability, as would be required for a predatory
beetle to hunt subcortically. Boudinot et al. (2023) also re-
cently proposed that the smooth elytra in Adephaga was
a ground-plan adaptation associated with the subcortical
movement necessary for predation. Both the metacoxal fu-
sion and smooth elytra would then serve as exaptations
within Gyrinoidea and Dytiscoidea for swift swimming ca-
pabilities. However, in order to quantitatively infer the
likely ancestral character states and timing of the acqui-
sition of particular features, future studies will need to
incorporate both fossil and extant crown taxa in a total-
evidence framework. This will further allow outstanding
questions regarding the monophyly of Aspidytidae in rela-
tion to the extinct tLiadytidae (Baca et al., 2021; Toussaint
et al., 2016), and the proper placement of pre-Cenozoic
fossil taxa to be addressed. By the Jurassic, most modern
Adephaga families were present, with continued pulses of
diversification occurring in both aquatic and terrestrial lin-
eages throughout the Cretaceous and Cenozoic, culminat-
ing in the exceptional diversity of predatory ground and
water beetles seen today.

Conclusions

We demonstrate that two targeted capture methods, tran-
scriptomes, and genomes used to study Adephaga over the
past two decades are compatible and can be integrated to
build comprehensive genomic matrices. Most importantly,
the two capture methods ExC and UCE data are indeed con-
gruous. This is due in part to the exonic nature of many
arthropod UCE loci. To infer robust evolutionary trees, we
develop a bioinformatic pipeline that combines three exist-
ing probe sets, modify the workflow of existing softwares,
compare the impact of trimming on matrix construction,
along with highlighting the effect of data curation and par-
titioning. In doing so, we demonstrate the challenges faced
by target capture approaches, particularly at deep evolu-
tionary time scales. These challenges arise from the se-
quences flanking the genomic regions targeted by probes
(i.e., the core region). These core conserved regions contain
sufficient phylogenomic information to confidently ignore
flanking regions and their associated challenges. With this
integrative approach, we infer the most comprehensive fos-
sil-based evolutionary tree of Adephaga to date. We recover
Hygrobiidae as sister to Amphizoidae and a paraphyletic
Aspidytidae, further supporting the evolutionary conver-
gence of prothoracic glands in Hygrobiidae and Dytiscidae.
Our fossil-calibrated tree supports the origin of stem Ade-
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phaga in the Carboniferous and diversification of extant
lineages in the mid-Permian. Through this work we find
that the most diverse Adephaga family Carabidae remains
undersampled, preventing a better understanding of its
evolutionary history. To address this challenge, we intro-
duce a new ultraconserved element probe set specifically
tailored to Geadephaga beetles that will generate compati-
ble genomic data. By demonstrating that a variety of legacy
genomic datasets can be integrated, and by deploying new
tools to generate additional genomic data and curate it, it
is likely that the Adephaga tree of life will rapidly expand
and reveal the underlying mechanisms of diversification in
this fascinating group of beetles.
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