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Abstract. Beetles are arguably the most diverse group of animals on Earth with
over 400 000 described species. Yet the timing of main diversification events among
these insects remains debated. The use of phylogenomic data generated using
next-generation sequencing recently resolved most recalcitrant phylogenetic relationships across Coleoptera. However, limited taxon sampling for some major clades still
prevents the use of important fossil calibrations that could provide more accurate estimates of the timing of lineage diversification events among beetles. Here, we present
a new fossil-based dated framework with a focus on the suborder Adephaga. We rely
on an integrative phylogenomic approach using a combination of genomic, ultraconserved element and RNAseq transcriptomic datasets, further revealing the prevalent
exonic nature of ultraconserved elements in Coleoptera. We infer a robust phylogenomic tree under various optimality criteria and analytical conditions. Our preferred
phylogenetic reconstruction is consistent with those of previous phylogenomic studies in
recovering the paraphyly of ‘Hydradephaga’, Gyrinidae as sister to all other Adephaga,
the monophyly of Geadephaga and Haliplidae as sister to a monophyletic Dytiscoidea.
We further recover strong support for paraphyly of Aspidytidae and the placement of
Hygrobiidae as part of a clade comprising Aspidytes, Ribera, Beutel, Balke & Vogler,
Sinaspidytes Balke, Beutel & Ribera and Amphizoidae. Using 23 carefully chosen fossil
calibrations across Coleoptera, we infer the origin of modern beetles ca. 317 Ma in the
mid-Carboniferous, the divergence between Archostemata and Adephaga ca. 296 Ma in
the early Permian, and the crown of Adephaga in the end-Permian ca. 255 Ma. Importantly, our analyses provide more precise estimates of divergence times for internal
splits within Adephaga, including ground beetles, tiger beetles and aquatic adephagan
lineages. These results represent a major step forward in our understanding of beetle
diversification and will serve as a fundamental framework to unravel the evolutionary
history of many clades within Adephaga.
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Introduction
With over 45 000 species (Ślipiński, et al., 2011), Adephaga
is the second most diverse suborder within Coleoptera. These
beetles are found across terrestrial and aquatic ecosystems and
hold a key ecological role as dominant predators in these environments. Adephaga includes several well-known charismatic
and specialized lineages, such as the tiger beetles (Cicindelidae), diving beetles (Dytiscidae) and whirligig beetles (e.g.
Gyrinidae), as well as ‘relict’ enigmas like the cliff water beetles
(Aspidytidae) or comb clawed cascade beetles (Meruidae), capturing the attention of amateur and professional biologists alike.
Furthermore, their importance as bioindicators (e.g. Kotze et al.,
2011; Rizo-Patrón et al., 2013) and predators of agricultural
pests (Lövei & Sunderland, 1996) emphasizes the need for a
more complete understanding of adephagan systematics and
timing of evolution.
The evolutionary understanding of Adephaga has been largely
hindered by a lack of stability in phylogenetic hypotheses. Earlier molecular studies generally lacked the resolution in sampling or data needed to robustly reconstruct relationships among
all major lineages of Adephaga (Shull et al., 2001; Ribera
et al., 2002a,b; Balke et al., 2005, 2008; Toussaint et al., 2016),
and often conflicted with those based on morphology (e.g. Beutel et al., 2006, 2013; Dressler et al., 2011; see Baca et al., 2017a;
Gustafson et al., 2020 for more detailed reviews of past studies).
Recently, the use of next-generation sequencing has clarified
long-standing conundrums, for instance, rejecting the monophyly of ‘Hydradephaga’ (i.e. all aquatic lineages of Adephaga),
validating the status of tiger beetles as a family and clarifying the placement of aquatic families within Dytiscoidea (Baca
et al., 2017a; McKenna et al., 2019; Vasilikopoulos et al., 2019;
Gough et al., 2020; Gustafson et al., 2020). Additional work
focused on specific families has further resolved relationships at
the subfamily, tribe and genus levels (e.g. Maddison et al., 1999,
2009; Ribera et al., 2008; Ober & Heider, 2010; Hawlitschek
et al., 2012; Miller & Bergsten, 2012; Morinière et al., 2016;
Baca et al., 2017b; Baca & Short, 2020; Gustafson et al., 2017,
2020; Désamoré et al., 2018; Gough et al., 2019; 2020), leaving
only Haliplidae and the Geadeaphaga without robust phylogenetic estimates of their respective ingroups. Most of the recent
debate surrounding relationships within Adephaga are associated with the dytiscoid families, particularly the monophyly of
Aspidytidae and position of Hygrobiidae (Cai et al., 2020; Beutel et al., 2019; but see Vasilikopoulos et al., 2021; Gustafson
et al., 2021).
Accurate phylogenetic divergence time estimates are critical
to test hypotheses related to the tempo and mode of evolution.
Although there have been numerous studies that attempted to
resolve relationships among Adephaga, no divergence time
estimation to date has focused strictly on this suborder. Our
understanding of the timing of evolution of Adephaga is currently provisioned by studies of all Coleoptera (Hunt et al., 2007;
McKenna et al., 2015, 2019; Toussaint et al., 2017a; Zhang
et al., 2018a, 2018b; see also Misof et al., 2014; Rainford
et al., 2014; Tong et al., 2015), or studies of specific adephagan
lineages too narrow in scope to generalize to the entirety of

Adephaga (e.g. Vogler & Pearson 1996; Balke et al., 2004;
Pons et al., 2004; Ribera et al., 2008; Ober & Heider 2010;
Andújar et al., 2012, 2016, 2017; Hawlitschek et al., 2012;
Faille et al., 2013, 2014; Bukontaite et al., 2014, 2015; Moore
& Robertson 2014; Toussaint et al., 2015, 2017b; López-López
et al., 2016; Morinière et al., 2016; Tsuji et al., 2016; Gustafson
et al., 2017; Désamoré et al., 2018; Gustafson 2018; Toussaint &
Gillett 2018; Villastrigo et al., 2018, 2021; Baca & Short, 2020).
Some of the studies that estimated divergence times at the
broader coleopteran level included tree topologies for Adephaga inconsistent with those recovered by the aforementioned
phylogenomic and morphological investigations specifically
focused on this suborder (Mckenna et al., 2015; Toussaint
et al., 2017a; Zhang et al., 2018a, 2018b) or were too broad in
scope to weigh in on key relationships (Mckenna et al., 2019). In
short, the understanding of the timing of evolution in Adephaga
has not developed in tandem with phylogenetic hypotheses.
As such, the recently published genomic and phylogenomic
datasets (Gough, 2019; McKenna et al., 2019; Vasilikopoulos
et al., 2019; Gustafson et al., 2019, 2020; Pflug et al., 2020)
and rich adephagan fossil record (e.g. Beutel et al., 2013, 2019;
Prokin et al., 2013; Ponomarenko & Prokin 2015; Gustafson,
et al., 2017) offer data to address this shortfall. Indeed, questions at the forefront of interest in Adephaga (Short 2018;
Bilton et al., 2019), including biogeography, the evolution of
swimming, flight and other traits, and habitat evolution, necessitate or will greatly benefit from time-calibrated phylogenies.
A dated adephagan phylogeny would be especially useful
for lineages within Adephaga where fossils are unavailable
for time calibration (e.g., Toussaint & Gillett 2018; Baca &
Short, 2020).
Generally, among studies published thus far, there is a combination of (i) disparate taxon sampling (i.e. sampling is not
consistent across investigations due to availability or focus of
the investigations); and (ii) varying data sources, with studies
that are based on morphology (e.g. Beutel et al., 2006, 2013;
Dressler et al., 2011), traditional sanger markers (e.g. Shull
et al., 2001; Ribera et al., 2002a,b; Balke et al., 2005, 2008;
Mckenna et al., 2015; Toussaint et al., 2016); mitogenomes (e.g.
López-López & Vogler, 2017); RNA seq (McKenna et al., 2019;
Vasilikopoulos et al., 2019); or ultraconserved elements (UCEs,
Baca et al., 2017a; Gustafson et al., 2020). Although this is
not unusual among phylogenetic investigations of a given system, these conflicts cause difficulty in synthesizing data and
tests for repeatability. However, bioinformatic methods provide a roadmap for integrating diverse datasets. For example,
Bossert et al. (2019) integrated transcriptomic and UCE datasets
within Hymenoptera by using a UCE probe set to extract UCEs
in silico from both UCE-enriched and RNA (transcriptomic)
sequence reads. UCEs are often a ‘black box’ data source,
wherein researchers identify conserved regions of the genome
without consideration to the identity or nature (exons vs introns,
etc.) of these regions (Faircloth, 2017; Gustafson et al., 2019).
The successful capture of UCE data from RNA sequence reads
by Bossert et al. (2019) not only suggested that many of the UCE
loci are exonic, but also provided the means to bridge the gap
between data sources where present.
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Here we follow the general approach of Bossert et al. (2019)
and others (Hedin et al., 2019; Kulkarni et al., 2021; Toussaint et al., 2021) to integrate multiple adephagan phylogenomic datasets by using the custom Adephaga 2.9Kv1 UCE
probe set (Gustafson, et al., 2019, 2020) to capture robust, compatible, data in silico from a combination of UCE-enriched
reads (Gustafson et al., 2020), whole-genome short reads
(Pflug et al., 2020) and RNAseq transcriptomic reads (Misof
et al., 2014; Gough et al., 2019; McKenna et al., 2019; Vasilikopoulos et al., 2019). With these data we (i) reconstruct the
phylogeny of Adephaga with the most robust taxon sampling
of major adephagan lineages to date, including both genera of
Aspidytidae; and (ii) reconstruct a dated phylogeny of the suborder using clock-like loci (Smith et al., 2018) within our combined dataset and the rich adephagan fossil record to estimate
divergence times. Our reconstructions therefore test our current
understanding of phylogenetic relationships within Adephaga,
including the placement of Hygrobiidae within Dytiscoidea, the
hypothesized paraphyly of Aspidytidae and backbone relationships of Caraboidea. We also test the timing of major adephagan diversification events as the first investigation to do
so with a strict focus on the suborder. Finally, following findings in Hymenoptera (Bossert et al., 2019), this study tests the
hypothesized exonic nature of UCEs in Coleoptera. Together our
results further elucidate relationships in Adephaga and provide
the entomological community with a robust dated phylogeny,
a foundational component for addressing outstanding questions
about the tempo and modes of evolution in Adephaga. We additionally highlight the potential for combining compatible UCE,
exon and/or transcriptomic data in phylogenomic studies, thus
taking key strides towards uniting data sources in coleopteran
phylogenomics.

Material and methods
Taxon sampling and dataset construction
We combined diverse genomic-level datasets from six recent
studies (Misof et al., 2014; McKenna et al., 2019; Vasilikopoulos et al., 2019; Gough et al., 2020; Gustafson et al., 2020;
Pflug et al., 2020), all of which are available either through
the National Center for Biotechnology Information (NCBI)
database: https://www.ncbi.nlm.nih.gov/, or the Dryad Digital Repository: https://datadryad.org. The accession numbers
for included taxa can be found in Table S1. Specifically, we
downloaded raw genomic reads for six taxa, raw transcriptomic
reads for 38 taxa and raw UCE enrichment reads for 48 taxa
resulting in a total taxon sampling of 92 species, representing
all currently recognized modern extant families of Adephaga
(Ślipiński et al., 2011; Bousquet, 2012) and all subfamilies of
‘Hydradephaga’ (Gustafson et al., 2020). Outgroup sampling
comprised three members of the beetle suborder Archostemata,
two members of Myxophaga and two from Polyphaga.
Raw reads were trimmed using fastP 0.14.1 (Chen et al., 2018)
with default settings. Trimmed reads were inspected for quality and adapter contamination in the fastp outputs and via

FastQC (Andrews, 2010), then assembled into contigs with
SPAdes 3.13.1 (Bankevich et al., 2012). Following assembly,
the data were primarily processed using the Phyluce 1.6.8
(Faircloth, 2016) pipeline for Python 2.7 following the workflow outlined by Bossert et al. (2019) for combining UCE data
with transcriptomic and genomic data. First, Adephaga 2.9Kv1
UCE probes (Gustafson et al., 2019) were matched to the
assembled genomic and transcriptomic contigs using Phyluce
with a minimum identity of 80% to avoid off-target sequence
contamination (Bossert & Danforth, 2018) and a minimum coverage of 50%. Extraction of the UCE loci proceeded differently
depending upon data type: for genomic and transcriptomic
contigs, loci were excised first using the Phyluce command
phyluce_probe_slice_sequence_from_genomes. Genomes were
excised with longer flanking regions than transcriptomes (1600
and 800 bp, respectively), so they could serve as alignment references for the other reads (Bossert et al., 2019). Subsequently,
extracted loci in fasta format were added to the assembled
UCE enrichment contigs, which were together matched to
the Adephaga 2.9Kv1 probes using the aforementioned identity and coverage specifications. Next, the Phyluce command
phyluce_assembly_get_fastas_from_match_counts was used to
construct a uniform probe match database and ultimately extract
all identified UCE loci from the three different data sources in
unison. These extracted UCE sequences were aligned initially
via MAFFT 7.471 (Katoh & Standley, 2013) within Phyluce,
then internally trimmed with Gblocks 0.91 using the settings:
b1 0.5, b2 0.85, b3 8 and b4 10 (Castresana, 2000; Talavera &
Castresana, 2007) to remove ambiguously aligned sites, large
gaps and/or sites with poor taxon representation. Afterwards,
the data were aligned a second time solely using MAFFT 7.471
(outside of Phyluce), so that the accuracy-oriented L-INS-I
algorithm could be implemented. Next, two different data
matrices were constructed using Phyluce: a 50% complete and a
70% complete allowing 50 and 30% missing taxa, respectively,
per locus. As a final step, each locus alignment within both data
sets (50 and 70% complete) was examined by eye, and taxa
exhibiting highly aberrant sequence alignments were removed
from the locus alignment. AMAS 1.0 (Borowiec, 2016) was
used to compute final summary statistics for both datasets.
Custom R-scripts available from https://github.com/laninsky/
Missing_data_for_UCE_loci were used to calculate the amount
of missing data in terms of loci and base pairs per taxon in the
50 and 70% complete datasets. A flow chart of our workflow
for dataset construction is provided in Fig. S26.

Concatenation-based phylogenomic analyses
Phylogenetic analyses were conducted on the 50 and 70%
complete datasets with the sequence data both partitioned and
unpartitioned. ExaBayes 1.4.1 (Aberer et al., 2014) was utilized
for conducting Bayesian inference (BI) on the unpartitioned
datasets only, performing four independent runs with two heated
chains for at least one million generations or until the average
standard deviation of split frequencies was ≤5%, indicating
run convergence. An effective sampling size of ≥200 was
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considered as a good indication of achieving stationarity. A
posterior probability of ≥0.95 was considered as strong support
for specific phylogenetic relationships (Erixon et al., 2003).
For maximum likelihood (ML) analyses, ModelFinder
(Kalyaanamoorthy et al., 2017) and the corrected Akaike information criterion were used to select the best fitting model for
unpartitioned analysis and the results from the sliding-window
site characteristics based on entropy (SWSC-EN) method
(Tagliacollo & Lanfear, 2018) discussed below, used to select an
edge-linked partition model (Chernomor et al., 2016). For both
unpartitioned and partitioned ML analyses, topology support
was inferred using 1000 ultrafast bootstraps, with an ultrafast
bootstraps value ≥95 being considered as strong support (Hoang
et al., 2018) through IQ-TREE 1.6.12 (Nguyen et al., 2015).
To implement the SWSC-EN method, developed specifically
for partitioning UCE locus data (Tagliacollo & Lanfear, 2018),
we first generated a concatenated nexus file including the
location of each UCE locus as character sets for use with the
SWSC-EN script ‘PFinderUCE-SWSC-EN’. This step was
achieved via a custom R-script, ‘partition_by_locus.R’ (available here:https://github.com/laninsky/UCE_processing_steps)
that generated a configuration file for use with PartitionFinder
2.7 (Lanfear et al., 2017). PartitionFinder 2.7 was then run
with linked branch lengths, a GTR + G model of evolution, the
Akaike information criterion for model selection and a variant
of the relaxed hierarchical clustering search algorithm (Lanfear
et al., 2014) to generate the SWSC-EN partitioning scheme
(Tagliacollo & Lanfear, 2018).

Coalescent-based phylogenomic analyses
To accommodate for incomplete lineage sorting (Maddison, 1997; Degnan & Rosenberg, 2006; Edwards, 2009;
Philippe et al., 2011) phylogenies were also inferred using
coalescent-based methods that directly account for gene
tree heterogeneity due to incomplete lineage sorting (Chifman & Kubatko, 2014; Mirarab et al., 2014a; Mirarab
et al., 2014b; Mirarab & Warnow, 2015; Zhang et al., 2018a,
2018b). We ran the summary-based program astral iii 5.7.4.
(Mirarab et al., 2014b; Mirarab & Warnow, 2015; Zhang
et al., 2018a, 2018b) to construct a species tree based on
gene trees produced using raxml 8.2.11 (Stamatakis, 2014)
under the GTRGAMMA model. Support for the ASTRAL
tree was assessed using local posterior probability (Sayyari
& Mirarab, 2016). It has recently been demonstrated that
characterization of UCE loci as either being exonic, intergenic, or intronic, in order to merge co-genic loci into longer
contiguous sequences, improves summary-based species tree
methods like ASTRAL (Van Dam et al., 2021). Therefore,
we utilized the python scripts of Van Dam et al., (2021) and
the fully annotated genome assembly of Tribolium castaneum (Herbst) (Coleoptera, Tenebrionidae; Tribolium Genome
Sequencing Consortium, 2008) available on the NCBI at https://
www.ncbi.nlm.nih.gov/genome/?term=Tribolium+castaneum
to characterize our UCE loci and identify co-genic loci.
Following identification, we utilized our own custom

R-script: https://github.com/laninsky/beetles/tree/master/van_
dam_concatenation to concatenate all co-genic loci. We then
re-ran astral iii using the same method presented above on
the curated dataset with merged co-genic UCE loci (Van Dam
et al., 2021). Additionally, we utilized PAUP* (Swofford, 2003)
to run SVDquartets (Chifman & Kubatko, 2014), which is a
site-based coalescent method that infers a species tree utilizing
quartet analysis of nucleotide polymorphisms present within
an alignment. Support for the SVDquartets tree topology was
estimated using 500 replicates of multilocus bootstrapping
(Seo, 2008).

Additional topological tests and estimates of support
One of the outstanding questions among adephagan phylogenetics relates to the monophyly of the dytiscoid family
Aspidytidae. To test the robustness of our preferred tree topology with regards to the placement of both Aspidytidae species,
we conducted four-cluster likelihood-mapping (FcLM) (Strimmer & von Haeseler, 1997) as implemented in IQ-TREE 1.6.12
(Nguyen et al., 2015). First, we specified four different clusters
of taxa: (i) Aspidytes niobe Ribera, Beutel, Balke & Vogler;
(ii) Sinaspidytes wrasei (Balke, Ribera, & Beutel); (iii) the
two Amphizoidae species: Amphizoa insolens LeConte and
A. lecontei Matthews; and (iv) the three Hygrobiidae species:
Hygrobia hermanni (Fabricius), H. australasiae (Clark) and H.
nigra (Clark), along with all remaining taxa in the dataset. We
then ran the FcLM analysis on both the 50% and 70% complete
concatenated data matrices, using ModelFinder (Kalyaanamoorthy et al., 2017) with the ‘ALL’ function specified and 2500
quartets drawn.
In order to directly quantify genealogical concordance
between our preferred tree topology and our genomic data, we
utilized IQ-TREE 2.1.2 (the COVID-19 release) to estimate both
gene and site concordance factors (sCFs; Minh et al., 2020).
These factors measure variance in both gene- and site-level support for a particular branch of the tree, compared to bootstrap
values, which measure sampling variance, and as such, can be
inflated in large genomic datasets (Minh et al., 2020). Gene
concordance factors (gCFs) range from 0 to 100% with the
former indicative of no genes supporting the focal branch and
the latter all genes in concordance, whereas sCFs are calculated
using quartets and are, therefore, typically greater than 33%
(Minh et al., 2020). Importantly, a sCF value less than ∼33% is
indicative of a scenario in which maximum parsimony would
favour a different topology regarding that particular split in the
tree (Minh et al., 2020).
In addition to genealogical concordance, we also tested
the overall topological support for both our preferred topologies recovered via the concatenated 50 and 70% complete
data matrices analysed under ML with SWSC-EN partitioning
and those obtained using summary-based coalescent methods
(i.e. ASTRAL species trees) using alternative quartet topology support comparisons implemented in astral iii (Mirarab
et al., 2014b; Mirarab & Warnow, 2015; Zhang et al., 2018a,
2018b). This was done by feeding ASTRAL the corresponding
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tree topologies to test along with the gene trees generated above
using raxml for the 50 and 70% complete data matrix (CM),
respectively, and using the command -t 8. A flow chart of all
time-free phylogenetic analyses and topology tests is provided
in Fig. S27.

Divergence time estimation
We relied on a gene-shopping approach as developed in
the program SortaDate (Smith et al., 2018) to generate a
new phylogenomic dataset tractable for Bayesian divergence
time estimation. Based on inferred locus-specific trees and the
best-scoring species tree recovered in IQ-TREE using the 50%
UCE complete dataset (see Section 3), we filtered all available
loci using the three following criteria: clock-likeness, tree length
and the least topological conflict with the species tree. We
selected the top scoring 100 loci (40 749 bp in total) resulting
from this SortaDate analysis and concatenated them into a new
matrix comprising the 92 total taxa. The optimal partitioning
scheme was selected in PartitionFinder 2 (Lanfear et al., 2017)
using the rcluster algorithm to reduce the computational burden
and a minimum subset size of 2 kb to avoid overparameterization
in subsequent analyses. The resulting scheme was used as
an input in BEAUti 1.10.4 (Suchard et al., 2018) to produce
input files for BEAST 1.10.4 (Suchard et al., 2018). In order
to calibrate the Bayesian relaxed clocks used in BEAST, we
relied on a comprehensive set of carefully selected fossils that
could be placed with confidence in the species tree inferred
in IQ-TREE and used as fixed input in the divergence time
estimation analyses (see Table 1).
Fossils were chosen and accordingly specified as stem lineages
in the species tree using two types of prior distributions to
accommodate uncertainty. First, we used lognormal priors that
allow for the maximum probability of the posterior ages to be
somewhat older than the minimum age provided by the fossil
record. Using such a distribution, the mean, standard deviation
and offset of the prior can be adjusted so that the mode of the
distribution predates the age provided by the fossil. In this case,
we set up the priors so that 95% of the distribution encompassed
an interval ranging from the minimum age of the fossil to an
age 50 Ma older, thereby allowing for lineages to be older
than the fossil assigned to their stem. The mean value in real
space of these lognormal distributions was set up in BEAUti
to 20 Ma and the standard deviation value to 13.47 Ma, thereby
also taking into account possible uncertainty in the age of the
fossil itself (i.e., these priors allow for the hard minimum bound
of the lognormal distribution to be five million years younger
than the presumed age of the formation in which the fossil
was discovered). We used the same approach for the root of
the tree, setting up the corresponding lognormal prior based
on the fossil †Coleopsis archaica Kirejtshuk, Poschmann &
Nel (minimum age of 295 my see Table 1). This way, 95% of
the lognormal distribution for the root encompassed an interval
ranging from 295 to 345 Ma (i.e., the offset corresponding to
the hard minimum bound being set up at 290 Ma), the latter age
being consistent with both the fossil record of Holometabola

and estimates for the stem age of Coleoptera (i.e., crown of
Coleoptera+Strepsiptera) in recent phylogenomic studies (Tong
et al., 2015; McKenna et al., 2019). Second, we used exponential
priors for which no mode is required (one less parameter to be
specified compared to lognormal distributions). We set up the
exponential distributions of all fossil calibrations so that 95% of
the prior distribution encompassed an interval ranging from the
minimum age provided by the fossil record and an age 50 Ma
older in the same fashion as in the lognormal distribution set up
using a mean value of 13.65 Ma and specific offset values.
All time-calibrated analyses were performed on the CIPRES
Science Gateway cluster (Miller et al., 2010) and the Northern
Arizona University’s Monsoon computing cluster. The analyses
were set up for 300 million generations, with tree and parameter
sampling every 5000 generations. Marginal likelihood estimates
were estimated by setting up path-sampling and stepping-stone
sampling analyses with default options in BEAUti (Baele et al.,
2012) to compare the fit of the different models. Our preferred configuration was that with the best marginal likelihood
estimates (Table 2). Maximum clade credibility trees utilizing
median divergence age estimates were generated using TreeAnnotator 1.10.4 (Suchard et al., 2018).

Results
UCE data from diverse genomic reads
A total of 2941 different UCE loci were identified using the
Adephaga 2.9Kv1 probe set from the three different genomic
read types in our dataset. The maximum number of loci identified within a single taxon was 2668 from the genomic reads
of Omoglymmius hamatus (LeConte) (Fig. 1A). Genomic read
data overall resulted in the highest number of UCE loci identified among the different read types (Fig. 1A, B). Transcriptomic
read data showed no evidence of reduced locus identification
(Fig. 1A). The numbers of loci identified appear to be primarily
associated with phylogenetic distance from taxa used in probe
design (i.e. genomic read data taxa, Fig. 1A) rather than read
type, with transcriptomic read data performing comparable to
or even better than UCE-enriched read data in some cases (e.g.
Gyrinus marinus Gyllenhaal and Pogonus chalceus Marsham;
Fig. 1A; Table S2).
With regards to the final datasets assembled for phylogenomic
analysis, the 50% CM consisted of 885 total UCE loci resulting
in a total alignment length of 266 127 bp, with a per-taxon mean
of 513 loci, a median of 479 loci and a range of 246–796 loci
(Table S2). Most interestingly, with regards to the origin of the
in silico recovered loci that made up the 50% CM, excluding the
biased genomic read data, transcriptomic read data contributed
more loci to the dataset than UCE-enriched read data (Fig. 1B;
Table S2). The 70% CM contained a total of 200 UCE loci for
a total alignment length of 67 001 bp, with a per-taxon mean
of 138 loci, a median of 135 loci and a range of 56–179 loci
(Table S2). The 50% CM had a total number of 146 979 variable
sites (55.2% of the total matrix); compared with 35 473 variable
sites in the 70% CM (however, a comparable percentage of
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Family

Carabidae

Carabidae

Cicindelidae

Dytiscidae

Dytiscidae

Dytiscidae

Dytiscidae

Dytiscidae

Dytiscidae

Dytiscidae

Dytiscidae

Dytiscidae

Dytiscidae

Suborder

Adephaga

Adephaga

Adephaga

Adephaga

Adephaga

Adephaga

Adephaga

Adephaga
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Adephaga

Adephaga

Adephaga

Adephaga

Adephaga

Laccophilinae

Dytiscinae

Dytiscinae

Colymbetinae

-

Copelatinae

Hydroporinae

Coptotominae

Agabinae

Hydroporinae

Cicindelinae

Carabinae

Harpalinae

Subfamily

Table 1. Fossil selection.

Stem Laccophilini

Stem Aciliini

Stem Dytiscinae

Stem Colymbetes

Stem Dytiscidae

Stem Copelatus

Stem Vatellini

Stem Coptotomus

Stem
Ilybius/Platambus

Stem Hydroporus

Stem Oxycheila

Stem Calosoma

Stem Harpalinae

Placement

Japanolaccophilus beatificus
Balke & Hendrich, 2019

Acilius florissantensis
Wickham, 1909 14/257
Cat. No. 5 holotype

Ambarticus myanmaricus
Yang et al., 2019
SYS-ENAM0009

Colymbetes miocaenicus
̌
Ríha,
1974 Nr. 254/2673

Palaeodytes gutta
Ponomarenko, 1987 PIN
2066/2654

Copelatus aphroditae Balke,
2003 #1153

Derovatellus sp. in Weitschat
& Wichard, 2010, fig. 10F

Coptotomus balticus
Hendrich & Balke 2020

Hydrotrupes prometheus
Gomez & Daamgard, 2014
ZMUC00036776

Hydroporus carstengroehni
Balke, Beigel & Hendrich,
2010

Oxycheilopsis cretacicus,
Cassola & Werner 2004

Calosoma agassizi Nel 1989

Burmapseudomorphus
planus, Beutel et al., 2020

Fossil

Baltic Amber, Yantarnii mine,
Kaliningrad Region, Russian
Federation (Middle Eocene,
Lutetian Stage)

Florissant, Station 14, Teller Co.
Colorado, U.S.A. (Chadronian)

Burmese Amber, Hukawng Valley
(Upper Cretaceous,
Cenomanian)

Vishnevaya Balka creek, Karagan,
Stavropol (Middle Miocene)

Karatau, Karabastau (Upper
Jurassic)

Baltic Amber (Middle Eocene)

Baltic Amber (Middle Eocene)

Baltic Amber (Middle Eocene)

Baltic Amber, Lithuania (Middle
Eocene, Lutetian Stage)

Baltic Amber, Kaliningrad,
Russian Federation (Middle
Eocene, Lutetian Stage)

Crato Formation (Brazil)

Aix-en-Provence (Upper
Oligocene)

Burmese Amber, Hukawng Valley
(Upper Cretaceous,
Cenomanian)

Deposit

Wolfe et al. (2016); Balke
& Hendrich (2019);
Balke et al. (2019)

Wickham (1909)

33.9

41.3

Shi et al. (2012); Yang
et al. (2019)

Ponomarenko (1987);
Prokin et al. (2013);
Ponomarenko &
Prokin (2015)
̌
Ríha
(1974)

Klausnitzer (2003);
Weitschat &
Wichard (2010); Wolfe
et al. (2016); Balke et al.
(2019)
Miller & Balke (2003);
Wolfe et al. (2016)

Hendrich & Balke (2020)

Gomez &
Daamgard (2014); Wolfe
et al. (2016)

Balke et al. (2010); Wolfe
et al. (2016)

Cassola & Werner (2004)

Nel (1989a)

Beutel et al. (2020a)

References

98.17

11.6

155.7

41.3

41.3

41.3

41.3

41.3

112

23.03

98.17

Min.
Age

tmrca(Laccophilini)
mean = 13.65
offset = 40.95

tmrca(Aciliini)
mean = 13.65
offset = 33.55

tmrca(Dytiscinae)
mean = 13.65
offset = 97.82

tmrca(Colymbetes)
mean = 13.65
offset = 11.25

tmrca(Dytiscidae)
mean = 13.65
offset = 155.28

tmrca(Copelatus)
mean = 13.65
offset = 40.95

tmrca(Vatellini)
mean = 13.65
offset = 40.95

tmrca(Coptotomus)
mean = 13.65
offset = 40.95

tmrca(Ilybius_Platambus)
mean = 13.65
offset = 40.95

tmrca(Hydroporus)
mean = 13.65
offset = 40.95

tmrca(Oxycheilini)
mean = 13.65
offset = 111.62

tmrca(Calosoma)
mean = 13.65
offset = 22.68

tmrca(Harpalinae)
mean = 13.65
offset = 97.82

BEAUti exponential
prior settings

tmrca(Copelatus)
mean = 20.0
SD = 13.47
offset = 36.3
tmrca(Dytiscidae)
mean = 20.0
SD = 13.47
offset = 150.7
tmrca(Colymbetes)
mean = 20.0
SD = 13.47
offset = 6.6
tmrca(Dytiscinae)
mean = 20.0
SD = 13.47
offset = 93.17
tmrca(Aciliini)
mean = 20.0
SD = 13.47
offset = 28.9
tmrca(Laccophilini)
mean = 20.0
SD = 13.47
offset = 36.3

tmrca(Harpalinae)
mean = 20.0
SD = 13.47
offset = 93.17
tmrca(Calosoma)
mean = 20.0
SD = 13.47
offset = 18.03
tmrca(Oxycheilini)
mean = 20.0
SD = 13.47
offset = 107.0
tmrca(Hydroporus)
mean = 20.0
SD = 13.47
offset = 36.3
tmrca(Ilybius_Platambus)
mean = 20.0
SD = 13.47
offset = 36.3
tmrca(Coptotomus)
mean = 20.0
SD = 13.48
offset = 36.3
tmrca(Vatellini)
mean = 20.0
SD = 13.47
offset = 36.3

BEAUti lognormal
prior settings

4

7

11

17

19

1

16

21

12

3

2

10

18
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Staphilinidae

Polyphaga

Stem Heterogyrinae

Placement

-

-

-

-

†Eodromeinae

-

Gyrininae

Root Min Age

Stem Staphilinidae

Stem Hydroscapha

Stem Priacma

Stem Cupedidae

Stem Trachypachidae

Stem Haliplus

Stem Dineutini

Spanglerogyrinae Stem
Spanglerogyrinae

Heterogyrinae

Subfamily

Root Coleoptera †Tshekardocoleidae -

Hydroscaphidae

Trachypachidae

Adephaga

Myxophaga

Haliplidae

Adephaga

Cupididae

Gyrinidae

Adephaga

Archostemata

Gyrinidae

Adephaga

Cupididae

Gyrinidae

Adephaga

Archostemata

Family

Suborder

Table 1. Continued

Iya Locality (Lower Jurassic,
Cheremkhovskaya Formation)

Bascharage, Grand Duché de
Luxembourg (Upper Toarcian)

Deposit

Coleopsis archaica
Kirejtshuk, Poschmann &
Nel, 2014 ZfB 3315

Juroglypholoma antiquum
Cai et al., 2012

Hydroscapha jeholensis Cai,
Short, & Huang, 2012
NIGP 152505

Priacma tuberculosa Tan
et al., 2006

Kirghizocupes proporeius
Ponomarenko, 1969 PIN
2240/3

Sogdodromeus altus
Ponomarenko, 1977 PIN
2971/417

Haliplus cretaceus Prokin &
Ponomarenko, 2013 PIN
3559/6371

Meisenheim, Rotliegend (Asselian
or Sakmarian)

Jiulongshan Formation at
Daohugou

Yixian, Jianshangou (Lower
Cretaceous)

Yixian, Jianshangou (Lower
Cretaceous)

Madygen, Dzhailoucho (Carnian)

Madygen, Dzhailoucho (Carnian)

Bon Tsagan (Lower Cretaceous,
Barremian-Aptian)

Cretodineutes rotundus Liang Burmese Amber, Hukawng Valley
et al., 2020
(Upper Cretaceous,
SYS-ENAM0010
Cenomanian)

Angarogyrus minimus
Ponomarenko, 1977 PIN
1670/385

Cretotortor sp. IB 974 Nel,
1989

Fossil

Ponomarenko (1977);
Ponomarenko &
Prokin (2015);
Gustafson et al. (2017)
Shi et al. (2012); Liang
et al. (2020)

Nel (1989b); Gustafson
et al. (2017)

References

Ponomarenko (1969);
Kirejtshuk et al. (2016)

295

Kirejtshuk et al. (2014)

122.46 Cai et al. (2012b);
Chatzimanolis
et al. (2012); Fraser
et al. (2017); Fikáček
et al. (2020)
157.3 Cai et al. (2012a)

122.46 Tan et al. (2006)

221.5

122.46 Prokin &
Ponomarenko (2013);
Ponomarenko &
Prokin (2015)
221.5 Ponomarenko (1977)

98.17

174.1

174.1

Min.
Age

treeModel.root.Height
mean = 13.65
offset = 294.65

tmrca(Staphylinidae)
mean = 13.65
offset = 156.91

tmrca(Hydroscapha)
mean = 13.65
offset = 122.12

tmrca(Priacma)
mean = 13.65
offset = 122.12

tmrca(Cupedidae)
mean = 13.65
offset = 221.15

tmrca(Trachypachidae)
mean = 13.65
offset = 221.12

tmrca(Haliplus)
mean = 13.65
offset = 122.12

tmrca(Dineutini)
mean = 13.65
offset = 97.82

tmrca(Spanglerogyrinae)
mean = 13.65
offset = 173.72

tmrca(Heterogyrinae)
mean = 13.65
offset = 173.72

BEAUti exponential
prior settings

tmrca(Staphylinidae)
mean = 20.0
SD = 13.47
offset = 152.3
treeModel.rootHeight
mean = 20.0
SD = 13.47
offset = 290.0

tmrca(Heterogyrinae)
mean = 20.0
SD = 13.47
offset = 169.1
tmrca(Spanglerogyrinae)
mean = 20.0
SD = 13.47
offset = 169.1
tmrca(Dineutini)
mean = 20.0
SD = 13.47
offset = 93.17
tmrca(Haliplus)
mean = 20.0
SD = 13.47
offset = 117.46
tmrca(Trachypachidae)
mean = 20.0
SD = 13.47
offset = 216.5
tmrca(Cupedidae)
mean = 20.0
SD = 13.47
offset = 216.5
tmrca(Priacma)
mean = 20.0
SD = 13.47
offset = 117.46
tmrca(Hydroscapha)
mean = 20.0
SD = 13.47
offset = 117.46

BEAUti lognormal
prior settings

15

23

5

22

8

20

13

14

6

9

Fig. 4 node
number

974
S. M. Baca et al.

© 2021 The Royal Entomological Society, Systematic Entomology, 46, 968–990

Evolutionary History of Adephaga beetles 975
Table 2. BEAST run summary.
Analysis

Clocks

Fossil priors

PS MLE

SS MLE

Crown Coleoptera (95% CI)

Stem Adephaga (95% CI)

Crown Adephaga (95% CI)

A1
A2
A3
A4

1
1
12
12

Exponential
Lognormal
Exponential
Lognormal

−928 712.347
−928 710.403
−927 549.082
−927 566.449

−928 706.917
−928 709.898
−927 575.006
−927 596.781

303.242 (294.650–324.780)
304.821 (293.767–321.964)
317.998 (303.299–335.090)
322.430 (305.724–342.417)

280.637 (263.997–301.786)
281.551 (264.766–299.429)
295.715 (283.470–310.041)
299.341 (285.782–315.638)

248.781 (237.428–264.246)
250.493 (237.845–264.411)
255.359 (246.699–265.796)
258.440 (248.772–271.512)

PS, path-sampling; SS, stepping-stone sampling; MLE, marginal likelihood estimate; CI, credibility interval; all ages are in millions of years.

Fig. 1. Summary of ultraconserved element locus recovery and functional identification. (A) Total ultraconserved element loci identified using the
Adephaga 2.9Kv1 probe set per taxon. Cladogram depicts preferred phylogenetic relationship recovered in this study and bar colour denotes read data
type. (B) Box-and-whisker plot of the number of ultraconserved element loci present in the 50% complete matrix based on read data type. (C) Functional
identification of ultraconserved element loci targeted by the Adephaga 2.9Kv1 probe set using the fully annotated genome-level assembly of Tribolium
castaneum. (D) the same as the former but for the Coleoptera 1.1Kv1 probe set. Trachy., Trachypachidae; Halip., Haliplidae; Meru., Meruidae; Noter.,
Noteridae; Hygrob., Hygrobiidae; Aspidyt., Aspidytidae; Amphiz., Amphizoidae.

52.9% of the total matrix) (Table S3). A similar trend occurred
in parsimony informative sites (Table S3).
We characterized the UCE loci targeted by the Adephaga
2.9Kv1 probe set using the most complete and well-annotated
beetle genome, that of the model organism T. castaneum,
and the python scripts developed by Van Dam et al. (2021).
Unfortunately, only 293 out of the 2948 total loci targeted
by the probe set could be identified using the T. castaneum
genome (Fig. 1C). This is in stark contrast to the Coleoptera

1.1Kv1 probe set designed by Faircloth (2017), which utilized
T. castaneum as the base genome during probe design, where
1122 loci out of 1172 could be characterized using the genome
assembly of T. castaneum (Fig. 1D). We suspect that once a fully
annotated genome of a member of Adephaga becomes available,
we will be able to better characterize the loci targeted by the
Adephaga 2.9Kv1 probe set. Interestingly, the loci that could
be identified showed similar proportions of loci characterized as
either being exonic, intronic, both or intergenic (Fig. 1C, D).
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Phylogenomic inference
Phylogenetic analyses of the concatenated 50% CM recovered
consistent, well-resolved and highly supported topologies across
BI and ML methods (Fig. 2; Figs S1–S6). These results were
consistent with backbone topologies recovered by BI and ML
analyses of the concatenated 70% CM, with the exception of the
positions of Spanglerogyrus Folkerts and Noteridae + Meruidae.
Both the BI and unpartitioned ML analyses of the 70% matrix
recovered Spanglerogyrus as sister to all other adephagans, thus
rendering Gyrinidae paraphyletic (Figs S2, S4). All concatenated 70% CM analyses recovered Noteridae + Meruidae as
sister to Haliploidea + Dytiscoidea, all with variable support
(Figs 2, S2, S4, S6). Additional inconsistencies between the 50
and 70% CM analyses were primarily limited to relationships
among families of Dytiscoidea or tribes of Dytiscidae.
All analyses recovered: (i) ‘Hydradephaga’ as paraphyletic,
with concatenated analyses recovering Gyrinidae sister to all
other adephagans; (ii) Geadephaga as monophyletic with Trachypachidae sister to Cicindelidae + Carabidae, the latter being
reciprocally monophyletic; and (iii) Aspidytidae as paraphyletic
with recovered relationships between Hygrobiidae, Amphizoidae, Aspidytes and Sinaspidytes varying among analyses,
although none recovered a monophyletic sister relationship
between Aspidytes and Sinaspidytes (Figs 2, S1–S12). Notably,
the monophyly of Amphizoidae and Sinaspidytes, excluding
Aspidytes, was strongly supported in all ML analyses of both
the 50 and 70% CMs, with Hygrobiidae and Aspidytes as their
successive sister groups (with variable support). Hygrobiidae,
Amphizoidae, Aspidytes and Sinaspidytes were recovered as a
clade with strong support, and together sister to Dytiscidae in
all analyses of the 50% CM; and with moderate to strong support in ML analyses of the 70% CM (Figs 2, S1–S12). Only
the uncurated ASTRAL analysis of the 70% dataset (Fig S8)
failed to recover this relationship, with Hygrobiidae placed as
sister to Dytiscidae with low support. However, ASTRAL analysis of the curated 70% CM with concatenated co-genic UCE
loci resulted in Hygrobiidae again being placed in a clade with
Amphizoidae and a paraphyletic Aspidytidae, with moderate
support (Figs 2, S10). Therefore, in spite of only a few loci being
characterized as co-genic within our dataset (Fig. 1C), concatenating these loci together for curated summary-based coalescent
analyses using ASTRAL improved species tree reconstruction
(Figs 2, S9, S10), consistent with previous findings (Van Dam
et al., 2021).
Within Dytiscidae, recovered relationships were consistent
among the analyses of the concatenated 50 and 70% CMs,
respectively, and highly supported (Fig. 2). Recovered relationships between the 50 and 70% CMs differed in that in analyses
of the 50% CM (ML and BI) Laccophilinae, Lancetinae and
Coptotominae formed a monophyletic clade sister to all other
Dytiscidae, whereas in analyses of the 70% CM, Laccophilinae
alone, then Lancetinae + Coptotominae were successive sisters
to all other Dytiscidae (Figs 2, S1–S6).
Coalescent-based methods reconstructed relationships consistent with concatenated analyses in Geadephaga (Fig. 2).
However, coalescent methods generally produced divergent

topologies from those of the concatenated methods (Fig. 2).
Both SVDquartets analyses recovered Noteridae + Meruidae
as sister to the remainder of Adephaga, rather than Gyrinidae
(Figs S11–S12). All coalescent-based analyses, of both the
50 and 70% CM, recovered Gyrinidae as polyphyletic, with
Spanglerogyrus sister to Haliplidae or Dytiscoidea, and the
rest of the Gyrinidae sister to Geadephaga (Figs 2, S7–S12).
The 70% ASTRAL analyses recovered Noteridae + Meruidae
as sister to this bulk Gyrinidae (i.e. Heterogyrinae + Gyrininae) + Geadephaga clade (Figs S8, S10). Similar incongruences
between the coalescent and concatenated analyses occur in
Dytiscidae. Here, coalescent-based analyses primarily support two large clades within the family, one comprising
Hydrodytinae + Hydroporinae; and the other comprising the
remaining subfamilies, which are typically larger-bodied Dytiscidae (e.g. Cybistrinae, Dytiscinae; Figs S7, S9, S12). These
coalescent-based topologies differed in whether Hydrodytinae
grouped with Hydroporinae or as a relatively early diverging
lineage within the clade of larger-bodied Dytiscidae subfamilies whose internal relationships also varied between analyses
(Figs S8, S10, S11). Most of the conflicting relationships
between concatenated and coalescent-based methods were
recovered without strong support by the coalescent-based
methods (Figs S7–12).
Concordance factors estimated for the concatenated 50%
SWSC-EN CM tree varied considerably across Adephaga
(Figs 2, S13). gCF values along the major backbone nodes
ranged from 0.65 (Geadephaga + Dytiscoidea) to 9.96 (Adephaga). Overall, values ranged from 0.65 to 96.2, with very
few lower than 2.00 (Fig S13). sCFs also varied widely,
with backbone sCF values ranging from 33.4 (Dytiscoidea)
to 38.8 (Dytiscidae + (Hygrobiidae, Amphizoidae, Aspidytes,
Sinaspidytes). Concordance factors calculated for the 70% concatenated topologies were similar, albeit sometimes reduced (in
two cases sCF values <33%), compared with those of the 50%
concatenated analyses (Figs S13, S14). In general, deeper relationships had lower concordance factor values than shallower
relationships (Figs S13, S14). Nearly all recovered concordance
factors favoured our preferred tree or were otherwise ambiguous (Figs S13, S14; Tables S4, S5). Alternate quartet topology support recovered by ASTRAL favoured the relationships
of the input topologies (i.e. the 50% SWSC-EN ML and 50%
ASTRAL topologies, which are denoted as q1 in Figs S15, S16)
to their alternatives at nearly all nodes, i.e. a given branch of
our input trees agreed with the highest percentage of quartets
in our gene trees versus alternative topologies for that branch’s
respective quartet, with few exceptions. This was also the case
for the 70% SWSC-EN ML and ASTRAL recovered tree topologies (Figs S17, S18). Four-cluster likelihood-mapping provided
strong support for the paraphyly of Aspidytidae for both the
50 and 70% CMs (Fig. 3A, C) as 95.9 and 98.8% of quartets,
respectively, supported topologies in which the Aspidytidae genera are not each other’s closest relatives. Interestingly, we recovered stronger FcLM support for Aspidytes niobe being sister to
Amphizoidae and Sinaspidytes wrasei being sister to Hygrobiidae + the remaining taxa in our analysis (Fig. 3), which is in
contrast to the vast majority of our phylogenetic analyses with
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Fig. 2. Phylogeny of Adephaga beetles inferred from an integrative phylogenomic dataset based on genomic, RNAseq and ultraconserved element
enriched read data using the Adephaga 2.9Kv1 probe set. The displayed tree was recovered via maximum likelihood analysis of the concatenated
SWSC-EN partitioned 50% complete data matrix consisting of 885 ultraconserved element loci. Numbers at select nodes indicate gene- and site
concordance factors respectively. Scale bar at bottom depicts expected number of substitutions per site. Boxes at nodes allow comparison across other
phylogenetic methods with relative support for shown reconstruction indicated by colour in the key at the lower left of the figure. Above the colour
key, an additional key indicates which type of analysis is represented by each box position. The asterisk (*) next to the taxon names identifies either
a congener or the species of beetle illustrated to the right of the tree. CM, complete data matrix; Concat., concatenated; BI, Bayesian inference; ML,
maximum likelihood; SWSC, SWSC-EN partitioning scheme; BS, bootstrap support; UFB, ultrafast bootstrap support; PP, posterior probability.

the exception of SVDquartets (Figs S11, S12), which primarily
recovered Sinaspidytes as sister to Amphizoidae (Figs S1–S6)
or Sinaspidytes and Aspidytes as sequential sisters to Amphizoidae (Figs S7–S9).

Divergence time estimation
All divergence time analyses recovered largely consistent
divergence times with broadly overlapping credibility intervals
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Sinaspidytes wrasei

4.1%

1.2%

Aspidytes niobe

0.0%

A

38.6%

1.0%

B

56.3%

%
0.0
0.0%

48.2%

0.0%

%
1.0

Hygrobiidae
+ remaining

%
0.0

0.0
%

Amphizoidae

49.6%

Fig. 3. Results of the four-cluster likelihood-mapping regarding support for the placement of the two known species of Aspidytidae: Sinaspidytes
wrasei and Aspidytes niobe, using (A) the 50% complete data matrix and (B) the 70% complete data matrix. Central key shows which image is
representative of which taxon or cluster of taxa. The pyramid depicts the percentage of quartets in support of a particular tree topology with colour at
corners corresponding to the topology that particular percentage supports.

regardless of the number of clocks and fossil prior distribution
choice (Figs S20–S23). Based on marginal likelihood estimates
comparison, the analysis performed with 12 clocks and exponential fossil prior distributions was the best fit, and we provide
the results and a discussion of this analysis hereafter (Figs 2,
S22). A summary of the divergence time estimation runs is presented in Table 2.
We infer an origin of crown beetles at ca. 317 Ma [95% credibility interval (CI) = 303–335 Ma]. The origin of crown Adephaga was inferred as ca. 255 Ma (95% CI = 247–266), whereas
the origin of crown Gyrinidae was inferred as ca. 242 Ma (95%
CI = 230–254 Ma). We estimate the crown age of Geadephaga
to be ca. 227 Ma (95% CI = 221–236 Ma) with a subsequent
crown age of Carabidae at ca. 197 Ma (95% CI = 188–206 Ma)
and of Cicindelidae at ca. 169 Ma (95% CI = 162–178 Ma). The
origin of the predominantly aquatic Dytiscoidea is dated to ca.
220 Ma (95% CI = 212–231 Ma) with crown ages for Dytiscidae at ca. 167 Ma (95% CI = 157–173 Ma) and for Noteridae at
ca. 152 Ma (95% CI = 141–164 Ma).

vein, phylogenetic distance from the genomes used in probe
design, rather than the type of source data, appears to be more
consistently associated with successful UCE locus capture. This
is consistent with results of the in silico tests for optimal base
genomes conducted by Gustafson et al., (2019). The result of
transcriptomic read data showing no evidence of reduced locus
identification (Fig. 1A) was surprising. However, this finding is
in line with those of Bossert et al., (2019) in Hymenoptera, and
thus suggests that UCEs across Coleoptera are largely exonic
(Van Dam et al., 2021; Toussaint et al. 2021). Once a fully
annotated adephagan genome becomes available, it will be possible to identify how many of the loci targeted by the Adephaga
2.9Kv1 probe set are exonic, affording both improved curation
of co-genic loci and the possibility to subdivide the probe set
between probes targeting exonic loci relative to intronic for
comparison of the phylogeny inferred by these different genetic
elements.

Towards a stable phylogeny-based Adephaga classification
Discussion
Data capture performance
The genomic read data resulted in the highest number of UCE
loci identified among the three different read types utilized in
this study (Fig. 1A, B). However, this is likely a result of all
of these genomes having been utilized during the design of
Adephaga 2.9Kv1 probe set (Gustafson et al., 2019), rendering
in silico locus identification and recovery far more likely. In that

Our phylogenetic reconstructions using concatenated data
matrices are largely congruent with estimates from past
phylogenomic studies with respect to familial relationships
(Baca et al., 2017a; Gough et al., 2019 McKenna et al., 2019;
Vasilikopoulos et al., 2019; Gustafson et al., 2020). Given this
consistency and the lack of support we found for alternative
relationships, we discuss adephagan evolution in light of our
concatenated phylogeny, as depicted in Fig. 2. We re-affirm the
paraphyly of ‘Hydradephaga’, with Gyrinidae as sister to all
other Adephaga; the monophyly of Geadephaga; and Haliplidae
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as sister to a monophyletic Dytiscoidea (Fig. 1), consistent
with phylogenomic (Baca et al., 2017a; Gough et al., 2019;
Gustafson et al., 2020) and morphological investigations (e.g.
Beutel et al., 2006, 2013, 2019; see also Gustafson et al., 2021).
Relationships within Gyrinoidea were consistent with previous
investigations using combined morphological and molecular, or
phylogenomic data (Gustafson et al., 2017, 2020).
Within Caraboidea, analyses confirm the status of tiger beetles
as a separate family and wrinkled bark beetles (Rhysodinae) as
a subfamily nested within Carabidae rather than as a distinct
family. This is consistent with many other studies, although
the relative placement of these groups varies widely by study
(McKenna et al., 2015; 2019; López-López & Vogler, 2017;
Zhang et al., 2018a, 2018b; Gough et al., 2019, 2020; Gustafson
et al., 2020). Our recovery of Trachypachidae as sister to
Carabidae + Cicindelidae is congruent with morphology (e.g.
Beutel et al. 2006; 2019) and some phylogenomic investigations
(López-López & Vogler, 2017, in part; Gustafson et al., 2020, in
part; McKenna et al., 2019), but conflicts with many previous
studies where trachypachids were found variably nested within
Carabidae (e.g. Maddison et al., 2009; Lawrence et al., 2011;
McKenna et al., 2015; López-López & Vogler, 2017, in part;
Zhang et al., 2018a, 2018b; Gustafson et al., 2020, in part).
Although we are able to confirm the monophyly of some
caraboid groups, many were inconsistently placed among our
analyses. Carabinae, for example, is sister to Rhysodinae in
our preferred tree and other BI and ML analyses of the
50% CM dataset (Figs 2, S1, S3, S5), a relationship recovered by Lawrence et al., (2011), whereas analyses of the
70% CM datasets (Figs S2, S4, S6) and coalescent analyses
(Figs S8–S10) recovered Carabinae as sister to Elaphrus Fabricius (+ Pasimachus Bonelli in some; Figs S7, S11, S12). This
latter relationship agrees with recent investigations (e.g. Zhang
et al., 2018a, 2018b; McKenna et al., 2019). This variation
in recovered caraboid relationships among our analyses, and
investigations in general, highlights the need for further detailed
investigation of the caraboid phylogeny, ideally with comprehensive sampling of this species-rich group.
With few exceptions (see below; Tables S4, S5), concordance
factor analyses recovered the highest values for the relationships
recovered by our SWSC-EN ML analyses compared with their
respective nearest neighbour interchanges. In general, gCF and
sCF values trend higher for shallower relationships. The lower
values of gCF recovered for deeper adephagan relationships
indicate poor gene tree resolution at this level. Nonetheless,
even in the case of (Caraboidea,[Haliploidea + Dytiscoidea])
the recovered gCF of 0.65 (50% CM; equivalent to five gene
trees Table S4) was still higher than the two alternative nearest
neighbour interchanges topologies (Table S4). We note that low
concordance values were also recovered for otherwise uncontroversial relationships, such as the monophyly of Gyrinidae (50%
CM gCF = 2.96, Figs 2, S13; 70% CM gCF = 2.59, Fig. S14,
Tables S4, S5). In that vein, we suspect a partial cause of this
poor resolution was the inclusion of Spanglerogyrus, which in
all coalescent analyses was being pulled either into a nested position within Dytiscoidea or as sister to Haliplidae (Figs S7–S12),
which would certainly confound gene tree resolution at these

deeper nodes by displacing relationships. sCFs at these nodes
were often only marginally greater than the expected values for
ambiguous alignments, Figs S13, S14; Tables S4, S5. Coupled
with the gCF values, a potential explanation is that supporting
sites were widely dispersed throughout the alignment, which
would explain the difficulty in resolving individual gene trees
(Lanfear, 2018). This could be caused by saturation in evolving
sites at this depth, though the additional influence of incomplete
lineage sorting or other factors is also possible. Concordance
factor analyses also highlight the effect of data filtering, wherein
analyses of the SWSC-EN partitioned 50 and 70% CM datasets
recovered conflicting backbone relationships (Noteridae sister to
Haliploidea + Dytiscoidea), yet were preferred by gCF and sCF.
Though a common practice, data filtering has been shown to negatively affect phylogenomic inference in phylogenomic datasets
(Chan et al., 2020). In interpreting these values, it is important to
note that there is no threshold of strong support for concordance
factors. They simply offer insight into large datasets where maximal support from sampling variance metrics (e.g. bootstrap values) is expected to be more prevalent and potentially uninformative of the relative support of the data for a given topology
(Lanfear, 2018; Minh et al., 2020). It is also important to note
that gCF analyses do not account for gene tree uncertainty (i.e.
support or lack thereof for recovered relationships within a gene
tree) and sCF does not account for the effect of site models in
tree inference as it is a parsimony-based quartets method.

Placement of Hygrobiidae within Dytiscoidea
Nearly all analyses recovered Hygrobiidae as part of a clade
comprising Amphizoidae, Aspidytes and Sinaspidytes. This is
consistent with previous phylogenetic investigations utilizing
considerable amounts of molecular data coupled with complete
taxon sampling in terms of representation of dytiscoid families (McKenna et al., 2015; Toussaint et al., 2016; Gustafson
et al., 2020; reviewed in Gustafson et al., 2021). Only our
uncurated ASTRAL analysis of the 70% CM recovered Hygrobiidae as sister to Dytiscidae with low support, a relationship
supported primarily by investigations utilizing morphological
data (e.g. Beutel et al., 2006, 2020b; reviewed in Gustafson
et al., 2021). Cai et al. (2020) also recovered this relationship
in their re-analysis of the phylogenomic data from Vasilikopoulos et al., (2019); however, concerns have been raised about
their adopted methodology in data trimming and phylogenetic
analysis (Vasilikopoulos et al., 2021). By appropriately concatenating co-genic UCE loci (i.e. those UCE loci sourced from a
respective single larger locus; Van Dam et al., 2021), ASTRAL
analysis of the curated 70% CM dataset returned Hygrobiidae
to the clade with Amphizoidae and paraphyletic Aspidytidae,
as recovered by other analyses, however as sister to Aspidytes
niobe. This relationship was recovered with nearly twice the
posterior probability support of that regarding the placement
of Hygrobiidae sister to Dytiscidae in the uncurated 70% CM
ASTRAL analysis (0.86 compared with 0.45 in Figs S7 and
S10, respectively). Alternate quartet topology support for the
placement of Hygrobiidae in the curated 70% CM ASTRAL

© 2021 The Royal Entomological Society, Systematic Entomology, 46, 968–990

980

S. M. Baca et al.

tree resulted in higher quartet support (q1, Fig. S19) compared
with that of the uncurated analysis (q1, Fig. S17). gCFs of the
SWSC-EN 50% CM Fig. S13, Table S4) and the SWCS-EN
70% CM (Fig. S14, Table S5) distinctly favoured Hygrobiidae
as sister to the Amphizoidae, Aspidytes and Sinaspidytes clade,
despite relatively ambiguous sCF values (Tables S4, S5).
The only currently available novel phylogenomic dataset independent of the present study (i.e. neither largely overlapping
in data or taxon sampling) testing the position of Hygrobiidae
is that of Vasilikopoulos et al., (2019), utilizing transcriptomic
data (data included in this present study, Fig. 1; Table S1). This
study suggested two equally supported placements for Hygrobiidae: either as sister to the clade [Dytiscidae, (Amphizoidae,
Aspidytidae)], or as resolved here: Hygrobiidae sister to Amphizoidae + Aspidytidae. Notably, Vasilikopoulos et al., (2019,
2021) acknowledged their limited taxon sampling (14 species)
could be a factor contributing to their inability to decisively
resolve the phylogenetic placement of Hygrobiidae. The positive effect of increased taxon sampling in phylogenetic inference
has been well-documented (e.g. Zwickl & Hillis, 2002; Heath
et al., 2008; Townsend & Lopez-Giraldez, 2010). Gustafson
et al., (2020) as part of their UCE phylogenomic study, constructed datasets with reduced taxon sampling comparable in
size to that of Vasilikopoulos et al. (2019) (17 species). Only in
some of these reduced taxon analyses did they recover Hygrobiidae as sister to the [Dytiscidae, (Amphizoidae, Aspidytidae)]
clade, whereas analyses of the full taxon sampling of 55 species
resolved Hygrobiidae as sister to Amphizoidae + Aspidytidae with primarily strong to maximal support (Gustafson
et al., 2020). Furthermore, review of all major past studies on
dytiscoid phylogeny in Gustafson et al. (2021) shows a similar
trend in that those with complete dytiscoid taxon sampling and
substantial molecular data (>5000 bp or eight gene fragments),
outside the primary use of mitochondrial genes, have supported
the relationships among Dytiscoidea recovered here. Therefore,
we suspect the recovery of Hygrobiidae as sister to the clade
[Dytiscidae, (Amphizoidae, Aspidytidae)] in previous studies
employing substantial molecular data (i.e. Baca et al., 2017a;
Vasilikopoulos et al., 2019) may have been influenced by taxon
sampling, and that placement of Hygrobiidae within a clade
containing Amphizoidae + Aspidytidae will continue to stabilize in future phylogenomic analyses with sufficiently complete
taxon sampling of Dytiscoidea. Hygrobiidae and Amphizoidae
do share a convincing morphological synapomorphy: a bifurcate
secretory lobe of the pygidial defence gland, and Gustafson
et al. (2021) showed previous morphological evidence in favour
of a sister relationship between Hygrobiidae and Dytiscidae
may have been misinterpreted.

Paraphyly of Aspidytidae and family-level status
of Sinaspidytes
The phylogenomic analysis of Vasilikopoulos et al., (2019),
representing the only other novel phylogenomic dataset
to include both Aspidytidae genera recovered these as
monophyletic, as did the recent morphological investigation of

Beutel et al. (2020b). In contrast, the paraphyly of this family
in relation to Amphizoidae was first reported by Toussaint
et al., (2016) based on an analysis of 11 gene fragments. However, Toussaint et al.’s (2016) study placed Aspidytes, rather than
Sinaspidytes, as sister to Amphizoidae. Here, we directly tested
support for the placement of the aspidytid genera using both
FcLM implemented in IQ-TREE and alternate quartet topology
support via ASTRAL. Interestingly, FcLM using the 50% CM
most strongly favoured this previous relationship (i.e. Aspidytes
sister to Amphizoidae) (Fig. 3A), with our preferred topology
(i.e. Sinaspidytes sister to Amphizoidae, Fig. 2) receiving the
next highest support (Fig. 3A). However, the 70% CM with
fewer overall sites but more complete taxon sampling for each
locus shows almost equivocal support for either Sinaspidytes or
Aspidytes as sister to Amphizoidae (i.e. 48.2% compared with
49.6% Fig. 3B). Alternate quartet support for this node showed
a pattern similar to the FcLM results with strongest support
for the Aspidytes + Amphizoidae relationship (Figs S15–S19).
Most importantly, monophyletic Aspidytidae was not recovered
in a single one of our analyses and received exceedingly low
support in the FcLM analyses of both the 50% CM and the
70% CM: 4.1 and 1.2%, respectively (Fig. 3). Concordance
factors recovered by IQ-TREE for the Aspidytidae relationships
follow a similar pattern in which the gCFs for the SWSC-EN
50 and 70% CM do not favour Sinaspidytes + Amphizoidae
over alternatives (Tables S4, S5). Therefore, all together, our
results support the paraphyly of Aspidytidae as first suggested
in Toussaint et al. (2016). This contrasts with Vasilikopoulos
et al. (2019) who presented evidence for the monophyly of
Aspidytidae based on their transcriptomic dataset. However, as
with the placement of Hygrobiidae, recovery of monophyletic
Aspidytidae in Vasilikopoulos et al. (2019) may be related to
limited taxon sampling.
Although support for our preferred topology (Fig. 2) in which
Sinaspidytes is sister to Amphizoidae, rather than Aspidytes,
did not receive the highest quartet support from either FcLM
nor alternate quartet topology testing, the ML analysis of the
50% CM with SWSC-EN partitioning, which inferred this
topology, was one of only two trees with strong to maximal
support for the placement of both Aspidytes and Sinaspidytes
(ultrafast bootstraps of 99 and 97 respectively, Fig. S5); the
other being BI analysis of the unpartitioned 50% CM where
Aspidytes was placed as sister to Hygrobiidae with Sinaspidytes
sister to Amphizoidae (posterior probability = 100%, Fig. S1).
We selected the former over the latter given the morphological
features shared between the two taxa that led them to being
assigned to the same family (Balke et al., 2003; Toussaint
et al., 2016). These include (1) a distinctly shaped scape that
partially encloses a short pedicellus; (2) mesocoxal cavities
laterally enclosed by the mesepimeron and metanesipsternum
(the complex type sensu Bell, 1967); (3) a transverse suture
of the metaventrite; (4) large metacoxal plates (also called
medial laminae of the metacoxae); and (5) slender hind tibae
and tarsae lacking swimming hairs (Ribera et al., 2002b; Balke
et al., 2003; Toussaint et al., 2016). Characters (2) and (5) are
derived features that Aspidytidae share with Amiphizoidae,
such that our preferred topology (Fig. 2) implies a single origin
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of these traits without any secondary losses, whereas uniting
Aspidytes with Hygrobiidae (as in Fig. S1) suggests either
two independent gains of the complex mesocoxal cavities or
a secondary loss in Hygrobiidae. Among extant Adephaga,
only three taxa exhibit complex mesocoxal cavities (character 2 above): Aspidytidae, Amphizoidae and Dytiscidae
(Beutel et al., 2013). However, within Dytiscidae, only the
Laccophilinae and Vatellini (Hydroporinae) lack the complex
type mesocoxal cavities and this former subfamily was recovered as sister to all other Dytiscidae either alone (70% CM
concatenated Figs S2, S4, S6) or together with Coptotominae
and Lacetinae in our concatenated analyses (50% CM Figs S1,
S3, S5). Laccophilinae was placed as the sister lineage to
all other subfamilies in the clade of larger-bodied Dytiscidae
reciprocally monophyletic to the small-bodied Hydrodytinae
+ Hydroporinae in coalescent-based analyses (Figs S7–S12).
Therefore, our placement of Laccophilinae in both concatenated
and coalescent-based analyses for the 50% CM and particularly the 70% CM suggest complex cavities are unlikely to
be the ancestral state for the larger dytiscoid clade {Dytiscidae, [Hygrobiidae, (Aspidytidae + Amphizoidae)]}. Uniting
Sinapsidytes with the Amphizoidae is also more parsimonious
from a biogeographic standpoint, given both these taxa include
Chinese members (i.e. Amphizoa davidi Lucas in Amphizoidae)
and a Northern Hemisphere distribution, whereas Hygrobiidae
and Aspidytes are both largely Southern Hemisphere taxa
(although Hygrobia hermanni (Fabricius) is palaearctic, the
remaining Hygrobiidae are Australian). However, we ultimately
feel that confident resolution of the phylogenetic placement of
the Aspidytidae genera will require the inclusion of members
of the east palaearctic extinct family †Liadytidae in the analysis
alongside the extant families Hygrobiidae, Amphizoidae and
Dytiscidae.
The close relationship between the †Liadytidae and Aspidytidae has been recognized since the initial formation of the
latter family (Ribera et al., 2002b). †Liadytidae are known to
share all diagnostic features of Aspidytidae identified above
with the exception of the antennal features (due to nearly all
known fossils lacking preservation of this structure), differing
primarily with regards to possession of swimming hairs on the
hind legs and absence of a metaventral process that extends
anteriad between the mesocoxae (Ribera et al., 2002b; Prokin
et al., 2013; Toussaint et al., 2016). Thus, Aspidytidae may represent derived members of †Liadytidae, which have lost swimming hairs, gained a mesoventral process extending between
the legs and persisted to the present in a highly specialized
hygropetric habitat. Therefore, integrating detailed morphological investigations of fossil taxa alongside extant species with
their genetic data in a total-evidence tip-dating framework is
likely necessary for resolving the fine-scale timing and evolution of these Jurassic-aged lineages to identify ancestral versus
derived features. Given this, in spite of the fact that strong
evidence for paraphyly of the family Aspidytidae (Figs 2–3;
S1–S12) and the large divergence times separating Sinaspidytes
from Aspidytes (Fig 4) might warrant family-level status for
the former, we believe formal nomenclatural changes involving

Aspidytidae taxa require additional analyses incorporating
†Liadytidae.

Temporal evolution of Adephaga beetle with an enriched fossil
selection
We estimate an origin for the crown of beetles in the Carboniferous ca. 317 Ma (95% CI = 303–335 Ma), which is consistent
with the recent estimate of ca. 327 Ma (95% CI = 297–344 Ma)
from McKenna et al., (2019) based on transcriptomic data and
18 fossil calibrations. Our estimates also broadly agree with
those for the crown of Coleoptera recovered in Toussaint et al.
(2017a) at ca. 333 Ma (95% CI = 317–349 Ma) and Zhang
et al., (2018a), (2018b) at ca. 297 Ma (95% CI = 291–304 Ma).
There is, therefore, a general consensus emerging for the timeframe of beetle evolution that the addition of more accurate and
numerous fossil calibrations does not seem to drastically change.
That estimates derived from global insect phylogenies appear to
recover more recent estimates may largely result from the very
reduced taxon sampling of those studies (Misof et al., 2014, i.e.,
crown age of Coleoptera at ca. 270 Ma; Tong et al., 2015, i.e.,
crown age of Coleoptera at ca. 275 Ma). For instance, estimates
from Rainford et al. (2014, i.e., crown age of Coleoptera at ca.
307 Ma) based on a much larger taxon and fossil calibration sampling recover estimates that are more in line with this study and
other recent studies (Toussaint et al., 2017a; Zhang et al., 2018a,
2018b).
We estimate the crown of Adephaga at ca. 255 Ma (95%
CI = 247–266 Ma), corresponding to the Permian–Triassic
transition. A much more comprehensive taxon sampling will
help understanding the impact of the Permian–Triassic mass
extinction event in potentially triggering diversification of
adephagan beetles. We recover the crown age of Gyrinidae at
ca. 242 Ma (95% CI = 230–254 Ma). This family is the only
one for which a tip-dated phylogeny is available (Gustafson
et al., 2017), therefore directly incorporating fossil phylogenetic placement and uncertainty into BI estimates. Our
divergence times for the crown and subsequent splits in
Gyrinidae are congruent with the estimates from Gustafson
et al. (2017). For instance, the origin of whirligig beetles
(i.e., the crown of Adephaga) is estimated at 255 Ma (95%
CI = 236–271 Ma) in Gustafson et al. (2017) and at ca.
255 Ma (95% CI = 247–266 Ma) in our study. Similarly, the
divergence of Spanglerogyrus from the remaining Gyrinidae
(i.e., the crown of Gyrinidae) is dated to ca. 234 Ma (95%
CI = 214–255 Ma) in Gustafson et al. (2017) and at ca. 242 Ma
(95% CI = 230–254 Ma) in our study, and the split between
Heterogyrinae and Gyrininae respectively at ca. 206 Ma (95%
CI = 187–226 Ma) and ca. 187 Ma (95% CI = 174–201 Ma).
Gyrinidae is a relatively diverse family within Adephaga (ca.
1000 described species), which represents a key lineage to
understand the timing and mechanisms of morphological evolution that allowed colonization of aquatic environments within
Adephaga. Certainly, the rich fossil record for this group and
the development of tip-dating approaches are likely to provide
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Fig. 4. Bayesian time-calibrated tree of Adephaga based on 23 fossil calibrations. Numbers placed at nodes correspond to a fossil used to calibrate that
particular node whose information can be found in Table 1. Blue bars at nodes depict the 95% confidence interval for age. The two fossil taxa depicted,
(A) †Tunguskagyrus planus Yan, Beutel & Lawrence (254–252 Ma, after Yan et al., 2018) and (B) †Colymbotethis Ponamarenko (221–205 Ma, after
Ponomarenko, 1993), are placed approximately along the geological time scale where the fossils occur in the geologic record with yellow circles placed
on the tree denoting their proposed phylogenetic placements. These two fossils were not used to calibrate the tree, but are depicted to show recovered
age estimates are robust to their exclusion (see discussion). The dashed lines represent mass extinction events with their colour corresponding to the
geologic time period they end. Scale bars = 1 mm; time scale in megaannum (ma); neo., Neogene; qua., quaternary.

even more accurate divergence time estimates in the future once
more broadly sampled phylogenies are available.
Recently, a fossil taxon, †Tunguskagyrus planus Yan,
Beutel & Lawrence (Fig. 4A) was described as a stem Gyrinidae
(Yan et al., 2018), and utilized as the calibration point for crown
Adephaga by McKenna et al. (2019). The morphological interpretations of Yan et al. (2018) regarding this fossil have all been
strongly questioned by Kirejtshuk & Prokin (2018) who instead
proposed †Tunguskagyrus belongs to an entirely different
family, †Triaplidae, which in turn they moved to an entirely different suborder of beetle, the Archostemata. Beutel et al. (2019)
did release a rebuttal, but their response did not utilize phylogenetic analyses to test relative support for the two alternative
hypotheses. Instead, Beutel et al. (2019) relied upon further

argumentation to justify their interpretation of incompletely
preserved features, such as the form of the antenna and nature of
the ultimate abdominal ventrite, as representing gyrinid-specific
synapomorphies (Fig. 4A) (Yan et al., 2018; Beutel et al., 2019).
As both the subordinal placement and familial placement of
†Tunguskagyrus are unresolved, we did not employ this fossil as
a calibration point in our study. Importantly, in spite of this, our
recovered age for crown Adephaga encompasses the estimated
age of †Tunguskagyrus (254–252 Ma), making our estimates
robust to the future placement of this fossil within Adephaga or
Archostemata (Fig. 4).
The origin and timing of diversification in Geadephaga are
arguably one of the most challenging aspects of Adephaga
divergence time estimation. The fossil record is comparatively
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scarce in the Jurassic and Cretaceous, rendering the task of
accurately estimating ages in this species-rich clade difficult.
Our inferences recover a crown age for Geadaphaga at ca.
227 Ma (95% CI = 221–236 Ma), which is in line with estimates from Rainford et al., (2014: crown age of Geadephaga
at ca. 232 Ma) but substantially older than estimates from the
recent study of McKenna et al. (2019: crown age of Geadephaga
at ca. 170 Ma). The fossil record of Trachypachidae is relatively
diverse although the placement of most fossils is uncertain and
possibly closer to stem lineages than modern Trachypachidae
(Beutel et al., 2013). Unambiguous well-preserved fossils of
Trachypachidae are rare and usually much more recent, which
is in line with the Miocene split between the two included Trachypachus species (e.g. Kiselev & Nazarov, 2009). We estimate a crown age at ca. 197 Ma (95% CI = 188–206 Ma) for
the highly diverse ground beetles (Carabidae). This age significantly predates the earliest fossils that can be unambiguously assigned to this family (i.e. excluding fossils described
by Ponomarenko (1977)) from the Late Jurassic to Early Cretaceous whose phylogenetic relationships remain unclear (Beutel
et al., 2013). Recently, several well-preserved fossils kept intact
in Burmese amber have been described and could be assigned
with comparative accuracy to extant tribes or even genera (Liu
et al., 2015; Kataev et al., 2019; Beutel et al., 2020a). These
new discoveries, combined with more robust phylogenies, push
back the age of these derived lineages, thereby resulting in
older estimates for the crown of the family. The taxon sampling
of Carabidae remains, however, too reduced to provide robust
divergence time estimates and future studies should focus on
expanding the sampling of other subfamilies and tribes to more
accurately place fossil calibrations.
Tiger beetles (Cicindelidae) are another lineage with a scarce
fossil record but for which the development of a more comprehensive phylogenomic backbone helps provide important
first estimates of divergence times. The recent study of Gough
et al. (2020) greatly expanded the taxon sampling of tiger beetles in a phylogenomic framework (for instance, Amblycheila
Say representing the tribe Manticorini sister to the remaining
Cicindelidae), which combined with existing data allows the
reconstruction of additional splits in the phylogeny of Cicindelidae, and therefore the placement of the Cretaceous fossil †Oxycheilopsis cretacicus Cassola & Werner in a more
derived position. Our analyses recover a crown age for Cicindelidae ca. 169 Ma (95% CI = 162–178 Ma) in the mid-Jurassic,
which strikingly contrasts with previous estimates (e.g., Pons
et al., 2004 with a Miocene crown age). Continuing to expand
the taxon sampling in future phylogenomic studies will provide
the means to place other recently described tiger beetle Baltic
amber fossils (Wiesner et al., 2017; Zhao et al., 2019) that may
be critical in the inference of reliable age estimates for the clade.
Our BEAST analyses recover a split between Haliplidae and
Dytiscoidea at ca. 231 Ma (95% CI = 223–241 Ma), somewhat
older than in McKenna et al. (2019) where it was estimated at ca.
185 Ma despite a similar topology. We hypothesize that a greater
taxon sampling and the use of more derived fossil calibrations
in the current study could explain these differences in age
estimates. The crown age of Haliplidae is dated at ca. 157 Ma

(95% CI = 145–170 Ma), providing a useful starting point
for future studies on the evolution of this largely overlooked
lineage. To that effect, two derived dated nodes for the split
between Halipus Latreille and Brychius Thomson and between
two Haliplus species might represent useful future secondary
calibrations in addition to the well-preserved fossil †Haliplus
cretaceus Prokin and Ponomarenko used in this study (Fig. 2).
We estimate the crown of Noteridae+Meruidae at ca. 186 Ma
(95% CI = 174–197 Ma) followed by the crown of Noteridae at
ca. 152 Ma (95% CI = 141–164 Ma). The evolutionary history
of this family has recently received increasing attention (Baca
et al., 2017b, Baca & Short 2020), and the different age estimates
provided for major lineages in this study will be of importance
to shed light on the biogeography and diversification mechanism
within Noteridae despite a scarce fossil record.
Our results recover the crown of Dytiscoidea at ca. 220 Ma
(95% CI = 212–231 Ma) and the divergence among Amphizoidae, Aspidytidae and Hygrobiidae at ca. 175 Ma (95%
CI = 165–185 Ma). In their study, Hawlitschek et al. (2012)
recovered a crown age for Hygrobiidae at ca. 125 Ma, which
is older than our estimate for the divergence between H. hermanni and the remainder of the genus at ca. 59 Ma (95%
CI = 49–70 Ma), therefore having implications for the biogeographic history of squeak beetles. This difference might
be explained by the use of a single fossil calibration in
Hawlitschek et al. (2012), but including all extant Hygrobia
Latreille species would be useful to understand the evolution of this relic lineage. The split between Aspidytes niobe,
Sinaspidytes wrasei and Amphizoidae is dated back to ca.
161 Ma (95% CI = 151–172 Ma) confirming the status of
these morphologically unique beetles as Jurassic relics (Ribera et al., 2002b; Balke et al., 2005; Toussaint et al., 2016).
Among the oldest fossils attributed to crown Dytiscoidea are
†Colymbotethis antecessor Ponomarenko from the Upper Triassic (221–205 Ma, Fig. 4B) and †Parahygrobia natans Ponomarenko from the Upper Jurassic (164–145 Ma), both preserve the larval stage and have been employed to time-calibrate
previous dytiscoid phylogenies (e.g. Dytiscidae in Désamoré
et al., 2018). Although these fossil larvae have been assigned
to crown Dytiscoidea based on having eight abdominal segments with well-developed urogomphi and evidence of adaptations for an aquatic life, their exact relationship to extant
families remains unclear and untested phylogenetically (Ponomarenko & Prokin, 2015). Therefore, we did not utilize the
older of the two, †Colymbotethis (Fig. 4B), as a calibration point
in this study for crown Dytiscoidea. Regardless, our recovered
95% CI = 212–231 Ma origin for crown Dytiscoidea encompasses the age of this fossil. The independent origin of this estimate can be used to lend indirect support for †Colymbotethis
as a member of Dytiscoidea. Zheng et al. (2018) reported on
the Tongchuan entomofauna from deposits dated to the middle
Triassic (238–237 Ma), which included a purported dytiscoid.
However, all that is evident from the images provided by Zheng
et al. (2018) of said fossil is the stream-lined dorsal habitus of
a darkly-coloured beetle with yellow margins, ∼3 mm in length.
Future study is necessary to reliably place this taxon, but based
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on our timing estimates this fossil is likely too old to be a member of crown Dytiscoidea (Fig. 4).
The crown age for Dytiscidae is estimated at ca. 167 Ma
(95% CI = 157–173 Ma). Diving beetles are arguably the most
well-studied group of Adephaga in terms of molecular dating,
perhaps even of Coleoptera as a whole. Our estimates for the
age of the family are in line with previous studies recovering a Jurassic origin (e.g., Toussaint et al., 2017; Désamoré
et al., 2018), whereas divergence times inferred for more derived
lineages sometimes contrast with the ones recovered in the literature (e.g., Ribera et al., 2004; Bukontaite et al., 2014, 2015;
Morinière et al., 2016; Toussaint et al., 2017b), thereby opening a new window into our understanding of diving beetle
evolution.

Figure S2. Results of Bayesian inference on the unpartitioned 70% complete matrix.

A new perspective on Adephaga phylogenomics and evolution

Figure S8. Results of uncurated ASTRAL analysis of the
70% complete matrix.

Using an integrative approach combining genomic, UCE and
RNAseq transcriptomic datasets, we inferred a robust timetree for Adephaga. This evolutionary framework will be critical to investigate the evolutionary patterns and processes of
lineage diversification across Adephaga, including within the
lesser studied groups (e.g., Geadephaga, Haliplidae) that likely
suffered in the past from the lack of more accurate divergence time estimates. Furthermore, our study highlights the
broad compatibility of UCE data with other sources of data
including whole-genome and RNAseq data. This method has
been shown to perform well in reconstructing robust timetrees for various other insect clades and is now routinely being
developed to address evolutionary questions (e.g., Branstetter et al., 2017a,b, Branstetter & Longino, 2019; Van Dam
et al., 2017; Bossert et al., 2019; Kieran et al., 2019; Blaimer
et al., 2020; Buenaventura et al., 2021; Menezes et al., 2020;
Zhang et al., 2020). We argue that there should be a joint effort
in producing datasets that can be later combined to advance
our understanding of beetle evolution. Certainly, UCEs are an
ideal candidate because much data are already available for Adephaga and no alternative method has been proposed to date
except RNAseq, which is far less cost-efficient (i.e., obtaining
data from thousands of UCE loci costs ca. $100–150/specimen
using commercially-synthesized probes, from DNA extraction
to raw data delivery, depending if wet lab experiments are
done in-house or outsourced to a company). With the advent
of such approaches capable of yielding cost-efficient phylogenomic datasets, a robust evolutionary tree of Adephaga with
densely sampled clades at the genus-level is in sight and should
be an attainable short-term objective.

Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the article.
Figure S1. Results of Bayesian inference on the unpartitioned 50% complete matrix.

Figure S3. Results of maximum likelihood analysis of the
unpartitioned 50% complete matrix.
Figure S4. Results of maximum likelihood analysis of the
unpartitioned 70% complete matrix.
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50% complete matrix.
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complete matrix.
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results of BEAST divergence time estimates using 1
clock with exponential priors. Age at node is median
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age with blue bars denoting 95% hyper prior distribution
(HPD).
Figure S21. Maximum Clade Credibility tree showing
results of BEAST divergence time estimates using 1 clock
with log normal priors. Age at node is median age with blue
bars denoting 95% hyper prior distribution (HPD).
Figure S22. Maximum Clade Credibility tree showing
results of BEAST divergence time estimates using 12 clocks
with exponential priors. Age at node is median age with blue
bars denoting 95% hyper prior distribution (HPD).
Figure S23. Maximum Clade Credibility tree showing
results of BEAST divergence time estimates using 12 clocks
with log normal priors. Age at node is median age with blue
bars denoting 95% hyper prior distribution (HPD).
Figure S24. Rooted tree from IQ-TREE concordance factor concord.cf.branch output for concordance factor analyses of the 50% complete matrix and maximum likelihood
SWSC-EN partitioned tree topology. Depicted are the branch
ID numbers correspond to ID column of Table S4.
Figure S25. Rooted tree from IQ-TREE concordance factor concord.cf.branch output for concordance factor analyses of the 70% complete matrix and maximum likelihood
SWSC-EN partitioned tree topology. Depicted are the branch
ID numbers correspond to ID column of Table S5.
Figure S26. Workflow for assembly of integrative UCE
datasets used in this study.
Figure S27. Workflow of time-free phylogenetic analyses
and tree topology tests used in this study. Arrows and
trees are coloured for readers’ convenience in following
components of the flowchart. The time calibrated phylogeny
of Adephaga generated through this study is also provided
as the a .tre file that allows the dating estimates for all nodes
within the tree to be viewed.
Table S1 Taxon sampling. Detailed taxon sampling information for the present study including accession numbers
and raw read data type.
Table S2. Locus recovery. Detailed information regarding
the number of recovered loci and missing data for each taxon
across both the 50% and 70% complete data matrices used in
the present analyses.
Table S3. AMAS summary statistic. Detailed information
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and GC content of the 50% and 70% complete data matrices
generated by the program AMAS.
Table S4. 50%CM concordance stats. Detailed
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for the 50% complete data matrix generated by IQ-TREE.
Numbers in ID column correspond to branch labels in Figure
S24.
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