'.) Check for updates

Received: 22 June 2022 | Accepted: 10 October 2022

DOI: 10.1111/2041-210X.14041

Methods in Ecology and Evolution EE’S&'ES!ML
———————————— T SOCIETY

RESEARCH ARTICLE

Standardized nuclear markers improve and homogenize species
delimitation in Metazoa

Lars Dietz! ® | Jonas Eberle®?® | Christoph Mayer'® | Sandra Kukowka® |
Claudia Bohacz! ® | Hannes Baur® | Marianne Espeland'® | Bernhard A. Huber! |
Carl Hutter*® | Ximo Mengual'® | RalphS. Peters'!® | Miguel Vences®® |
Thomas Wesener! ® | Keith Willmott®® | Bernhard Misof*” ® | Oliver Niehuis®® |
Dirk Ahrens?

Museum A. Koenig, Leibniz Institute for the Analysis of Biodiversity Change (LIB), Bonn, Germany; 2Paris-Lodron-University, Salzburg, Austria;
3Naturhistorisches Museum Bern/Institute of Ecology and Evolution, University of Bern, Bern, Switzerland; “Museum of Natural Sciences and Department
of Biological Sciences, Louisiana State University, Baton Rouge, Louisiana, USA; *Technische Universitit Braunschweig, Braunschweig, Germany; °Florida
Museum of Natural History, University of Florida, Gainesville, Florida, USA; “Rheinische Friedrich-Wilhelms-Universitat Bonn, Bonn, Germany and 8Abt.
Evolutionsbiologie und Okologie, Institut fiir Biologie I, Albert-Ludwigs-Universitat Freiburg, Freiburg im Breisgau, Germany

Correspondence
Dirk Ahrens Abstract

Email: ahrens.dirk_col@gmx.de 1. Species are the fundamental units of life and evolution. Their recognition is es-

Funding information

Deutsche Forschungsgemeinschaft,
Grant/Award Number: AH 175/3-1, AH
175/6-1, AH 175/6-2, MA 3684/5-2, MI
649/18-1, NI 1387/6-1 and NI 1387/7-1;
National Science Foundation grant NSF,
Grant/Award Number: DEB-1256742

Handling Editor: Douglas Yu

sential for science and society. Molecular methods have been increasingly used

for the identification of animal species, despite several challenges.

. Here, we explore with genomic data from nine animal lineages a set of nuclear

markers, namely metazoan-level universal single-copy orthologs (metazoan
USCOs), for their use in species delimitation. Our data sets include arthropods
and vertebrates. We use various data assembly strategies and use coalescent-
based species inference as well as population admixture analyses and phenetic

methods.

. We demonstrate that metazoan USCOs distinguish well closely related mor-

phospecies and consistently outperform classical mitochondrial DNA barcod-
ing in discriminating closely related species in different animal taxa, as judged
by comparison with morphospecies delimitations. USCOs overcome the gen-
eral shortcomings of mitochondrial DNA barcodes, and due to standardization
across Metazoa, also those of other approaches. They accurately assign samples

not only to lower but also to higher taxonomic levels.

. Metazoan USCOs provide a powerful and unifying framework for DNA-based

species delimitation and taxonomy in animals and their employment could result

in a more efficient use of research data and resources.
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1 | INTRODUCTION

Defining and classifying groups of organisms faces new opportuni-
ties in terms of reproducibility, automation, and robustness due to
major innovations in morphological and genomic analytical methods
as well as continuously increasing computational power (Gaston &
O'Neill, 2004; Lemmon & Lemmon, 2013; MacLeod et al., 2010;
Mayer et al., 2016; Rannala & Yang, 2008). Rapid and correct iden-
tification of species is paramount since they are the fundamental
entities of biodiversity and evolution. DNA-based approaches
revolutionized the possibilities in biology (Blaxter et al., 2022). In
particular, they are able to resolve questions that were formerly
intractable or unfeasible through morphology-based approaches
(Godfray, 2007; Hebert et al., 2003). During the past 20years, DNA
barcoding has increased the quality and reproducibility of species
delimitation and identification and enabled a rapid assessment and
monitoring of biodiversity (Taberlet et al., 2012; Yu et al., 2012). Its
hallmark is the capability to standardize and automate species recog-
nition by using a specific single and easily amplified gene fragment.
In animals, the most widely used DNA barcoding marker has been
the mitochondrial protein-coding gene cytochrome oxidase subunit
1 (COI) (Hebert et al., 2003). Beyond that, DNA barcoding paved the
way for direct inference of species boundaries from unknown sam-
ples (Pons et al., 2006). However, species delimitation and identifi-
cation based on information from a single mitochondrial gene are
prone to errors due to extrachromosomal inheritance, incomplete
lineage sorting, sex-biased dispersal, asymmetrical introgression,
or Wolbachia-mediated genetic sweeps (Ballard & Whitlock, 2004;
Funk & Omland, 2003). As a consequence, results from delimiting
species by means of barcoding are not always congruent with those
obtained from analysing morphology or other data. Integrative taxo-
nomic approaches have therefore been proposed to overcome these
problems by complementing barcode-based species hypotheses
with additional evidence (Carstens et al., 2013; Padial et al., 2010;
Schlick-Steiner et al., 2010; Yeates et al., 2011).

Recent species delimitation approaches have considerably im-
proved in accuracy by taking advantage of the phylogenetic infor-
mation contained in multiple nuclear markers (Dowton et al., 2014;
Knowles & Carstens, 2007; Prebus, 2021). Simulations have demon-
strated increasing accuracy and robustness with the use of more
genes (Yang & Rannala, 2010, 2014). Previously, investigating a
small number of loci has been a compromise between costs and
the accuracy of the inferred results (Eberle et al., 2020; Edwards
& Knowles, 2014). However, progress in sequencing technologies
promises a continuous decrease of DNA sequencing costs. In conse-
quence, whole genome and transcriptome sequencing (e.g. Harvey
et al., 2016; Misof et al., 2014; Niehuis et al., 2012) or DNA target
enrichment approaches would enable sequencing thousands of sin-
gle copy target loci from an organism's genome, even with degraded
DNA, to resolve questions that cannot be answered with only a
limited number of loci (Gnirke et al., 2009, Faircloth et al., 2012;
Lemmon et al., 2012; Lemmon & Lemmon, 2013; Hancock-Hanser
et al., 2013; Mayer et al., 2016).

Besides COlI, different markers have been used for meta-
zoan DNA taxonomy: nuclear ribosomal RNA genes (rDNA, Chen
et al., 2017; Krehenwinkel et al., 2019; Lebonah et al., 2014), restric-
tion site associated DNA sequences (RADseq; Baird et al., 2008;
Herrera & Shank, 2016; Pante et al., 2015), and ultra-conserved
elements (UCE; Bejerano et al., 2004; Faircloth et al., 2012), the
latter typically including more variable flanking regions (Gueuning
et al., 2020; JeSovnik et al., 2017; Prebus, 2021; Zarza et al., 2018).
However, they can hardly be applied universally across animals, ei-
ther because of insufficient infraspecific variation or a lack of ho-
mologous loci between distantly related taxa (Eberle et al., 2020;
Pierce, 2019). Therefore, metazoan-level universal single-copy
orthologs (metazoan USCOs) have been proposed as a core set
of nuclear-encoded protein-coding genes for species delimita-
tion in Metazoa (Eberle et al., 2020). USCOs are under strong se-
lection for occurring only in single copy within a genome (Feron &
Waterhouse, 2022; Waterhouse et al., 2011, 2013). In Metazoa, 978
USCOs were recognized based on a representative selection of 65
high-quality genomes (Simao et al., 2015). A prerequisite for a gene
to be a USCO is that it is present as single copy in at least 90% of
these genomes (Siméo et al., 2015).

USCOs have primarily been utilized for assessing the complete-
ness and quality of sequenced genomes and transcriptomes (Simao
et al., 2015). However, they have also been useful for phylogenetic
studies (Ferndndez et al., 2018; Suvorov et al., 2021; Waterhouse
et al., 2018; Zhang et al., 2019) and as markers to establish a univer-
sally applicable genomic species identification and delimitation pro-
cedure and to allow inferring the wider systematic placement (e.g.
class, order, or family) of an unknown sample (Eberle et al., 2020).
Since the number of single-copy genes increases with increasing
relatedness of the species under consideration, sets of USCOs are
larger for lower systematic levels (Eberle et al., 2020).

Here we demonstrate the suitability of metazoan USCOs for
species identification within Metazoa using empirical data and show
the impact of sequence assembly protocols on data yield. In nine
study cases, we sequenced metazoan USCOs of different genera
from various arthropod and vertebrate groups that include morpho-
logically well-recognizable and closely related species which cannot

always be distinguished by COI barcodes.

2 | MATERIALS AND METHODS
2.1 | Samples and case studies

We mined metazoan USCOs of selected species of seven genera
representing six major groups of Arthropoda (Araneae: Stygopholcus;
Coleoptera: Pleophylla; Diptera: Sphaerophoria; Hymenoptera:
Chrysis and Pteromalus; Lepidoptera: Taygetis; Myriapoda: Lithobius)
and of two genera of Amphibia (Anura: Discoglossus, Rana; Table S1).
Specimens were chosen to include (i) well-studied examples of
closely related species being genetically divergent but including
also conspecifics, to provide controls for the accuracy of species
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delimitation; and (ii) particularly challenging cases with (mitochon-
drial) introgression or morphologically cryptic lineages. Whenever
possible, at least four or five samples were used per species, repre-
senting different populations within the species' range.

2.2 | Datageneration and assembly

USCO data were produced using target DNA enrichment (Gnirke
et al., 2009; Mayer et al., 2016). Bait design based on individual
exon alignments and lab procedures are extensively described in
the Supporting Information (Sl). The major objective was maximizing
the number of USCOs found per studied taxon, but also inferring
the robustness of species delimitation given different properties of
the assembly methods. We considered seven different data assem-
bly approaches (Figure 1), which may impact data yield and species
delimitation of closely related taxa. Assembly techniques (A1-A7)
used partly new and partly published pipelines and orthology veri-
fication methods (for extensive details, see Sl). Of these, A1 and A2
generated diploid consensus sequences based on direct mapping to
areference, that is, heterozygous sites were represented by ambigu-
ity codes. The other approaches generated (pseudo)haploid contigs,
where each site was represented by the most commonly found nu-
cleotide. Approaches A4, A6, and A7 did not distinguish between

Approach 1

Reference
sequences

Approach 2
Orthograph

Reference
sequences

)

Approach 3
Orthograph+HMMalign

Ortholog search Ortl h og search
(Orthograph) (Orthograph)

\_

Reatz mapping

Approach 4

Reference Reference
sequences sequences

. |

Search similar
reads (BLASTX)

coding and non-coding sequences, while the other approaches auto-
matically exclude non-coding data.

In addition, we generated reduced datasets for all approaches
in which alignment positions having a gap in at least one individual
were removed. Furthermore, for A1 and A2, we generated datasets
with all positions removed which either had a gap or ambiguity (i.e.

heterozygous position) in at least one individual.

2.3 | Phylogenetic analyses
For all assemblies (A1-A7), phylogenetic analyses were performed in
two ways: (1) We conducted multi-species coalescent analyses with
ASTRAL Il v.5.6.1 (Zhang et al., 2018) based on individual gene trees
that were produced with maximum-likelihood analyses on separate
nucleotide alignments for each locus using IQ-TREE v. 1.6.3 (Nguyen
et al,, 2015). (2) Alignments of all recovered genes (Table S3) were
concatenated into a single dataset for each study case (and assem-
bly), for which tree searches were then conducted with IQ-TREE. In
both approaches, tree searches were performed for full and reduced
USCO datasets (for details, see Sl).
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FIGURE 1 Data assembly workflows used for the seven different approaches (A1-A7) (for details, see Supporting Infomartion).
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non-partitioned concatenated alignment was performed for nucleo-

tides and amino acid sequences.

2.4 | Analysis of sequence variation and species
delimitation

For analyses of sequence variation on resulting USCOs, single nucle-
otide polymorphisms (SNPs) were extracted from A2 datasets using
SNP sites (Page et al., 2016), excluding low-quality bases. With these
SNPs, we performed phenetic clustering analyses with STRUCTURE
v. 2.3.4 (Pritchard et al., 2000) using different numbers of assumed
populations as well as non-metric multidimensional scaling (NMDS)
analyses with PAST v. 4.03 (Hammer et al., 2001; for details, see
Supporting Information).

Under the general lineage concept (De Queiroz, 1998), some
important criteria for species entities (monophyly, absence of
genetic intermediates, and diagnosability) result from evolution-
ary patterns that become evident from a range of species delimi-
tation approaches. Metazoan USCOs of species that represent
independently evolving meta-populations (De Queiroz, 2007,
Freudenstein et al., 2017) should fit a species tree with gene tree dis-
tributions described by the multi-species coalescent model (Rannala
& Yang, 2003). Consequently, we applied various implementations
of the multi-species coalescent model to each study case to de-
limit species using parametric (Boukaert et al., 2014; Jones, 2017,
Yang & Rannala, 2010, 2014) and nonparametric methods (Fujisawa
etal., 2016).

We analysed full and reduced metazoan USCOs with the pro-
gram BPP v. 4.1.4, testing the validity of species-level groupings
(Flouri et al., 2018; analysis details: see Supporting Information).
Optimal priors for the analysis, that is, real population size (theta)
and divergence time (tau), were unknown for the study cases.
Since a determination of priors from the data itself prior to the
analysis would make species inference circular, as priors would
be inferred for a priori assumed species-level groupings, we used
nine predefined prior combinations of theta and tau (Figure 5;
Figures S9-514). For each prior combination, the final criterion for
defining a species split was the median posterior probability, com-
puted from five independent runs of each analysis. Species splits
were accepted as valid if the posterior probability was higher than
0.9. At least in the median of the five independent analyses, the
ESS always exceeded 200, that is, the runs reached stationarity.
Consistency across runs was considered as an indicator of MCMC
convergence (Flouri et al., 2018).

As nonparametric method, we used the trinomial distribu-
tion of triplets model (tr2; Fujisawa et al., 2016) to infer species
boundaries based on topological variations in gene trees. Analyses
were run on full and reduced datasets from all seven assembly
approaches.

Finally, tree inferences and results of species delimitation with

USCOs were compared with those from COl sequence data of the

same specimens. We applied various de novo species delimitation
approaches to the sequences generated with Sanger sequencing or
with DNA target enrichment and lllumina sequencing (for details,

see Supporting Information).

3 | RESULTS
3.1 | Datarecovery success

We obtained nucleotide sequences by DNA target enrichment and
Illumina sequencing comprising an average of 2,291,310 reads (SD
1,858,696; Table S2), which assembled into up to 950 metazoan
USCO loci with more than 0.5 million base pairs per specimen
(Table S3). The success of data recovery varied considerably be-
tween assembly approaches (A1-A7; Figures 1, Figure S2) and study
cases (Figure 2, Figure S1; Tables S3 and S5). Best performing as-
sembly approaches, in terms of number of recovered loci and base
pairs, yielded at least 700 metazoan USCOs and more than 200,000
base pairs per case study (see Supporting Information). Here, most
metazoan USCOs were recovered in majority of the study cases and
frequently in all or almost all individuals, with considerable overlap
of alignment regions (Figure 2a-c). Sometimes metazoan USCOs
were recovered in only a few (1-3) individuals, in some assembly ap-
proaches more frequently than in others (Figure S1); these were ex-
cluded to avoid an excess of missing data (for details, see Supporting

Information).

3.2 | Phylogenetic analyses

Species inference under the general lineage concept of species
(De Queiroz, 1998, 2007; Yang & Rannala, 2010) with metazoan
USCOs relies on accurate phylogenetic hypotheses. In the phylog-
enies inferred using coalescent-based species tree approaches and
maximum likelihood analyses of concatenated data, 98% of the
morphospecies in the study cases resulted as being monophyletic
(Figure 3; Figures S2-S7). All trees had robust and well-resolved in-
terspecific topologies that widely agreed among tree reconstruction
methods and assembly approaches (A1-A7). Infraspecific relation-
ships sometimes varied among different assemblies. Morphospecies
were almost always (except in two cases) recovered as monophy-
letic in USCO-based trees but sometimes not in our COl bench-
marking analyses (13 non-monophyletic cases, see below) (Figure 3,
Figure S5; Table 1). Just one case showed a disagreement between
metazoan USCO tree topology and morphology-based taxonomy:
the beetle Pleophylla fasciatipennis was split into two separate clades
that are not sister to each other, possibly reflecting the presence
of true cryptic species. Thorough IQ-TREE analyses (parameter: -m
MFP + MERGE, repeated 50 times) on concatenated and partitioned
data resulted in only slight changes of topology for poorly resolved

infraspecific nodes compared with the ‘explorative’ runs, showing
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approach.

that the tree topologies did not depend greatly on model parameters
neither at infraspecific branches nor at species-level branches.

A concatenated super-alignment of all target groups combined
with the reference taxa (Table S4) with 260,233 amino acids or
780,699 nucleotides in 978 metazoan USCOs produced a meaning-
ful tree (Figure 3a; Figure S8): all genera and higher-level system-
atic groups (e.g. orders), as well as most of the morphospecies, were
monophyletic. Internal relationships were well resolved and recov-
ered topologies reflected widely accepted phylogenetic relation-
ships among the major lineages.

3.3 | Analysis of sequence variation and species
delimitation

Single-nucleotide polymorphisms (SNPs) extracted from the meta-
zoan USCOs obtained with the best-performing approach A2 (see
Supporting Information) varied considerably in number among the
study cases due to different numbers of recovered USCOs, rang-
ing from 1617 (Stygopholcus) to 17,364 SNPs (Pleophylla) (Table Sé).
NMDS on SNPs (Figure 4) showed nearly all morphospecies as dis-
crete clusters. In the diphyletic Pleophylla fasciatipennis, the two
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TABLE 1 Number of morphospecies entities inferred as
monophyletic from USCO and COI datasets, in comparison with
the total number of morphospecies involved (based on A2, see
Figure 5)

Taxon case N orph USCOs col
Chrysis 4 4 2
Discoglossus 6 ) 6
Lithobius 4 4 4
Pleophylla 10 9 5
Pteromalus 5 3 2?
Rana 4 3 3
Sphaerophoria 5 5 3
Stygopholcus 5 5 4
Taygetis 5 5 1

2Samples of one morphospecies could not be amplified successfully (P.
brachygaster sp2).

distinct clades were also recovered as separate clusters. However,
the visibility of this outcome in the plot is dependent on scaling since
the genetic divergence between the included species sometimes
differed strikingly within a dataset (Figure 4i); species sometimes
formed distinct clusters although these were concealed in the plots

due to dense packing. The separation between closely related spe-
cies became clearer after removing more distantly related taxa from
NMDS analysis. In one case, individuals of a clearly monophyletic
morphospecies (Lithobius crassipes) did not form a distinct cluster
due to low data recovery in the group and strong infraspecific diver-
gence (Figure 4d).

Population admixture analyses with STRUCTURE (Pritchard
et al., 2000) confirmed the monophyletic morphospecies in
most cases, and further sub-splitting was not evident (Figure 4).
Considering only results with the highest likelihood score, individu-
als were always assigned to the clusters corresponding to morphos-
pecies with at least 90% probability. In all study cases, increasing
K beyond the number of included morphospecies did not result in
further species splits. However, the analysis had to be repeated
multiple times for each K as in some runs the MCMC got trapped
in a local maximum within which some morphospecies remained
indistinguishable.

Admixture between species was generally only found if the spe-
cies were very closely related to each other. In the case of Pleophylla
fasciatipennis, where the morphospecies was not recovered as mono-
phyletic, no admixture between the two different clades was detected,
suggesting that the morphological similarity between those lineages
cannot be explained by hybridization (see Supporting Information).
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FIGURE 4 Discriminative power of metazoan USCOs. (a-i) probabilities of cluster assignment from STRUCTURE analysis (above) and plots
from NMDS (below) based on SNPs derived from metazoan USCO data. Study cases: Rana (a), Discoglossus (b), Stygopholcus (c), Lithobius
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The overall outcome of multi-species coalescent analyses with
BPP (Flouri et al., 2018) and tr2 (Fujisawa et al., 2016) suggested that
many morphospecies should be split into additional entities. Only in
one case two morphospecies were lumped (Pteromalus eudecipiens
and P. albipennis), probably due to the taxonomic misinterpretation
of one of the morphospecies.

Over-splitting in comparison with morphospecies (and/or geo-
graphically separated populations) was sometimes observed with
the full USCO data set at all levels of infraspecific nodes (even in syn-
topic specimens) (Figures S12-514). However, after excluding sites
containing missing or ambiguous (heterozygote) data, over-splitting
at the infraspecific level was reduced, although most geographically
separated populations within a morphospecies were still proposed
as separate species (Figure 5; Figures S9-511 and S15-523). All tr2
analyses similarly resulted in over-splitting of several morphospe-
cies, many of the additional splits were consistent with those of BPP,
but not all. No consistent tendency towards (more or less) splitting
relative to BPP was observed (Figures S9-514).

The genealogical divergence index (gdi) (Jackson et al., 2017)
proved to not be a suitable general proxy to evaluate species status
and to reject over-splitting in connection with BPP analyses using
full metazoan USCO data (Figures S12-514). For many of the splits,
the index value fell between the established inter- and infraspecific
gdi thresholds (0.2 <gdi<0.7), assuming gradual values considering

the degree of divergence of the examined lineages. Many of the
lineages split with intermediate gdi values were not only well dif-
ferentiated morphologically and genetically, but also occurred
syntopically (Table S7). While some species, especially those with
long branches in the phylogenetic trees, such as Pleophylla harrisoni
and Stygopholcus photophilus, were clearly supported as distinct
(gdi>0.7) and in other cases splits within morphospecies would
clearly be rejected (gdi<0.2, e.g. within Pleophylla nelshoogteensis,
P. pseudopilosa and Sphaerophoria scripta), for most groupings the gdi
was between 0.2 and 0.7, indicating an ambiguous species status.

With reduced metazoan USCO data, obtained after excluding
missing or ambiguous nucleotides, gdi values at nodes matching
morphospecies boundaries were all well above the established inter-
and infraspecific gdi threshold (i.e. 0.7; Jackson et al., 2017), with
very few exceptions in Sphaerophoria philanthus and Taygetis laches
(Figure 5). Gdi values were yet distinctly above the lower threshold
(i.e. 0.2) in the few available infraspecific nodes indicating ambiguity
in the use of gdi.

3.4 | COlbenchmarking

In only two of the nine study cases (Discoglossus, Lithobius), the ML
tree based on COl data recovered all morphospecies as monophyletic
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FIGURE 5 Results of BPP species delimitation analyses based on reduced metazoan USCO data* showing each case study and assembly
approach (A1-A7) mapped onto ASTRAL trees (inferred from the full dataset obtained from A2). Visualized BPP entities (coloured rectangles
in columns) are based on the median of posterior probabilities of all five replicates and all nine prior combinations. Morphospecies entities
are indicated by the rectangle in the first column to the right of each tree. Gdi values are mapped onto branches. Species entities from
different assembly approaches may not be monophyletic in this tree because alternative assembly approaches may result in differing guide
tree topologies). * Sites with gaps were removed. For the right part of the divided columns of A1 and A2, also sites with ambiguous data

were removed.

groups (Figure 3; Figure S30). In one additional case (Pteromalus),
two potential morphospecies, which were not separated from the
metazoan USCO data, also remained indistinguishable. COI per-
formed worst in Pleophylla, where five morphospecies that are easily
distinguished by morphology (Eberle et al., 2016, 2017) could not
be resolved as monophyletic groups (Table 1). While three Taygetis
morphospecies had identical haplotypes, in Lithobius, two morphos-
pecies showed very deep coalescence, leading to problems with spe-
cies delimitation.

Species delimitation analyses with COl showed a tendency for
over-splitting in most of the study cases (Figure S30). Results of the
different species delimitation methods were partly quite divergent
within each study case, particularly in Taygetis and Sphaerophoria,
in which for the same COI data some methods produced just one
MOTU (parsimony network analysis; Templeton et al., 1992), others
up to 17 and 16, respectively (bPTP; Zhang et al., 2013). The most
consistent results were obtained in Discoglossus, where results of
ABGD (Puillandre et al., 2012) had a 100% correspondence between
MOTUs and morphospecies.

4 | DISCUSSION

Our results demonstrate that metazoan USCOs are a quite power-
ful universal marker system for species delimitation using nuclear
genomic data. USCOs allowed us to distinguish closely related spe-
cies even in study cases in which taxa were indistinguishable and
phylogenetically unresolved by COI sequences alone (Table 1).
Besides the striking fit between metazoan USCO phylogenies and
morphospecies, our results demonstrate the potential to resolve
open taxonomic questions and evaluate detected and potentially
unrecognized, truly cryptic species (e.g. Pleophylla, Discoglossus).
Results of phylogenetic analyses including taxa of all study cases in-
dicate that metazoan USCOs also differentiate between higher taxa
at the level of orders or classes, being compatible with the current
hypotheses of within-arthropod relationships (Misof et al., 2014;
Figures 3a, Figure S8).

Consequently, our empirical evidence confirmed (a) sufficient
overlap in the recovery of metazoan USCOs between different
groups of Metazoa to allow comparison and large-scale analyses of
even distantly related species and groups such as arthropod and tet-
rapod species (for higher level assignment), (b) robust results based
on clearly specified wet lab and bioinformatic protocols that recover
data from a high proportion of samples, (c) sufficient phylogenetic
resolution to separate closely related species, and (d) agreement

of resulting groupings with morphospecies (and/or alternative ev-
idence for robust species hypotheses such as independently pub-
lished hybrid zone analyses).

The phylogenetic trees from metazoan USCO were robust with
respect to differences in alignment completeness due to vary-
ing data yield: different assembly approaches as well as the use
of different tree reconstruction methods (concatenation-based
vs. coalescent analyses) resulted in very similar trees (Figures S2-
S7). Even in cases with a higher amount of missing data, resulting
from a non-optimal data recovery (caused by more distant assem-
bly reference taxa), metazoan USCOs yielded enough information
to generate mostly well-resolved (at species level) and reliable phy-
logenies. Phylogenetic analyses with reduced data (ambiguous and/
or gaps omitted) showed very similar tree topologies (Figures S21-
S26), except for three assembly approaches in Chrysis and one in
Discoglossus (Figure $S26) in which monophyly of one morphospecies
failed to be recovered.

The choice of which assembly strategy (Figure 1) might be best
suited will depend on the availability of potential reference data for
a certain study group (for bait design and data assembly) as well as
on the scope of the study to be performed: For larger-scale phy-
logenetic analyses or the higher-level identification of an unknown
sample, approach A3 seemed most suitable, for species-level analy-
ses of a narrow case study A2 is preferable (see Sl). The versatility to
assemble USCOs from raw reads in various ways is one of the major
advantages for their universality to address different systematic lev-
els and reference data situations successfully.

USCOs, as protein-coding genes, can be analysed on both the
transcriptional (nucleotide) and translational (amino acid) level and
thus allow a more reliable assessment of homology. Since amino acid
sequences are typically more conserved than the underlying coding
nucleotides, using USCOs permits the inclusion of more diverged or-
thologous DNA sequences. These qualities strengthen the premise
of metazoan USCOs as a universal marker system in DNA taxonomy,
even to assign unknown samples (with lacking species-specific ref-
erence data) to higher systematic categories, such as genera, tribes,
families, and orders, which is typically not reliable with single gene
markers.

Over-splitting with multispecies coalescent species delimi-
tation approaches is yet a problem in species delimitation and
is also seen in USCO datasets. This phenomenon is well known
even if only a few markers are used (Barley et al., 2018; Chambers
& Hillis, 2020; Eberle et al., 2019; Fujisawa, 2018; Sukumaran &
Knowles, 2017) and is caused by currently used speciation model
implementations (Sukumaran et al., 2021). Here, in contrast to
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BPP analyses, the removal of gaps led to even more infraspecific
splits in tr2 analyses, probably because highly incomplete gene
alignments were removed that caused incongruent gene tree to-
pologies and thus likely exaggerated coalescence. Overcoming the
over-splitting is the major task for current and future research in
the field but is likely to be resolved in future implementations of
these species delimitation methods by incorporating for example
an extended speciation process model for species delimitation
(Sukumaran et al., 2021). The main difficulty to date, particularly in
young species or poorly dispersing species, is to distinguish pop-
ulation structure from speciation (Barley et al., 2018; Chambers
& Hillis, 2020; Eberle et al.,, 2019; Sukumaran et al., 2021;
Sukumaran & Knowles, 2017), a problem that seems to be more
serious rather than alleviated in datasets with large numbers of
loci, because population structure becomes more clearly visible
with more data (Domingos et al., 2017; Prebus, 2021). This has
been demonstrated with tr2 (Fujisawa, 2018) and is also expected
for BPP (Leaché et al., 2019). Our analyses based on the full USCO
data confirmed this, as even closely related syntopic specimens
were often split into different species. The genealogical diver-
gence of populations/species as expressed by the genealogical di-
vergence index (gdi) (Jackson et al., 2017) also turned out to be of
limited use here, as gdi values for many nodes subject to splitting
were found to be in the range (0.2-0.7) in which species status is
uncertain. Although phenetic clustering algorithms (STRUCTURE
and NMDS) were less prone to over-splitting, we suggest that this
could partly be caused by a lower resolution, as only high-quality
SNPs were included in these approaches rather than whole align-
ments. This should be tested in further studies with extended
sampling of specimens, and also with groups of different dispersal
capabilities.

So far, the good success of the rather conserved metazoan USCO
markers to resolve shallow lineages alleviates the need to exploit
introns adjacent to USCOs (theoretically available in the raw data)
for species delineation purposes. This is advantageous, because the
nucleotide sequences of introns are more difficult to align, especially
if the simultaneously examined taxa are phylogenetically relatively
distant from each other. Note that, even in cases where reads from
different exons of a gene cannot be assembled into a single con-
tig due to intervening introns, approaches such as A2 and A3 still
concatenate the resulting exonic sequences into a single coding se-
quence for each gene based on the reference.

To our knowledge, metazoan USCOs represent the only univer-
sal multi-marker system that is applicable to the DNA taxonomy of
all metazoans (Eberle et al., 2020). They performed here successfully
for both arthropods and vertebrates and, at the same time, are ready
to overcome all problems of COI barcoding (e.g. introgression of het-
erospecific DNA and Wolbachia-mediated genetic sweeps; Eberle
et al., 2020). However, approaches based on a single marker or few
genes (e.g. COI barcoding) will continue yet to be cheaper, quicker
to implement and bioinformatically less demanding in the foresee-
able future, particularly when analysing large numbers of individu-
als. Therefore, we suggest USCOs as the first choice supplementary

marker instead of replacing single-gene data entirely. Whenever ge-
nomic multi-marker analyses are used and needed to resolve taxo-
nomic problems, we recommend sequencing and studying metazoan
USCOs instead of or in addition to markers that are narrowly taxon-
or digestion reaction specific. Due to their universality, USCOs are
perfectly suitable for the accumulation of databases in which data
can be reused and assembled on both higher and lower systematic
levels without losing discriminative power. Although there might be
currently quantitative restrictions due to higher sequencing costs
(ca 80 $ per sample), USCOs could be sequenced for smaller subsets
of specimens, particularly when barcoding results contradict other
evidence such as morphology.

Finally, we expect that USCOs can be extracted from complete
whole-genome data. It remains to be tested how this will perform
when the annotation has to be carried out de novo, as annotation
errors may lead to incomplete datasets. In our data, highly resolved
and robust phylogenetic trees were also obtained for datasets that
were less than fully complete.

However, bait design for sequencing USCOs via target enrich-
ment still requires reference genomes or transcriptomes from rel-
atively closely related taxa, which may be a problem for organisms
hard to collect. However, we expect that such data will become in-
creasingly available for progressively more animal taxa.

Given the current tendency of over-splitting with the multispe-
cies coalescent delimitation methods, our results also underline the
steady need for a critical evaluation, integration and additional re-
finement of the results of species delimitation (Carstens et al., 2013)
with additional evidence and methods (Campillo et al., 2020;
Dufresnes et al., 2021; Hausdorf & Hennig, 2020), also when infer-
ring species boundaries with genomic datasets. Limitations of cur-
rent species delimitation approaches (Sukumaran & Knowles, 2017)
and the nature of species and speciation (Ahrens et al., 2016) con-
tinue to urge for integrative approaches in species delimitation
(Padial et al., 2010) and emphasize the continued need to improve
protocols and algorithms and to implement models for species de-
limitation. The accurate application of these will eventually require
exact knowledge of the speciation circumstances (e.g. geography,
hybrid zones, host information) and sufficient sampling depth, taxo-
nomically and geographically. In this context, metazoan USCOs are
excellently suited to significantly and sustainably complement cross-
taxon hypothesis testing and substantially increase the accuracy and
comparability of DNA markers.
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