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Abstract—Nuclear genome sequencing for phylogenetics is resource-intensive while mitochondrial genomes can be
sequenced and analyzed with relative ease for building densely sampled phylogenetic trees of the most species-rich
lineages of animals. Here, we develop a conceptual approach and bioinformatics workflow for combining nuclear single-
copy orthologs with less informative but densely sampled mitochondrial genomes, for a detailed tree of Coleoptera
(beetles). Basal relationships of Coleoptera were first inferred from >2,000 BUSCO loci mined from GenBank’s Short
Read Archive for 119 exemplars of all major lineages under various substitution models and levels of matrix completion,
to reveal universally supported nodes. Second, the corresponding mitogenomes were extracted and combined with an
additional 373 species selected for broad taxonomic and biogeographic coverage, roughly in proportion to the known
global species diversity of Coleoptera. Bioinformatic processing of mitogenomes was conducted with a novel pipeline for
rapid, accurate annotation of protein-coding genes. Finally, phylogenetic trees from all 491 mitogenomes were generated
under a backbone constraint from the universal basal nodes, which produced a well-supported tree of the major lineages
at the family and superfamily level. Being genetically unlinked and showing unique character variation, mitogenomes
provide a unique perspective of the phylogeny. Comparison with 3 recent nuclear phylogenomic studies resulted in the
recognition of > 80 nodes universally present across all analyses. These may now support the higher classification of
Coleoptera and serve as backbone of further studies, as numerous full mitogenomes and mitochondrial DNA barcodes are
added to an increasingly complete phylogenetic tree of this super-diverse insect order. [Phylogeny; Coleoptera; BUSCO;

mitogenome annotation; mitonuclear phylogenomics; phylogenomics; model selection; matrix completeness.]

Mitochondrial genomes remain an important source of
data for phylogenetic reconstruction. They bridge a gap
between disparate pursuits in taxonomic sequencing,
in particular the ambitious plans for sequencing full
genomes for all species of eukaryotes (Lewin et al. 2022)
and the equally ambitious endeavor of sequencing
short mitochondrial barcode fragments for the study
and monitoring of species across the world (Hobern
and Hebert 2019). Mitochondrial genomes represent
the phylogenetic “middle ground” between complete
genome assemblies and minimalist barcodes: they can
be obtained for numerous species with relative ease,
greatly surpassing nuclear genomes in taxon sampling
and simplicity of analysis (Cameron 2014), while they
contain the orthologous barcode region that can anchor
barcode-based studies to the phylogeny (Li et al. 2023).
Mitogenomes are widely used markers in evolutionary
biology and population genetics (Desalle et al. 2017),
and they are gaining new importance as a target of
DNA sequencing from degraded museum specimens
(Ferrari et al. 2023), as markers for species identification
prior to genome sequencing (Blair 2023), and in large-
scale characterization of mixed biodiversity samples
(Crampton-Platt et al. 2016). In addition, they are valu-
able as an independent data source for corroborating

relationships inferred from nuclear genome data
(Zhang et al. 2014)

Mitochondrial genomes have certain features that
facilitate data processing and phylogenetic analysis.
Across large portions of the Tree-of-Life, mitochondrial
genomes exhibit a conserved structure, with a uniform
number of genes, similar gene sizes, conservative gene
order, and short intergenic distances of similar length
(Cameron 2014). These features largely eliminate prob-
lems of ortholog assignment at the gene and nucle-
otide levels, allowing identification of the exact start
and stop codons for each gene, and due to the lack of
introns, to infer unambiguous reading frames from the
primary sequence. However, mitochondrial genomes
also are known for their high compositional and rate
heterogeneity, producing long-branch artifacts from
convergent biases in sequence variation (Cameron
2014). These issues can be partly ameliorated through
the removal of the most strongly affected third codon
positions (Hassanin 2006), the use of translated amino
acid sequences (Rota-Stabelli et al. 2009), or the choice
of advanced mixture models of sequence evolution
that accommodate different evolutionary processes
(Lartillot and Philippe 2004). Recent studies on tet-
rapods have shown that more complex models of
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FiGure 1.

Workflow of data generation. Blue boxes indicate processes, orange boxes refer to input of data, and yellow refer to tree searches. Green

section: Retrieving and processing nuclear phylogenomic data from SRA, followed by assembly (BUSCO), alignment, supermatrix generation, and phylogeny
under different model choice and tree search methods (see text). A strict consensus of trees across methods and models results in a single final nuclear tree,
including unresolved nodes. Pink section: Generating the mitogenome data set by annotating (MitoZ) mitogenomes from SRA (or replacements, see text),
unannotated mitogenomes from Genbank and novel mitogenomes, then improving (Mitocorrect) these annotations and those from annotated Genbank
mitogenomes. Purple section: Mitogenome protein coding gene extraction, alignment, and tree search from nucleotide and amino acid coding under various
models, enforcing a backbone constraint based on the unequivocally supported nodes from the nuclear phylogenomic analysis.

sequence evolution that incorporate heterotachy and
codon-specific sequence evolution improve the tree
inferences, although true biological incongruence may
partly be responsible for this “phylo-mito paradox”
(Toups et al. 2024). As these effects of model violation
affect the resolution of deep lineages most strongly,
mitogenome trees may be combined with a scaffold of
nuclear phylogenomic data to resolve the Tree-of-Life
(Chesters 2017).

The number of available mitogenome sequences
continues to increase rapidly (Cameron 2024), and the
fast pace of data generation will need to be comple-
mented with efficient methods for the bioinformatics

of increasingly large datasets. While the assembly of
mitogenomes from shotgun sequencing is straightfor-
ward using a variety of strategies, software for genome
annotations is lagging, as was pointed out in a recent
review of insect mitogenomics (Cameron 2024). We
address these challenges for the scaling-up of mito-
chondrial genomics and integration with nuclear phy-
logenomic data by devising a workflow that includes
both data sources (Fig. 1). First, we develop a novel bio-
informatics pipeline for semi-automated mitogenome
data processing and error correction. This pipeline
focuses on discriminating between ambiguous start/
stop codons of the 13 protein-coding genes, followed
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by rapid alignment against a validated reference set of
mitogenomes that cover the phylogenetic breadth of
the target taxon. This novel set of scripts permits the
automated polishing of mitogenome annotations after
the primary annotation from established mitogenome
processing pipelines. Second, we overcome the insuf-
ficiencies of mitogenomes in resolving deep lineages
by combining them with nuclear phylogenomic data
obtained from annotated genomes and shotgun short-
read archives serving as a backbone for the mitogenome
phylogeny. Vice versa, uncertainties in the topology
from nuclear ortholog sets may be resolved by the
mitogenomes due to their greater taxon sampling; thus,
a critical step is to identify well-supported nodes from
the nuclear data while allowing the more densely sam-
pled mitogenomes to contribute to the final resolution
of basal nodes. Using this dual approach of combining
(a few) nuclear and (many) mitochondrial genomes,
the methodology generates a well-supported founda-
tion for building a dense Tree-of-Life that may serve as
a scaffold for integrating incoming new mitogenomes
and for phylogenetic placement of rapidly growing
DNA barcode and metabarcode data.

We then employ this combined nuclear and mitog-
enome analysis to build an improved classification
of the super-diverse and taxonomically challenging
Coleoptera (beetles). Mitochondrial genomes have been
useful for phylogenetics in Coleoptera at family and
subfamily levels across the entire order, using the CAT
model in PhyloBayes (Lartillot and Philippe 2004) to
reduce long-branch attraction problems (Timmermans
et al. 2016). However, there are a few notable nodes that
are not correctly resolvable even with advanced mod-
els, evident from clear contradictions with established
taxonomies and nuclear genome trees. Two recent phy-
logenomic studies of Coleoptera using nuclear markers
have been less affected by such systematic errors. Zhang
et al. (2018b) used 99 PCR amplicons while McKenna et
al. (2019) used ~4,000 exons assembled from shotgun
data for some 100 taxa, and when combined, these data
covered most major lineages of Coleoptera at the fam-
ily level. These studies, and a recent re-analysis of the
Zhang et al. (2018b) data by Cai et al. (2022, 2024), are
broadly in agreement with each other and with the ear-
lier mitogenome studies. However, poorly supported
nodes and partly contradictory conclusions remain
(Boudinot et al. 2022), and no formal comparisons
between the nuclear and mitochondrial datasets have
been made. We generated a taxonomically and biogeo-
graphically comprehensive mitogenome set for some
140 families of Coleoptera and integrate these data with
mined nuclear orthologs, benefitting from the com-
bined power of greater taxon density of mitogenomes
and the greater reliability of nuclear genome data at
the deep level, to resolve a set of universally supported
nodes that define the basal relationships of Coleoptera.
Our workflow also includes an algorithmic method for
the comparison of nuclear and mitochondrial-derived
trees, which usually have been based on qualitative
assessments only (Cameron 2024).

MATERIALS AND METHODS

Building the Backbone from Nuclear Genome Sequences

The GenBank Sequence Read Archive (SRA) was
searched using the web-based portal for raw genome
and transcriptome sequence data for Coleoptera, fil-
tering for libraries with >5 Gb of data that generally
corresponds to ~20x coverage for most insect genomes
required to obtain a largely complete ortholog sets. We
selected 110 taxa that represented the greatest cover-
age available at the family level and added 9 sequences
from the Strepsiptera, Megaloptera, Neuroptera, and
Raphidioptera as outgroups. Quality trimming of raw
data was performed with fastp (Chen et al. 2018). The
read data were used for transcriptome assemblies with
SOAPdenovo-Trans (Xie et al. 2014) and genome assem-
blies with SOAPdenovo2 (Luo et al. 2012), respectively.
Duplicated transcripts and artifacts were reduced by
CD-HIT (Fu et al. 2012). To extract single-copy ortho-
logs from the assemblies and to assess the completeness
of assemblies, we applied Benchmarking Universal
Single-Copy Orthologs (BUSCO) analyses using the
Endopterygota set (Waterhouse et al. 2019). The param-
eter configurations of most gene prediction tools need
to be optimized on each specific genome, but BUSCO
can enhance genome annotation procedures by pro-
viding high-quality gene model training data even in
the absence of support from orthologs or transcriptome
evidence of closely related species. BUSCO can identify
matching single-copy orthologs in a given taxonomic
group from many sequenced and annotated genomes
of the major species clades based on the OrthoDB cat-
alog of orthologs. It allows gene duplications or losses
during evolution, and the filtering of single-copy genes
is controlled by thresholds, while the incompleteness of
available assembled genomes and predicted gene sets is
also taken into account (Waterhouse et al. 2018; Manni
et al. 2021). Sequence alignment on each orthology
gene set was conducted with Mafft v7.450 (Katoh and
Standley 2013), followed by alignment trimming with
BMGE v1.12 (Criscuolo and Gribaldo 2010) based on
the BLOSUMO90 substitution matrix, and concatenation
of the filtered orthologs for final matrix generation with
FASConCAT-g v1.04 (Kiick and Longo 2014).

To reduce possible systematic error, we conducted
phylogenetic tree searches using a diverse set of analyti-
cal methods. First, we generated 6 data matrices by con-
catenating loci according to 2 criteria of completeness:
(i) loci that are present in a minimum percentage of taxa
(equal to or greater than 50%, 75%, or 90%) and (ii) loci
that have a minimum proportion of gene sequence pres-
ent in the taxa where they are present (greater than 0%
or 70%). All matrices were translated into amino acid for-
mat. Tree searches were conducted using maximum like-
lihood (ML) in IQ-TREE v2.0-rc2 (Minh et al. 2021) under
various substitution models, including: (i) the Dayhoff
fixed replacement rate matrix (Dayhoff 1978); (ii) the
improved LG generalized replacement rate matrix that
incorporates evolutionary variability of rates across sites
(Le and Gascuel 2008) (IQ-TREE options: -m MFP --mset
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LG --msub nuclear --rclusterf 10); (iii) the EX_EHO site-
specific mixture model which estimates replacement
matrices separately for sites based on 6 different sec-
ondary structure category partitions (Le and Gascuel
2010) (IQ-TREE options: -m MFP —-mset EX_EHO); (iv) a
site-specific mixture model, based on stationary exchange
probabilities for up to 60 separate profiles whose codon
frequencies may be estimated from the data (Le et al. 2008),
implemented as the posterior mean site frequency (PMSF)
model using the LG tree as an initial guide tree (Wang et
al. 2018) (IQ-TREE options: -m LG + C60 + F + G); (v) the
edge-unlinked GHOST (General Heterogeneous evolution
On a Single Topology) mixture model that accounts for
rate variation across sites and across lineages (heterotachy)
(Crotty et al. 2020) (IQ-TREE options: -m LG + FO + H4).
In all IQ-TREE phylogenies, node support values were
calculated using 1,000 SH-aLRT replicates (Guindon et al.
2010) and 1,000 ultrafast bootstraps (Hoang et al. 2018).
For the LG and EX_EHO models we employed IQ-TREE
Partition/ModelFinder (Kalyaanamoorthy et al. 2017) to
implement partition models (Chernomor et al. 2016). A
sixth approach employing the multi-species coalescent
model (MSCM) addressing Incomplete Lineage Sorting
(ILS) was implemented using ASTRAL-III v5.6.1 (Zhang
et al. 2018a) based on the set of gene trees estimated with
IQ-TREE to infer coalescent-based species trees, with
local branch support estimated from quartet frequencies
(Sayyari and Mirarab 2016). We quantified genealogical
concordance with the gene concordance factor (gCF) and
the site concordance factor (sCF) given the reference tree
and gene trees using IQ-TREE (Minh et al. 2020) .

To capture the topological variation among the 36
analyses (6 matrices by 6 models), we generated a strict
consensus of trees from each combination of matrices
and models. We then computed the Robinson-Foulds
(RF) (Robinson and Foulds 1981) distance matrix
between all consensus trees and ordinated this matrix
using non-metric multi-dimensional scaling. This pro-
vided a measure of similarity among the tree topologies
obtained from a specific data matrix under different
models. We assessed these trees for their congruence
with the Linnaean taxonomy at 3 hierarchical levels
(suborder, superfamily, family) using the taxonomic
Retention Index (tRI) (Hunt and Vogler 2008) to identify
the tree that best agreed with the existing classification
of Coleoptera. This approach treats presence or absence
in each taxonomic group as a character state, comput-
ing the classic Retention Index (RI) for each taxon that
is then averaged across all taxa for the particular hier-
archical level to give a single value. Finally, a strict con-
sensus tree was computed from individual consensus
trees to obtain a set of nodes that was robust to both the
model choice and the completeness of the data matrix;
this tree formed the backbone for subsequent mitochon-
drial phylogenetics.

Mitogenome Acquisition and Annotation

We generated a database of Coleoptera mitogenome
sequences, sourced from Genbank and novel sequencing

and assembly. Retrieval from Genbank took place in
April 2023 for this study, using a web portal search
(search term “Coleoptera” “mitochondrial” “mitochon-
drion sequence” AND “genomes” NOT “predicted”
NOT “shotgun”), restricting retrieved sequences 3-50 kb
in length. The result of this search was combined with
thousands of unpublished mitogenomes in our database
(Creedy, Lee et al., unpublished). This set was used to
build a preliminary exploratory tree aiming to maximize
representation at the family and subfamily level, generally
by selecting 2 distantly related representatives of a family
or representatives of multiple subfamilies. Mitochondrial
genomes with a complete set of protein-coding sequences
were used preferentially. We also selected for geographic
breadth, to ensure a worldwide representation on the final
phylogeny, including a few unpublished sequences from
tropical sites. Our final selection comprised 373 mitochon-
drial genomes.

Next, the joint analysis with the nuclear data required
that all species with nuclear genomes were represented
by the corresponding mitogenome. For 80 of the 119
terminals in the nuclear phylogeny, the assemblies of
SRA data produced mitochondrial genome contigs that
were complete for the 13 protein-coding genes. For the
remaining 39 terminals either no mitochondrial contig
was assembled, the assembled genome was incomplete,
or it was of very poor quality, perhaps due to varying
stages of post-transcriptomic processing. For each of
these 39 species, we searched our mitogenome data-
base for close relatives. In 33 cases, the closest relative
available in the database was a substantially more com-
plete conspecific (31) or congener (2), and we simply
substituted our database mitogenome for the missing,
incomplete, or poor SRA assembly. In 5 cases, the SRA
assembly was incomplete and an incomplete conspe-
cific was available in the database, and the combina-
tion of both sequences would increase the number of
protein-coding genes (PCGs). In these cases, we aligned
and generated consensus sequences for each PCG,
using ambiguity codes for any polymorphisms. In the
final case, Haliplus, the SRA assembly was very poor but
the closest relative in our database was an incomplete
congener. Given the importance of this representative
for the tree and the poor availability of mitogenomes
for this taxon, we used a consensus of these sequences
in this case. We thus successfully identified suitable
mitochondrial sequences to correspond with all 119
nuclear terminals, for a final count of 491 mitogenomes.

All mitochondrial genomes (SRA assemblies, unpub-
lished sequences, GenBank sequences) were annotated for
PCGs, RNA genes, and tRNAs using the MitoZ pipeline
(Meng et al. 2019). The PCG annotations of all mitochon-
drial genomes were refined using the newly developed
python tool mitocorrect (https://github.com/tjcreedy/
mitocorrect) (Fig. 2). The script evaluates alternative
potential start and stop codons based on 2 axioms: (i) given
the conserved structure of mitogenomes in Coleoptera,
the distance (or short overlap) between adjacent genes
generally differs only by a few base pairs around a
modal number; (ii) presuming conserved lengths of the
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protein sequences, alignments of each PCG can indicate
the most probable start and stop codons relative to other
sequences in a multiple sequence alignment, from which
any new annotation may deviate by a certain number of
bases. mitocorrect evaluates each potential start and stop
codon, balancing the 2 criteria for an in-frame nucleotide
sequence (Fig. 2). The parameter values for the range
of gene distances and admissible start/stop codons for
each gene are provided by the user and based upon well-
established understanding of mitogenome PCG prop-
erties regarding the modal distances of genes and
homologies of start and stop codons provided to the pro-
gram in a specifications table (Supplementary Text S1).

Mitochondrial Gene Alignment

The new annotations were used to excise the 13
PCGs of the 491 input mitogenomes and each gene
was aligned based on the amino acid translation. First,
nucleotide sequences were translated to amino acid
sequences, then these were aligned using the MAFFT
(Katoh and Standley 2013) ginsi global pairwise align-
ment strategy. The amino acid alignments were trans-
lated back to nucleotide sequences by taking the
unaligned sequences and inserting gaps in the appro-
priate positions as determined by the amino acid align-
ment, implemented in a python script (backtranslate.
py, available at https:/ /github.com/tjcreedy/biotools).
The 2 sets of 13 alignments (nucleotide and amino acid)
were converted into two supermatrices using catfa-
sta2phyml.pl (Nylander 2010). Ribosomal RNA genes
were not included in the analysis.

Mitochondrial Phylogenetic Analysis

For the aligned data, we considered 3 possible data-
sets for phylogenetic reconstruction: (i) the complete
nucleotide supermatrix with all nucleotides included
(NT123), (ii) the nucleotide supermatrix excluding
third codon positions (NT12), and (iii) the amino acid
supermatrix (AA). For each dataset, we started from a
maximal partition scheme, namely (i) gene and codon
position partitioning (39 partitions), (ii) gene and first 2
codon position partitioning (26 partitions), and (iii) gene
partitioning (13 partitions) respectively. We then used
the combined partition and model finding algorithm of
IQ-TREE (v2.0.3) to first implement a PartitionFinder-
like greedy partition merging approach to find the
preferred partition scheme (Lanfear et al. 2012), then
applied automatic model selection (Kalyaanamoorthy
et al. 2017) to find the most appropriate model for each
partition. This outputs a partition and model table for
each of the 3 datasets.

For each dataset, we used IQ-TREE (v2.0.3) to recon-
struct the ML tree based on the input dataset and par-
tition/model table. To assess branch support, we used
the ultrafast bootstrap (Hoang et al. 2018) with 1,000
replicates. We also performed 3 single-branch tests to
provide further support values: the SH-like approx-
imate likelihood ratio test (Guindon et al. 2010), the
approximate Bayes test (Anisimova et al. 2011), and

the fast local bootstrap probability method (1,000 rep-
licates) (Adachi and Hasegawa 1996). These analyses
were carried out separately (i) without constraint and
(ii) with a multifurcating backbone constraint phylog-
eny, representing the consensus of the various nuclear
tree topologies obtained as described above.

Comparison of Mitochondrial Phylogenies to Published
Trees

To explore consistency in node recovery among recent
studies of the Coleoptera, we acquired or transcribed
the topology of the trees produced by Zhang et al. (2018,
Figure 2), McKenna at al. (2019, Supplementary Figure
S1), and Cai et al. (2022). To ensure consistent taxonomy
among trees, we matched terminals by the reported spe-
cies, genus, and/or family in these trees to the taxonomy
of our mitogenome database, then for any terminals still
without taxonomy, we retrieved taxonomy from NCBL
Based on our knowledge of critical nodes in the phylogeny
of Coleoptera and comparisons of our mitogenome-based
tree with the above studies, we identified a total of 84
clades comprising one or more taxa at family or higher
levels recovered consistently with the potential for defin-
ing a stable higher-level classification of the Coleoptera.
For each phylogeny, we identified the set of terminals that
belonged to each of these clades, which we refer to as a
“taxonomic set”; we then located the most recent common
ancestor (MRCA) node for each taxonomic set. Based on
the subtree below this node, we classified each taxonomic
set on each phylogeny as:

1. Monophyletic: all terminals corresponding to a
given taxonomic set present in the tree are descended
from this node.

2. Monophyletic-incomplete: all terminals correspond-
ing to a given taxonomic set present in the tree are
descended from this node, but other taxa in this
tree not assigned to any other taxonomic set are also
descended from this node; this category is relevant
mainly to families (or groups at other levels) not
consistently sampled across various studies and
thus not assigned to any taxonomic set.

3. Paraphyletic: all terminals corresponding to a given
taxonomic set present in the tree are descended from
this node, but members of other taxonomic sets are
also descended from this node, and thus this node
may also be the MRCA of another taxonomic set.

4. Absent: the taxonomic set is not represented in the
tree or is represented by only one exemplar.

This analysis was carried out using the taxize 0.9.98
(Chamberlain and Szdcs 2013), ape 5.6.2 (Paradis and
Schliep 2019), and phangorn 2.10.0 (Schliep 2011) pack-
agesinR4.2.2 (Team 2013), along with custom functions.

Compositional Heterogeneity

Compositional heterogeneity was explored using
the Relative Compositional Frequency Variation
(RCFV) (Zhong et al. 2011). The metric uses the rel-
ative frequency of a nucleotide or an amino acid in a
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FIGURE2. The mitocorrect methodology. Alignment and topography together determine the selected start and stop codons. In the example, the starting
annotation’s start and stop positions are valid codons, but these may not be correct (step 0). Multiple alternatives are available (step 1) but many of these are
rejected for being in the incorrect frame (step 2), including the initial stop position. All possible remaining combinations form the potential annotations (step
2a). Comparison with the expected gene overlaps or gaps, supplied by the user based on external information, allows scoring of potential annotations (step
3a). Further evidence is generated through comparison of the potential annotations to a reference alignment (step 3b and c). These comparisons are scored
for their deviation from the modal gene distance and alignment matches (in number of nucleotides), and the overall lowest scoring annotation is selected.
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TABLE 1.

Summary of Nuclear Datasets. Six datasets fulfilling differing levels of 2 completeness criteria were generated. For each dataset,

the number of amino acids and genes in the resulting supermatrix is reported. The mean and range of the number of genes per terminal in the
supermatrix are also given. Finally, the table shows for the 2 approaches where PartitionFinder was used, the final number of partitions with
different models/parameters in the tree search. All 119 terminals were present in all matrices.

Matrix Total amino acids Total genes Per-terminal genes
Minimum Mean Maximum

>50% genes, > 0% sequence 527095 2127 713 1668.5 2101
>50% genes, > 70% sequence 400742 1362 421 1084.6 1347
>75% genes, > 0% sequence 349297 1425 607 1210.5 1414
>75% genes, 2 70% sequence 269507 956 379 817.2 949
290% genes, > 0% sequence 83322 310 193 287.0 310
290% genes, 2 70% sequence 68053 231 143 214.3 231

given taxon against the mean relative frequency of the
same nucleotide or amino acid over the entire dataset.
The analyses were performed for the nucleotide data-
set with all 3 codon positions included (NT123), after
removing the third codon position (NT12), and on the
amino acid dataset (AA). Within each dataset, each par-
tition derived from the partition merging approach (see
below) was considered independently. Analyses were
conducted using a custom R functions rcfv and rcfv.parti-
tioned (https://github.com/tjcreedy/phylostuff/blob/
main/phylofuncs.R). For each dataset and partition,
we then graphically explored the partitioning of over-
all RCFV into character-specific (csRCFV) and taxon-
specific (tsSRCFV) components (Fleming and Struck 2023)
and used chi-squared tests to test whether the distribu-
tion of csRCFV and tsRCFV values across character sets
and taxa respectively deviated from random chance,
i.e., to test whether any characters or taxa appeared to
have significantly greater compositional frequency and
thus mislead the phylogenetic reconstruction.

REsuLTs

Nuclear Gene Assemblies

Successful assemblies of nuclear orthologs were
achieved for 119 diverse taxa of Coleoptera and out-
groups (Supplementary Table S3), selected to cover the
greatest phylogenetic diversity available at the SRA
(September 2020). Several key taxa for which shotgun
data have been reported in the literature were miss-
ing from the SRA and thus could not be included in
the current study. The final data matrix extended to
527,095 amino acids, representing 2,127 independently
assembled loci (Table 1). The number of genes pres-
ent in each terminal dropped off sharply under more
stringent requirements for matrix completion (mov-
ing from > 50% to > 75% of genes present) or sequence
completeness (> 70% of nucleotides present) (Table 1).
In total, we obtained sequences for 78 families covering
the 4 suborders of Coleoptera and all 16 widely recog-
nized superfamilies of the large suborder Polyphaga.
Taxon sampling within Adephaga included all known
family-level taxa, except for Meruidae, which is
closely related to Noteridae. For the 2 small suborders,
Myxophaga and Archostemata, representatives of 2
families each were assembled successfully.

Phylogenetic trees based on data matrices of var-
ious levels of completeness and generated under
different substitution models (36 trees in total,
Supplementary Material S4) were ordinated based
on a matrix of all pairwise RF distances (Fig. 3). All
topologies from the 50% and 75% among-gene com-
pleteness matrices were similar under any of the
models, except for the trees generated with ASTRAL
that occupied a small portion of the multivariate
space distant from all others (Fig. 3). Only the topol-
ogies from the 90% completeness matrices were
widely different from all others, and from each other,
showing that this most complete but smallest matrix
remained sensitive to the model choice, unlike the
larger matrices (Fig. 3).

Phylogenetic relationships encountered across the
36 analyses were captured well in a tree from the 90%
matrix completeness dataset under the PMSF model,
which was at the center of the multivariate space.
Against this exemplar topology (Fig. 4), we scored
the nodes that were found in all of the other anal-
yses (i.e., all nodes in this tree based on 310 genes
were also present in trees of up to 2,127 genes but
with lower matrix completeness; Table 2), as a mea-
sure of sensitivity to the matrix type and model. We
first observed that the ASTRAL analysis added a
great number of unique nodes, including the non-
monophyly of Coleoptera, and therefore this method
was removed from further analysis. For the remaining
30 trees, nodes sensitive to matrix choice and model
were clustered in certain parts of the tree, especially
in Tenebrionoidea and Scarabaeoidea. Several nodes
were consistently found to be resolved differently
under various parameter sets (matrices and mod-
els), while several others were affected only by one
parameter set (shown as a heat map on the nodes of
Fig. 4). Especially, the topology obtained with the
Dayhoff replacement matrix differed in several basal
nodes, including the node grouping the 2 suborders
Archostemata and Myxophaga, and the node group-
ing Cleroidea and Coccinelloidea (Fig. 4). Generally,
we found that if a node was not present across multi-
ple data matrices it was also not present across multi-
ple models within one type of matrix, i.e., inconsistent
nodal support due to limited matrix completion coin-
cides with sensitivity to the model. In sum, 83 nodes
were resolved universally across these trees under a


https://github.com/tjcreedy/phylostuff/blob/main/phylofuncs.R
https://github.com/tjcreedy/phylostuff/blob/main/phylofuncs.R
https://dx.doi.org/10.5061/dryad.zkh1893f4
https://dx.doi.org/10.5061/dryad.zkh1893f4

452

SYSTEMATIC BIOLOGY

VOL. 75

30

20

10

MDS2

Eh
-10 ®

-20 0
MDS1

20

ASTRAL

Dayhoff

EXEHO

GHOST

LG

PMSF (LG + C60)

Matrix completeness
O >=50% taxa
[] >=75% taxa

A >=90% taxa

Sequence completeness
O >=0% sequence
. >=70% sequence

FiGURE 3. Ordination of RF distances of trees from nuclear genomic data using different matrix types and substitution models. Symbols
correspond to 6 models, each of which were used to generate a tree under the 6 different matrices (3 levels of across-gene completeness, colors, 2 levels of
within-gene completeness, filled vs unfilled). Where more than one best tree was obtained in a search, the RF distances were calculated from the consensus
tree. The tree from the matrix with 90% matrix completion and 70% gene completion obtained under the PSMF model (brown triangle at center of graph)
was used to illustrate the consensus among tree topologies in Figure 4. Note that the trees returned for LG and GHOST models were frequently identical or
highly similar for several matrix completeness cases, so these LG (purple) points are obscured by the GHOST (red) points in these cases.

strict consensus (Supplementary Material S5), which
were then used as the backbone constraint for mito-
chondrial tree searches (see below).

Mitochondrial Data Matrices

Mitochondrial genomes were assembled from
the shotgun database and available mitogenomes
at Genbank, supplemented with a few unpublished
mitogenomes to maximize the taxonomic diversity
at the family and subfamily levels and to represent
the highly uneven species richness of lineages of
Coleoptera. We aimed at one mitogenome per ~1,000
species for larger families but also included phyloge-
netically unique, species-poor lineages. Assembly of
mitochondrial genomes from transcriptome data were
frequently poor and were substituted with available
mitogenome sequences for the same species or a close
relative (see Material and Methods, and Supplementary
Material S3). The final set of 482 ingroup mitogenomes
represented the major taxonomic and geographic lin-
eages of the Coleoptera, including representatives
of 138 families and 176 subfamilies (Supplementary
Material S6), with a matrix completion at gene level
of 87%. Where necessary the 5" and 3’ ends of each

gene annotation were adjusted using mitocorrect,
producing the best estimate of start and stop codons
for the final alignment procedure. Across all mitoge-
nomes, the gene organization was highly conserved.
Generally, adjacent genes either overlapped by one or
a few nucleotides, or they were separated by a small
number of intergenic positions. Only in rare cases
were these distances > 100 nucleotides or more, espe-
cially in the region between the nadl and cytb genes
that are transcribed in opposite directions. Presumed
start codons were highly variable, with up to 9 differ-
ent start codons in nad2 and cox1. Due to the conser-
vative gene distances (and conservative gene order)
the mitocorrect procedure could be limited to searching
a range (“search distance”) of 50 nucleotides or less
from an existing annotation (obtained from Genbank
or using standard annotation software, e.g., MitoZ),
which limited the number of potential start/stop
codon combinations to be tested. Mitochondrial PCGs
were excised from the annotated mitogenomes and
aligned as translated amino acid sequences before
being back-translated for nucleotide-based analysis
(Materials and Methods). The final matrices of the 13
PCGs included 12,270 nucleotide positions or 4,090
amino acid positions (Supplementary Material S7).
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FIGURE 4. Exemplar tree of Coleoptera from phylogenomic data. The tree is based on the matrix_90 dataset and the PMSF model. The symbols
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Tree Searches and Topology

Tree searches were conducted on 3 matrices of
DNA (all nucleotide sites; 1% and 2™ codon posi-
tions only; amino acid transformed data) with and
without the constraint (Supplementary Material S8).
Phylogenetic trees generated without constraint pro-
duced topologies in broad agreement with known
mitogenome trees and had an overall good fit with
the Linnaean taxonomy at family level and above
based on the tRI (Table 1, Fig. 5). However, these trees
were also marred by a few severely misplaced groups
and inconsistent relationships of deeply branch-
ing lineages, in particular for the trees that did not
exclude the 3™ codon positions. Applying the back-
bone constraints from the 83 universally resolved
nodes of the nuclear gene trees produced topologies
of lower likelihood than the unconstrained trees at
a level that was significant in all commonly used
tests of tree selection (Table 1). However, the tRI was
higher at all hierarchical levels indicating a better
fit to the Linnaean classification, although even the
constraint searches did not avoid a few nonsensical
groupings that mostly consisted of clusters of species
with no close relatives in the nuclear dataset con-
straint. Using the amino acid sequence improved the
topology, but a few such cases remained, including
the 3 representatives of the Osoriinae (Staphylinidae)
and 2 species of Sphindidae placed very distantly
from their likely positions (which were ignored in the
subsequent analyses).
= Using the RCFV metric for assessing compositional
heterogeneity demonstrated that the poorly perform-
ing partitions indeed showed greater heterogene-
ity. Specifically, the partitions P3 and P6 exclusively
composed of 3rd codon positions showed the highest
levels of heterogeneity, followed by the partition P4
and then by P1 and P5 all of which are predominantly
composed of first codon positions. Partition P2 com-
posed of 2nd codon positions had the lowest RCFV
values and showed limited variation in these values
(Supplementary Fig. S7). Character-specific compo-
sitional heterogeneity (csRCFV) showed similar lev-
els of heterogeneity for the 4 nucleotides, although
this increased for A and T in the third codon posi-
tions (partitions P3 and P6). The taxon-specific com-
position heterogeneity (tsRCFV) revealed levels of
heterogeneity largely in line with the overall RCFV
values for each partition, but generally with a long
tail of high values, especially in P2 of the amino acid
analysis, which otherwise had the lowest overall het-
erogeneity. Cases of high tsSRCFV may indicate the
underlying causes of severely misplaced taxa, but we
did not find this correlation when mapping tsRCFV
values on the phylogenetic tree.

RF comparisons
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(Fig. 6). Discussing briefly the major groups we noted:
(i) The relationships of the 4 suborders have been prob-
lematic, but nuclear genome data (Misof et al. 2014)
resolved them as (Outgroup (Polyphaga (Adephaga
(Myxophaga, Archostemata))). This topology was
also supported in all our phylogenomic analysis,
except for the Dayhoff rate model with the 90% com-
plete dataset (matrix_90 abs70), which supported the
sister relationships of Adephaga and Archostemata,
albeit with low support. Inclusion of this tree in the
selection of the backbone constraint also removed
the node that specified the suborder relationships
from the backbone, and thus the mitogenome sig-
nal was tested here, which grouped Adephaga and
Myxophaga, as generally seen in mitogenome data
except with the superior CAT model in PhyloBayes
(Timmermans et al. 2016).

Within Adephaga, Gyrinidae (Whirligig Beetles)
were sister to all other families, which were sepa-
rated into the traditional terrestrial Geadephaga and
aquatic Hydradephaga (Shull et al. 2001). Relationships
within Geadephaga were stable, placing Cicindelidae
as sister to all others, including Rhysodidae (one out-
lier) and Carabidae. Within Hydradephaga, various
methodologies resulted in different relationships of
families in the superfamily Dytiscoidea, with the posi-
tion of Hygrobiidae shifting, as discussed recently
(Vasilikopoulos et al. 2021).

The large suborder Polyphaga at the levels of
Series (infraorders) was generally arranged as
(Scirtiformia  (Elateriformia (Staphyliniformia incl.
Scarabaeiformia  (Bostrichiformia, Cucujiformia)))).
Within the large Cucujiformia comprising approx-
imately half of all described species of Coleoptera,
superfamilies ~ were arranged as  (Cleroidea
(Coccinelloidea ((Lymexyloidea + Tenebionoidea)
(Cucujoidea s.str. (Curculionoidea + Chrysomeloide
a)))). Within Staphyliniformia internal relationships
were  ((Hydrophyloidea + Histeroidea)  (Staphyli
noidea + Scarabaeoidea))). Within Elateriformia
we generally observed (Dascilloidea (Elateroidea
(Byrrhoidea + Buprestoidea))), although the mono-
phyly of Byrrhoidea was not always recovered. Within
these superfamilies, certain subclades were found con-
sistently in our analyses, which also matched the recent
phylogenomic studies of McKenna et al. (McKenna et
al. 2019), Zhang et al. (Zhang et al. 2018b) and Cai et
al. (2022) (Supplementary Figs. S3, S4, and S5). We thus
defined a set of some 84 nodes at family level and above
that can be considered a secure scaffold for classifica-
tion of Coleoptera (Table 3; note this set was arrived
at independently from the set of 83 nodes constrained
by the nuclear backbone—while these sets overlap, the
similarity in the numbers is coincidence). The table also
included a few cases where basal relationships were
recovered differently in the 4 studies, including alter-
native positions of the Cleroidea and Coccinelloidea
within Cucujiformia, which require particular attention
in future.

DiscussioN

The rapid growth of phylogenomic sequenc-
ing presents unique opportunities and challenges.
Mitochondrial genomes play a key role in assembling
the Tree-of-Life due to the rapidly increasing taxon
density achievable with shotgun sequence data, but
bioinformatics and phylogenetic analysis fail to keep
up with the speed of data generation. We first devel-
oped a much-needed workflow for rapid and accurate
annotation of mitochondrial genomes, overcoming a
major deficiency of existing automated procedures that
produce annotations without further tests of alternative
and possibly more plausible assignments of the 5" and
3" ends of genes. Second, we developed an approach
for integrating the potentially huge numbers of mitog-
enomes with phylogenetically powerful nuclear orthol-
ogy sets supporting deep relationships but allowing
the more densely sampled mitogenomes to bear on
the overall topology. Applied to the Coleoptera, the
approach was used to establish > 80 nodes that define
the basal relationships unlikely to be overturned in
future analyses. They can be used as landmarks for fur-
ther taxon additions and the generation of supertrees.
In addition, the taxonomically and biogeographically
broadly sampled mitochondrial genome data provide
the basis for detailed studies at the family and subfam-
ily levels and allow the robust placement of short bar-
code and metabarcode sequences.

Mitogenome Workflow

Gene annotation is a key initial step in the process-
ing of mitochondrial genomes. Ambiguity about the
precise extent of genes at the 5 and 3’ ends is due
to the surprising density of potential start codons
(including non-canonical codons) and stop codons
(including partial T and TA codons). Several wrap-
per scripts are available that connect the various
assembly and annotation steps, including the popu-
lar MitoZ pipeline (Meng et al. 2019). However, these
methods rely on Hidden Markov Model (HMM) pro-
files for recognition of genes that have limited res-
olution to establish the start and stop codons and
propagate existing annotation biases in the data-
bases. Consequently, genome annotations available
at GenBank are rife with errors (Cameron 2023, 2024),
and we confirmed this here for numerous submis-
sions of Coleoptera. Our mitocorrect tool exploits the
largely conserved intergenic distances that define
the extent of each gene. Starting with the HMM-
generated predictions, the method evaluates vari-
ous alternatives of in-frame annotations defined by
different start and stop codons, which each is tested
for their deviation from a modal distance to the adja-
cent genes (within the ranges of distances normally
encountered; Supplementary Table 1). The deviations
from the modal genome position are then weighted
against the deviations from the consensus alignment,
for the selection of the best annotation. We used
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this method for a reannotation of published data on
Genbank, detecting many inconsistencies of existing
annotations (and various frameshifts). The method
can greatly speed up the processing of mitogenomes
from any source, given a fixed gene order and param-
eter set. It will be less useful in lineages with more fre-
quent gene order rearrangements, where the context
of the adjacent genes is not available. However, alter-
native gene orders and gene distances can be speci-
fied in the custom database, as was done here for the
rearrangement of the tRNA-Pro that was known as
a clade marker of the Dryopoidea (Timmermans and
Vogler 2012), and the method can even serve to detect

such rearrangements automatically if the expected
neighbor is not present within the custom distance.
The subsequent steps of the workflow address the
search for taxonomically defensible trees from the
densely sampled mitochondrial markers but avoid
the confounding effects of long-branch attraction. The
latter presumably is ameliorated by dense, uniform
taxon sampling along the deep branches for more
accurate inference of the character variation, which we
aimed to achieve by the maximum available coverage
of the Linnaean taxonomy at family and subfamily
levels. However, in many parts of the world the phy-
logenetic diversity of Coleoptera is too poorly known
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branches). Node numbers correspond to the MRCA of taxonomic sets derived from the 84 focal clades of the Coleoptera classification at and above the family
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to use this approach. We therefore added samples from
tropical sites representing divergent lineages from a
larger database (Creedy, Lee et al., unpublished) and
obtained a representation of mitogenomes largely cor-
responding to the number of species in (super)families
of Coleoptera. In the subsequent phylogenetic analysis,
standard methods for partitioning and model choice
were applied to likelihood searches on both the nucle-
otide and amino acid datasets, which improved the
topologies over unpartitioned searches (Fig. 5). Amino
acid coding produced the best trees, and the basal
topology was improved under the backbone constraint.
However, a few lineages at (sub)family level were placed
distantly from the expected positions in all searches,
including Noteridae/Meruidae (Adephaga), Passalidae
(Scarabaeoidea), Pselaphinae, Scydmaeninae, Osoriinae
(Staphylinoidea), and Sphindidae (Cucujoidea). These
groups generally occupied long terminal branches but
did not stand out with regard to compositional hetero-
geneity (tsRCFV) (Fig. 6), and it remains unclear what
features are ultimately causing their aberrant positions.
They had to be disregarded when analyzing the final
trees although they may prove useful for inferring the
internal relationships of these groups when sampled in
more detail.

Use of the Nuclear Orthology Set

At the deep level, the proposed workflow requires
genome sequences or SRA repositories to generate the
nuclear orthology set. Availability of genome sequence
data in the Insecta is increasing at pace but remains very
uneven taxonomically (Feron and Waterhouse 2022).
Access to SRA data across major lineages of Coleoptera
was greatly enhanced by the work of McKenna et al.
(2019) and several other studies. In other situations, the
primary sequence data may have to be gathered first,
although once DNA-grade specimens are at hand, the
sequencing methodology is straightforward (Kusy
et al. 2018). The nuclear set of some 2,000 loci proved
to be powerful in resolving the basal relationships of
Coleoptera, but it remained sensitive to model choice
and the exact composition of the character matrix, given
the trade-off between more genes versus fewer missing
characters. We also observed a few cases of very simi-
lar sequences in distantly related species which may be
indicative of contaminations in the original data or pos-
sible paralogues; machine-generated gene extractions
are inevitably less clean than curated data (as those

from the mitogenomes). We further established that the
ASTRAL method employing a multispecies coalescent
produced poor trees and thus was not considered fur-
ther; while being fast computationally, and potentially
its performance could be improved with weighting of
individual gene trees (Zhang and Mirarab 2022), gene
concatenation seems more appropriate, as deep coales-
cence due to ILS is only of limited relevance in the
study of basal relationships of a group as ancient as the
Coleoptera. Among the remaining 30 tree searches (6
matrices x 5 models), the overall topologies were sim-
ilar irrespective of the data matrix and model used. Yet,
numerous nodes are not universally supported across
all treatments, especially near the tips of the tree (Fig. 4).
Nodes sensitive to the use of different matrices are also
sensitive to the application of different models within
a matrix type, suggesting overall weak signal for the
affected nodes and possibly insufficient amounts of
data. This may be supported by the fact that the smallest
(but most complete) matrix_90 dataset showed compar-
atively large tree distances from the other trees, which
suggests that the size of the matrix is more important
than the degree of completeness, in agreement with
simulation studies showing that missing characters per
se are not as problematic for phylogenetic accuracy as
having too few complete characters (Wiens 2003).

In the next step of the protocol, the tree from nuclear
data is imposed on the mitogenome tree searches, using
a backbone constraint. The strategy for the selection of
constrained nodes was conservative, requiring maxi-
mum (100% bootstrap) support and universal presence
across all parameter settings. The great majority of these
nodes are also supported by the other major phyloge-
nomic studies (Table 3). The remaining unconstrained
nodes generally were closer to the tips (Fig. 4), and
therefore were left to be resolved by the mitogenomes,
which mostly represent tip-level lineages and contrib-
ute only a few deep lineages that were not also repre-
sented by the nuclear genomes (see the thin branches
in Fig. 6).

The link of nuclear and mitochondrial data is via
the matrix of mitochondrial sequences required for all
included species, including those used for the nuclear
genome sequencing. We spent great effort on extract-
ing mitogenomes from the SRA submissions, but most
primary nuclear genome data were transcriptomes that
did not always assemble into complete error-free con-
tigs. In part, the corresponding mitogenomes could be
obtained from Genbank and our unpublished database,

level, as described in Table 3. Parentheses around node numbers denote a “monophyletic-incomplete” taxonomic set (i.e., taxa not part of a clade defined in
Table 3 are descended from the given node, but these taxa are not part of another group) and brackets denote paraphyletic groups (i.e., taxa that are members
of another group in Table 3 are also descended from the node). Circles to the right of internal nodes indicate if a node was in the backbone: circle is filled
if it was resolved in the backbone (bifurcation) or empty if it was unresolved (multifurcation). The set of squares adjacent to internal nodes represent the
status of this node in 3 other recent studies (from left to right, Zheng et al. 2018; McKenna et al. 2019; Cai et al. 2022). These are dark green if the group is
monophyletic, light green if monophyletic-incomplete, orange if paraphyletic, and white if absent on each tree respectively. Terminal labels give taxonomy: if
available, family and genus, otherwise family and subfamily, otherwise the lowest known taxonomy, plus the country of origin if known. A few terminals (in
gray lettering) are clearly misplaced on this tree and are ignored for the scoring of monophyly. Terminal labels with an asterisk (*) denote sequences derived
from multiple closely related species. Squares on the tips illustrate taxon-specific compositional heterogeneity, with the side length of each square proportional
to the p tsRCFV for that taxon. To improve readability, some short internal branches have been lengthened, denoted by <> in the branch, and some long
branches have been shortened, denoted by | | . A single pdf image of the complete tree is available in the supplement (S9), along with a Newick-format file (S8)
and complete metadata for all terminals (S3 & S6).



462 SYSTEMATIC BIOLOGY VOL. 75

TasLE 3. Table of taxonomic comparisons for this and other recent studies. Rows on the table correspond to clades. The taxonomy defines a
clade, the Node ID corresponds to the numbers labelling the nodes in the phylogeny on Figure 6. The coloured boxes correspond to the status of this clade on
this and three other recent studies; colours correspond to status: dark green if the group is monophyletic, light green if monophyletic-incomplete, orange if
paraphyletic, and white if absent on a given tree (see Figure 6). Supplementary Material S2 provides Newick files of the four phylogenies with clades mapped
to nodes and a csv version of this file.

1 Coleoptera

2  Adephaga, Archostemata, Myxophaga

3 Archostemata, Myxophaga

4 Archostemata

5 Myxophaga

6 Adephaga

7 Dytiscoidea, Haliplidae, Caraboidea

8 Dytiscoidea, Haliplidae

9 Dytiscoidea

10 Hygrobiidae, Dytiscidae, Amphizoidae, Aspidytidae

11 Caraboidea

12 Carabidae, Trachypachidae

13  Bostrichiformia, Cucujiformia, Scarabaeiformia, Staphyliniformia, Elateriformia, Nosodendridae,
Rhinorhipoidea, Clambidae, Derodontidae, Eucinetidae, Scirtidae

14 Scirtidae

15 Bostrichiformia, Cucujiformia, Scarabaeiformia, Staphyliniformia, Elateriformia, Nosodendridae,

Rhinorhipoidea, Clambidae, Derodontidae, Eucinetidae

16 Clambidae, Derodontidae, Eucinetidae

17 Bostrichiformia, Cucujiformia, Scarabaeiformia, Staphyliniformia, Elateriformia, Nosodendridae, Rhinorhipoidea

18 Bostrichiformia, Cucujiformia, Scarabaeiformia, Staphyliniformia, Nosodendridae

19 Bostrichiformia, Cucujiformia, Scarabaeiformia, Staphyliniformia, Elateriformia

I
I

20 Elateriformia

21 Dascilloidea

22 Buprestoidea, Byrrhoidea, Dryopoidea, Elateroidea

23 Buprestoidea

24 Byrrhoidea

25 Dryopoidea

26 Elateroidea

27 Artematopodidae, Omethidae

28 Cantharidae, Elateridae, Lampyridae, Lycidae, Omalisidae, Phengodidae, Rhagophthalmidae, Eucnemidae, Throscidae

29 Eucnemidae, Throscidae

30 Cantharidae, Elateridae, Lampyridae, Lycidae, Omalisidae, Phengodidae, Rhagophthalmidae, Iberobaeniidae
31 Bostrichiformia, Cucujiformia, Scarabaeiformia, Staphyliniformia

32 Scarabaeoidea, Staphylinoidea, Histeroidea, Hydrophiloidea

33 Histeroidea, Hydrophiloidea

34 Histeroidea

35 Hydrophiloidea

36 Georissidae, Helophoridae, Hydrochidae

37 Scarabaeoidea, Staphylinoidea

38 Scarabaeoidea

39 Geotrupidae, Passalidae

40 Glaresidae, Lucanidae, Trogidae

41 Glaphyridae, Hybosoridae, Scarabaeidae

42 Scarabaeidae

43 Staphylinoidea

44 Hydraenidae, Ptilidae

45 Pselaphinae, Scaphidiinae, Scydmaeninae, Silphidae, Staphylinidae, Leiodidae
46 Pselaphinae, Scaphidiinae, Scydmaeninae, Silphidae, Staphylinidae
47 Bostrichiformia, Cucujiformia

48 Bostrichoidea

49 Bostrichidae, Anobiidae, Ptinidae

50 Anobiidae, Ptinidae

51 Cucujiformia

52 Cleroidea, Coccinelloidea
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53 Cleroidea
54 Biphyllidae, Byturidae, Phloiophilidae
55 Chaetosomatidae, Cleridae, Phycosecidae, Prionoceridae, Melyridae, Trogossitidae
56 Chrysomeloidea, Curculionoidea, Cucujoidea, Lymexyloidea, Tenebrionoidea, Coccinelloidea
57 Coccinelloidea
58 Bothrideridae, Cerylonidae, Discolomatidae
59 Alexiidae, Latridiidae, Coccinellidae, Corylophidae, Endomychidae
60 Coccinellidae, Corylophidae, Endomychidae
61 Chrysomeloidea, Curculionoidea, Cucujoidea, Lymexyloidea, Tenebrionoidea
62 Lymexyloidea, Tenebrionoidea
63 Lymexyloidea
64 Tenebrionoidea
65 Mordellidae, Ripiphoridae, Stenotrachelidae
66 Boridae, Melandryidae, Mycetophagidae, Mycteridae, Oedemeridae, Prostomidae, Pyrochroidae, Salpingidae,
Scraptiidae, Tetratomidae, Zopheridae, Aderidae, Anthicidae, Meloidae, Ciidae, Tenebrionidae
67 Ciidae, Tenebrionidae, Lagriinae
68 Anthicidae, Meloidae
69 Curculionoidea, Chrysomeloidea, Cucujoidea
70 Cucujoidea
71 Phloeostichidae, Cryptophagidae, Cucujidae, Silvanidae, Laemophloeidae, Propalticidae, Phalacridae,
Kateretidae, Nitidulidae, Monotomidae
72 Kateretidae, Nitidulidae, Monotomidae
73 Cryptophagidae, Cucujidae, Silvanidae, Laemophloeidae, Propalticidae, Phalacridae
74 Laemophloeidae, Propalticidae, Phalacridae
75 Curculionoidea, Chrysomeloidea
76 Chrysomeloidea
77 Cerambycidae, Disteniidae, Megalopodidae, Orsodacnidae, Oxypeltidae, Vesperidae
78 Chrysomelidae
79 Curculionoidea
80 Anthribidae, Attelabidae, Belidae
81 Brentidae, Curculionidae, Brachyceridae, Dryophthoridae, Platypodidae
82 Curculionidae, Brachyceridae, Dryophthoridae, Platypodidae
83 Brachyceridae, Dryophthoridae, Platypodidae
84 Curculionidae

and if there was no match on the species level, congener-
ics or composite sequences were created from multiple
Genbank entries of close relatives to represent critical
family-level taxa in a few cases (Material and Methods).
If relationships in a group are well known, the back-
bone constraint could be based on an external topol-
ogy, but again this requires that the specific taxa in the
external tree are the same as those used in the mitoge-
nome analysis. This protocol is different from backbone
constraints that might be applied based on a classifica-
tion that would force all members of a higher taxon to
adhere to the constraint. We thus avoid the assumption
of monophyly of higher taxa, and the large proportion
of mitogenomes not represented in the nuclear data are
free to “find their place” around the core constraint tree
(the fat branches in Fig. 6).

Yet, for many nodes, the backbone constraint plays
a critical role in resolving basal relationships that are
incorrectly recovered using mitogenomes alone. None
of the trees constructed under the constraints passed

the AU test, indicating a significant divergence from
the best tree made from the mitogenomes (Table 2).
Yet, the high tRI and tCI values provide validation
for the constraint tree topology, especially for the
higher levels (suborder, superfamily), which attests to
the shortcomings of the mitogenomes on their own.
However, the high tCI/tRI for the tree overall also
demonstrates the power of mitogenomes if combined
with a limited set of nuclear genomes, in particular for
the resolution at lower levels (families) where the tRI
of constrained and unconstrained searches differ only
very little (Table 2). In addition, the mitogenomes, being
an independent character system, can arbitrate between
contradictory results from nuclear genomes, including
the results from previous studies on the Coleoptera
phylogeny (Table 3). The backbone constraints are
probably the best currently viable option for integrat-
ing large nuclear ortholog sets with the more abundant
mitogenomes. Tree searches on the nuclear orthology
set of ~2,000 loci are challenging already at the scale of
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~100 terminals used here, and searches on larger taxon
numbers in a single matrix including the mitogenomes
would make this search very difficult with current
algorithms. Anticipating a tree with ~5,000 mitoge-
nomes (Creedy, Lee, et al., unpublished), backbone-
constrained tree searches can be achieved with standard
phylogenetic software such as IQ-TREE and RAXML.
This removes the need for divide-and-conquer meth-
ods for tree searches on partial datasets which require
the merging of subtrees either by grafting onto a basal
phylogeny (Alvarez-Carretero et al. 2022) or tree merg-
ing procedures (Zaharias and Warnow 2022) which fuse
monophyletic groups that are not subject to further tree
searches with respect to each other.

Classification of Coleoptera

The final objective of this study was to establish an
updated framework of the mitogenome phylogeny
of the Coleoptera. This was last conducted based on
an analysis of ~250 mitochondrial genomes sampled
across the Coleoptera (Timmermans et al. 2016) but
now can be extended greatly for a more uniform rep-
resentation of mitogenomes commensurate with the
known species diversity and an overall lower propor-
tion of missing data in the matrix, while basal relation-
ships are supported by the nuclear phylogenomic data.
The Coleoptera has been split into nearly 200 families
in 4 suborders and up to 20 superfamilies. Besides the
mitogenome study, the 2 prominent studies of Zhang
et al. (2018) and McKenna et al. (McKenna et al. 2019)
provide the most complete picture of basal relation-
ships in order to date. In addition, the former dataset
was reanalyzed under a CAT model that presumably
addresses compositional site-heterogeneity, which also
removed potential paralogs (Cai et al. 2022),(Cai et al.
2024). Because these studies are based on very differ-
ent data types (respectively, PCR of > 90 nuclear ampl-
icons; assembly of ~4,000 loci from short reads; full
mitogenomes) and low overlap in taxon choice it has
been difficult to synthesize the information, but our sur-
vey reveals a set of universally supported deep nodes
of Coleoptera. Consequently, we propose a set of ~80
nodes at the family level and above defining the overall
frame of the Coleoptera tree against which existing and
newly incoming data and analyses can be scored. Most
of these nodes are also included in a new classification
scheme proposed by Cai et al. (2022) although in some
cases the naming of new Series and Superfamilies in this
study defines new higher taxa that are not universally
supported (see Boudinot et al. 2022). Our set of defined
nodes makes the comparison of different studies more
precise and quantitative. The current tree also reveals
obvious targets for more detailed analyses, especially
nearer the tip of the tree, and it defines areas of (mild)
disagreement, such as the precise relationships of the
infraorders (nodes 17, 18; Fig. 6) and the superfamilies
in the Cucujiformia (nodes 52, 56, 61, 70), the question
about the monophyly of Cucujoidea (node 70), the
position of Byrrhoidea (node 25), and the relationships

within Scarabaeoidea and Staphylinoidea. These deep
nodes should be confirmed across studies before mak-
ing changes to the classification. The proposed frame-
work for the classification of the Coleoptera provides a
solid system into which additional nodes can be added.
Defining specific nodes will allow moving away from
the current narrative accounts of (dis)agreement that
have hampered the comparisons between studies. Our
software can place these focal nodes, in whatever way
defined, and visualize them on any tree topology. This
option also applies to DNA barcode data if aligned to
the respective mitogenome region, for a reliable place-
ment of short sequence reads with a low distance to a
mitogenome sequence.

CONCLUSION

As we assemble the animal Tree-of-Life at ever finer
levels, mitochondrial genes will continue to play a key
role in the study of the most diverse lineages such as the
Coleoptera, due to their wide availability and use as bar-
code markers in biomonitoring. This study addresses the
practical implications of using mitochondrial genomes at a
large scale by providing a streamlined workflow for anno-
tation and alignment. In addition, we provide a method-
ology for overcoming the well-established shortcomings
of mitogenomes in resolving deep nodes by integrating
nuclear markers representing the major coleopteran lin-
eages, using partially constrained searches. Until much
faster methods for tree searches become available (e.g.,
Voznica et al. 2022) the use of nuclear genomes in phy-
logenetics will remain limited to small sets of selected
exemplars while for the foreseeable future, most of the
species diversity will be represented by a few genes only.
Mitochondrial genomes are ideal for this purpose and
constitute a bridge to the much more abundant (meta)bar-
coding markers which ultimately need to be incorporated
into the complete phylogenetic tree where no other infor-
mation is available, i.e., so-called “dark taxa” (Hartop et al.
2022). The approach proposed here lays the methodologi-
cal framework for a seamless integration of phylogenom-
ics, mitogenomics, and DNA barcoding of the Coleoptera.
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