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extracted from genomes for species delimitation and phylogeny in four case studies: Anopheles mosquitos, Drosophila fruit
flies, Heliconius butterflies, and Darwin’s finches. In almost all instances, USCOs allowed delineating species and yielded
phylogenies that correspond to those generated from whole genome data. Our phylogenetic analyses demonstrate that USCOs
may complement single-gene DNA barcodes and provide more accurate taxonomic inferences. Combining USCOs from sources
that used different versions of ortholog reference libraries to infer marker orthology may be challenging and at times impact
taxonomic conclusions. However, we expect this problem to become less severe as the rapidly growing number of reference

genomes provides a better representation of the number and diversity of organismic lineages.

Metazoa-level USCOs as markers in species delimitation and classification

Lars Dietz!, Christoph Mayer!, Eckart Stolle', Jonas Eberle!?, Bernhard Misof":3, Lars Podsiadlowski®,
Oliver Niehuis?, Dirk Ahrens*!

I Museum A. Koenig, Leibniz Institute for the Analysis of Biodiversity Change, Bonn, Germany
2 Paris-Lodron-University, Salzburg, Austria.
3 Rheinische Friedrich-Wilhelms-Universitit Bonn, Germany.

4 Abt. Evolutionsbiologie und Okologie, Institut fiir Biologie I, Albert-Ludwigs-Universitit Freiburg, Ger-
many.

*Corresponding author; Email: ahrens.dirk col@gmzx.de.

Abstract



Metazoa-level Universal Single-Copy Orthologs (mzl-USCOs) are universally applicable markers for DNA
taxonomy in animals which can replace or supplement single-gene barcodes. While previously mzl-USCOs
from target enrichment data were shown to reliably distinguish species, here we tested whether USCOs are
an evenly distributed, representative sample of a given metazoan genome and therefore able to cope with past
hybridization events and incomplete lineage sorting. This is relevant for coalescent-based species delimitation
approaches, which critically depend on the assumption that the investigated loci do not exhibit autocorre-
lation due to physical linkage. Based on 239 assessed chromosome-level assembled genomes, we confirmed
that mzIl-USCOs are genetically unlinked for practical purposes and a representative sample of a genome
in terms of reciprocal distances between USCOs on a chromosome and of distribution across chromosomes.
We tested the suitability of mzl-USCOs extracted from genomes for species delimitation and phylogeny in
four case studies: Anopheles mosquitos, Drosophila fruit flies, Heliconius butterflies, and Darwin’s finches. In
almost all instances, USCOs allowed delineating species and yielded phylogenies that correspond to those
generated from whole genome data. Our phylogenetic analyses demonstrate that USCOs may complement
single-gene DNA barcodes and provide more accurate taxonomic inferences. Combining USCOs from sources
that used different versions of ortholog reference libraries to infer marker orthology may be challenging and
at times impact taxonomic conclusions. However, we expect this problem to become less severe as the ra-
pidly growing number of reference genomes provides a better representation of the number and diversity of
organismic lineages.
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Introduction

During the past two decades, DNA-based approaches have increased the quality and reproducibility of species
delimitation and identification (Ahrens, 2023). Standardized and automated species recognition using DNA
has made it easy to link taxonomic information with diverse biological questions and applied research aspects
(e. g., rapid assessment of biodiversity; Yu et al., 2012). Species delimitation and identification of animals
are often based on information from a single mitochondrial gene, cytochrome oxidase I (COI) (Hebert et
al., 2003; Fontaneto et al., 2015). Such single-marker reliance can lead to errors due to extrachromosomal
inheritance, incomplete lineage sorting, sex-biased dispersal, asymmetrical introgression, and Wolbachia -
mediated genetic sweeps of the marker (Funk & Omland, 2003; Ballard & Whitlock, 2004). At the same
time, species delimitation approaches using nuclear-encoded markers have considerably improved in accuracy,
allowing to complement the currently established single-gene barcoding approach (Dowton et al., 2014; Eberle
et al., 2020; Gueuning et al., 2020; Prebus, 2021; Erikson et al., 2021; Dietz et al., 2023).

Besides mitochondrial genes, a variety of conserved nuclear markers have been used for species delimitation in
different phylogenetic groups of Metazoa, such as nuclear ribosomal RNA genes (Lebonah et al., 2014; Chen
et al., 2017; Krehenwinkel et al., 2019) and various housekeeping genes (Joshi et al., 2022). Furthermore,
restriction site-associated DNA sequences (RADseq) (Baird et al., 2008; Pante et al., 2015; Herrera & Shank,
2016) and ultra-conserved elements (UCE) linked to more rapidly evolving flanking regions (Faircloth et al.,
2012; Bejerano et al., 2004; JeSovnik et al., 2017; Zarza et al., 2018; Gueuning et al., 2020; Prebus, 2021)
were used. However, these nuclear marker systems can hardly be applied universally across animals, either
because they insufficiently capture intraspecific variation or because they do not provide orthologous loci
across distantly related taxa (Pierce, 2019; Eberle et al., 2020).

Recently, Metazoa-level Universal Single Copy Orthologs (USCOs) have been proposed as a universal marker
set for species-level DNA taxonomy of animals as an extension and improvement of conventional DNA
barcoding (Eberle et al., 2020). USCOs are defined as protein-coding genes that are present and single-copy
in at least 90% of the species within the available genomes of a given taxonomic group. They have originally



been developed to benchmark the quality of genome assemblies (“BUSCO?”, Siméao et al., 2015). However,
they also proved to be highly informative for addressing phylogenomic questions (Waterhouse et al., 2018;
Ferndndez et al., 2018; Zhang et al., 2019; Stolle et al., 2022). This insight has led to the development
of a recently published automated software pipeline that extracts USCOs from genome assemblies and
generates phylogenies from the extracted sequence data (Sahbou et al., 2022). Finally, Metazoa-level USCOs
(mzl-USCOs) have been shown to allow distinguishing highly similar morphospecies (even when COI was
unable to do so) and reliably estimating their phylogenetic relationships in several clades of arthropods and
vertebrates (Dietz et al., 2023).

What has remained unclear is whether mzIl-USCOs can be considered a genetically unlinked representative
sample of a species’ genome, which is a prerequisite for USCOs being reliable and useful in coalescent-based
phylogenetic analyses and applications. Knowledge of the spatial distribution and physical linkage of mzl-
USCOs is hence fundamental to assess whether these markers are indeed as suitable for delimiting species with
coalescent-based approaches as currently assumed. We here study the two parameters “spatial distribution”
and "physical linkage” by extracting USCOs from published whole genomes assembled to chromosome-level
(WG) of various species of Metazoa and analyzing the physical distances between USCOs and their distri-
bution across chromosomes. Furthermore, using unassembled reads from whole genome sequencing (WGS)
datasets of four metazoan lineages (i.e,Anopheles mosquitos, Drosophila fruit flies, Heliconius butterflies,
and Darwin’s finches), we assess to what extent phylogenetic analysis of the extracted mzl-USCOs provides
results consistent with those of previous studies that used more extensive sets of markers from the same
genomes.

Materials and methods
Distribution and linkage patterns of mzl-USCOs

All available (as of July 2021) metazoan genomes assembled to chromosome level were downloaded from NCBI
RefSeq (O’Leary et al. 2016; see Table S1). Contigs not assembled to chromosome level were excluded with
a custom Perl script (Supplementary Material). The genomic nucleotide sequences were then searched for
mzl-USCOs with the program BUSCO v. 4.0.6 (Manni et al., 2021) using the program’s default parameters
for genomic data and the metazoa odbl0 dataset from the BUSCO website. Mzl-USCOs were first sorted
according to a) the chromosome on which they were located and b) their start position on a given chromosome.
Next, we calculated the distances between start positions of consecutive mzl-USCOs on the same chromosome
as predicted by BUSCO. Distances were recorded as absolute distances (nucleotides) and as normalized
distances, with the latter being calculated by dividing the absolute distance by the genome size of the
respective species. In a second step, both absolute and normalized distance values (d) were binned into ten
categories based on log(d) values. For normalized distances, these were log(d) < -6, -6 [?] log(d) < -5.5,
ooy 225 7] log (d) < -2, log(d) [?] -2. For absolute distances, 9 was added to the logarithmic range of
each category, as the average size of analyzed genomes was about 10°. For each taxon, the proportion of
distances in each bin was calculated with a custom Perl script (Supplementary Material). Based on the
proportions across all taxa, we conducted principal component analyses (PCA) for absolute and normalized
distances, respectively, in PAST v. 4.03 (Hammer et al., 2001). The resulting scores of all taxa for the first
and the second PC axes were mapped on the phylogenetic tree of the taxa (see below) with MESQUITE
v. 3.51 (Maddison & Maddison, 2018). Furthermore, we analyzed the distribution of distances between
start positions of adjacent mzl-USCOs to assess whether mzl-USCOs tend to cluster spatially more than a
randomly chosen identical number of protein-coding genes would do. To achieve this, we downloaded the
official gene set of coding sequences (CDS) for each genome and, using a custom Perl script (Supplementary
Material), randomly selected the same number of protein-coding genes as the number of mzl-USCOs found in
the respective taxon. This random drawing was repeated 10,000 times for each genome, and for each replicate,
the median distance (absolute and normalized, separately) between neighboring genes was calculated. To
infer whether mzIl-USCOs cluster significantly more than randomly chosen genes, we counted for each taxon
the number of replicates in which the median distance between neighboring protein-coding genes was lower
than the median distance between neighboring mzl-USCOs.



We used a custom Perl script (Supplementary Material) to estimate the adjusted evenness of the distribution
of mzl-USCOs between chromosomes in each taxon according to the formula e™/8) | where H is the Shannon-
Wiener entropy (Heip et al. 1998) of the distribution and S the number of chromosomes. While in ecology
species which are not present in a sample are not considered in the calculation of evenness (Heip et al. 1998),
here, S includes all chromosomes, even those with no mzl-USCOs, representing thus an “adjusted evenness”.
For comparison, we also calculated the adjusted evenness of the number of all protein-coding genes on the
chromosomes, as well as that of the length of the chromosomes in base pairs. Additionally, we used another
Perl script (Supplementary Material) to (i) conduct a chi-square test in search of significant deviations of the
distribution of mzl-USCOs between chromosomes from a distribution proportional to chromosome length,
and (ii) for significant deviations from the distribution of protein-coding genes in general. To assess the
degree by which chromosomal linkage between mzl-USCOs is phylogenetically conserved across taxa, we
calculated with the aid of a custom Perl script (Supplementary Material) the proportion of taxa in which a
given pair of mzl-USCOs was found to be co-located on a chromosome.

Phylogenetic analysis of metazoan genomes

We performed phylogenetic analyses with the Metazoa-level USCO nucleotide sequences to assess their re-
liability in recovering phylogenies and classifications. To this end, we analyzed all orthologous nucleotide
sequences of each mzl-USCO gene from all genome assemblies in which more than half of the loci were
recovered as being complete and single-copy. Nucleotide and amino acid sequences of USCOs were taken
from the output of the BUSCO software. Amino acid sequences were aligned with MAFFT v. 7.305b
(Katoh & Standley, 2013) using the L-INS-I algorithm. Poorly aligned regions were identified and removed
from the amino acid alignments with ALISCORE v. 2.0 (Misof & Misof, 2009; Kuck et al., 2010) and
ALICUT v. 2.31 (available from:https://github.com/PatrickKueck/AliICUT), and outlier sequences were
identified and removed with OlilnSeq v. 0.9.3 (https://github.com/cmayer/OlilnSeq). Multiple nucleotide
sequence alignments based on the amino-acid alignments were inferred with pal2nal v. 14.1 (Suyama et
al., 2006), and all third codon positions were excluded with a custom Perl script (Supplementary Material).
Maximum-likelihood analyses were performed with IQ-TREE v. 2.1.2 (Minh et al., 2020) using multiple
sequence alignments of individual genes and concatenated multiple sequence alignments of all genes, re-
spectively, and analyzing amino-acid sequence data or nucleotide sequence data with third codon positions
removed. For both the concatenated nucleotide dataset and the concatenated amino-acid dataset, the best
fitting substitution model and partitioning scheme were inferred with ModelFinder (Chernomor et al., 2016;
Kalyaanamoorthy et al., 2017) and PartitionFinder (Lanfear et al. 2014) as implemented in IQ-TREE using
the full list of models and the IQ-TREE option -m MFP+MERGE. Data blocks in the partition merging
steps were the USCO genes. For analyzing the nucleotide dataset, we applied the inferred substitution model
and partitioning scheme and performed 50 replicate maximum likelihood tree searches from random starting
trees. We performed a single maximum likelihood tree search when analyzing the amino-acid dataset, as
performing replicates would have been computationally unreasonably expensive with respect to the expected
benefit. Branch support was estimated from 1,000 ultrafast bootstrap replicates (UFBoot, Hoang et al.,
2018) as well as approximate likelihood ratio tests (aLRT) using nearest neighbor interchange (NNI) as tree
rearrangement method. The tree with the highest likelihood was then chosen among all replicates. The
individual gene trees were further used for a coalescent-based tree analysis with ASTRAL v. 5.6.1 (Zhang
et al., 2018) applying the program’s default settings.

Sequence overlap in multiple sequence alignments was examined using the concatenated alignment containing
all taxa. We calculated with a custom script (Supplementary Material) the overlap for each pair of individ-
uals, defined as the number of alignment positions with data in both individuals, divided by the number of
alignment positions with data in at least one of the two individuals.

Case studies using mzl-USCOs from whole genome sequences: data extraction

To investigate the usefulness of mzl-USCOs to resolve species boundaries in recent radiations and to assess
the practicability of the data extraction and assembly pipelines that we developed and applied, we analyzed
mzl-USCOs obtained from raw reads of WGS data sets of species of four well-studied radiations: Heliconius



butterflies, Darwin’s finches, Anopheles mosquitoes, and Drosophila fruit flies (Table 1; Table S2). Each
of these four case studies included multiple specimens of each involved species. The WGS raw reads were
downloaded from NCBI. To assemble genomic raw reads to individual USCOs, we extracted mzl-USCOs
(Eberle et al., 2020; Dietz et al., 2023) from one selected fully assembled and annotated genome per study
group (Table 1) and then used each gene to map the raw reads of each individual onto it (see below).

One rationale for prioritizing USCOs over other genomic nuclear markers (Eberle et al., 2020) is that they
allow us to build a comprehensive database in which USCO data referring to different taxonomic groups are
stored. This data can be obtained at different times (i.e., with different ortholog sets) and with different
data extraction approaches (e.g., DNA target enrichment, WGS; Eberle et al., 2020; Dietz et al., 2023). To
evaluate the data yield and ability to resolve species-level relationships with different extraction approaches
and genome reference systems (Zdobnov et al., 2017; Kriventseva et al., 2019), mzl-USCO nucleotide se-
quences were extracted from the reference genomes of the four case studies with three different methods.
In the first approach, exonic nucleotide sequences of USCOs were extracted from the assembled genomes
with the BUSCO program v. 4.0.6 (Simao et al., 2015; Manni et al., 2021) using the genome mode and the
Metazoa dataset from OrthoDB v. 10 (Kriventseva et al., 2019), in the following text referred to as BUSCO
data set. In the second approach, Orthograph v. 0.7.1 (Petersen et al., 2017) was used with HMMs from
OrthoDB v. 9 (Zdobnov et al., 2017), in the following text referred to as OrthoDB v. 9 data set. For this,
we downloaded the official gene sets (OGS) of all species included in the Metazoa OrthoDB v. 9 dataset
from the OrthoDB site and the HMMs and information files for that dataset from the BUSCO website
(https://busco-archive.ezlab.org/v3/). We used these to create an SQLite database with Orthograph, which
was used together with the HMMs from BUSCO to extract the respective USCO nucleotide sequences from
the coding sequences (CDS) of each taxon’s OGS using Orthograph with its default setting. Our methodol-
ogy was thus identical to the one used in approach A2 by Dietz et al. (2023) to assemble USCO raw reads
retrieved via DNA target enrichment. The third approach was identical to the second with the one exception
that we used OrthoDB v. 10 (https://busco.ezlab.org/busco v4 data.html) instead of OrthoDB v. 9, in
the following text referred to as OrthoDB v. 10 data set.

In all three approaches, nucleotide sequences of single-copy USCOs extracted from the respective genome
were used as a reference against which raw reads were mapped with bwa v. 2.1 (Li & Durbin, 2009) using the
software’s default setting, except that the minimum seed length was set to 30. Diploid consensus sequences,
in which heterozygous sites were represented by an IUPAC ambiguity code, were generated with samtools
v. 1.10 (Li et al., 2009) and bcftools v. 1.10.2 (https://github.com/samtools/beftools). As the nucleotide
sequences were aligned to the reference sequence by bwa, no further alignment was necessary. Phylogenetic
analyses were done with IQ-TREE v. 2.1.2 (Minh et al., 2020) using a supermatrix of the concatenated
nucleotide sequences (positions with missing data or gaps were not removed at this point). The substitution
model and partitioning schemes were chosen as described above, and 50 replicate analyses were performed for
each dataset. With the same method, we performed phylogenetic analyses based on the nucleotide sequence
alignment of each individual USCO and used the resulting trees as input for a multispecies coalescent
analysis with ASTRAL v. 5.6.1 (Zhang et al., 2018). All trees were rooted with the outgroup taxa used in
the respective original studies from which the data were taken (Table 1).

Case studies: analysis of USCO nucleotide sequence variation

To infer nucleotide sequence variation and to perform phenetic analyses on the extracted USCO data, such as
Bayesian clustering or non-metric multidimensional scaling (NMDS), SNPs were extracted from the USCO
nucleotide alignments of the four case studies obtained as described in the previous section. SNP sites were
extracted from the multiple nucleotide sequence alignments of diploid consensus sequences of each USCO
with the software SNP-sites (Page et al., 2016), excluding low-quality sites masked by the software bcftools
with lowercase letters. For this purpose, all outgroup taxa were excluded from the multiple nucleotide
sequence alignments. In the dataset of Darwin’s finches, we additionally excluded the divergent ingroup
genus Certhidea .

SNPs were filtered in three steps using custom Perl scripts as done by Dietz et al. (2023). First, all non-



informative SNP sites (i.e., those in which all individuals except one had the same allele) were removed
(removegaps _snp _inf d.pl); second, SNP sites with missing data or with gaps in more than 50% of individ-
uals were removed (removegaps_d.pl); and third, only SNP sites in a given gene present in the largest number
of individuals in the respective gene’s nucleotide sequence alignment were kept (removegaps snp _d.pl).

Based on the extracted SNP sites, we conducted a population structure analysis by clustering SNPs with
the software STRUCTURE v. 2.3.4 (Pritchard et al., 2000) using an MCMC chain length of 50,000 (burn-in
of 20,000) and a range of values for the number of ancestral populations (K) from 1 to 10. For each K value,
the analysis was repeated ten times and the result with the highest likelihood was chosen. Additionally,
we performed NMDS in two dimensions with the software PAST v. 4.03 (Hammer et al., 2001) using only
biallelic SNPs. With a custom script (snp-pca_d.pl), genotypes homozygous for the majority allele were
coded as 0, those homozygous for the rarer allele as 2 and heterozygous genotypes as 1. NMDS was then
performed based on Euclidean distances. We repeated the analysis at least ten times to reduce the risk of
reporting results with only locally optimal parameters and chose the results with the lowest stress value (i.e.,
those with the best fit to the data).

To assess whether different data extraction methods can be combined, we created multiple sequence align-
ments including the mzI-USCOs extracted with the BUSCO software and those extracted with Orthograph
using OrthoDB v. 9 and v. 10. We combined the sequences of each gene obtained from the three approaches
in a single dataset for each of the four case studies, using only those 580 genes classified as mzl-USCOs in
both versions of OrthoDB. In this dataset, every specimen was consequently represented three times. We
aligned the amino acid sequences from the three approaches with MAFFT v. 7.543 (Katoh & Standley,
2013) and inferred the corresponding nucleotide sequence alignments with pal2nal v. 14.1 (Suyama et al.,
2006). However, we only used the nucleotide sequence alignments for phylogenetic inference, as they provide
more phylogenetic signal for closely related taxa than the amino acid sequence alignments. The nucleotide
sequence alignments were concatenated and the resulting supermatrix was phylogenetically analyzed with
IQ-TREE as described above, except that only one analysis was conducted per dataset. Trees were rooted
at the midpoint. We tested the effect of removing alignment positions with missing data and gaps on the
phylogenetic results by removing alignment sites that have missing data or gaps in at least one individual and
performing a phylogenetic analysis on the reduced dataset as described above. Analogously, using both data
including or excluding positions with missing data or gaps, we performed phylogenetic analyses on multiple
nucleotide sequence alignments of each gene and inferred a coalescent-based tree with ASTRAL as described
above. Furthermore, we visually inspected the entire multiple nucleotide sequence alignment of each gene in
all four case studies and removed alignment regions which contained strongly divergent sequences between
extraction approaches and manually corrected obvious misalignments in AliView (Larsson, 2014). These cor-
rected data were then used for coalescent-based and concatenation-based phylogenetic analyses as described
above. Additionally, we generated versions of these corrected multiple nucleotide sequence alignments in
which sites containing missing data and gaps were removed as described above.

Case studies: species delimitation

To test the performance of species delimitation algorithms applied on different USCO datasets, we delineated
species with tr2 (Fujisawa et al., 2016) and SODA v. 1.0.2 (Rabiee et al., 2020) based on the results of the
three different extraction approaches in all four case studies, using the programs’ default parameters and
not providing a guide tree. Tr2 conducts species delimitation based on the topological variation between
rooted gene trees using the distribution of triplets (i.e., topologies with three individuals). As input, we
used the gene trees generated by IQ-TREE, with the gene trees being re-rooted with nw_reroot (part of
Newick Utilities 1.6.0; Junier & Zdobnov, 2010) on the outgroup of the respective study case. We included
only trees that contained all specimens, as gene trees lacking specimens cannot be handled by the program.
SODA uses the distribution of topologies of quartets of individuals in unrooted gene trees to infer species
boundaries (Rabiee et al., 2020). We used all gene trees as input for SODA.

Results



Spatial distribution and potential linkage patterns of mzl-USCOs in genomes

We extracted mzl-USCOs from chromosome-level assembled genomes of 239 species of Metazoa, covering
almost all major lineages of Protostomia and Deuterostomia. As expected, we found that the large majority
of the mzl-USCOs were consistently present in most investigated species, and pairwise aligned nucleotide or
amino acid sequences of mzl-USCOs from different species were found to overlap in the multiple sequence
alignment of each gene to a high degree (Figure S1). The median distance between neighboring mzl-USCOs
on a chromosome was on average 742,876 bp (+/- 607,054 bp SD). Considering all possible pairs of mzl-
USCOs, we found that in the vast majority of genomes the two mzl-USCOs in a pair were located on different
chromosomes (Fig. 1). Specifically, we found only 1.3% of the analyzed pairs of mzl-USCOs to be located
on the same chromosome in more than 50% of the analyzed species. Only 0.2% of all analyzed pairs of
mzl-USCOs were found on the same chromosome in more than 75% of the analyzed species. Looking at
these latter pairs in more detail, we found the two mzl-USCOs in each pair to be spatially separated on
average by a mean distance over all taxa of 11.6 Mbp (+/- 6.1 Mbp SD) on a given chromosome, with the
spatial separation differing widely between taxa (average standard deviation 18.2 Mbp, + /- 8.8 Mbp SD).

While these data imply that mzl-USCOs can be regarded as genetically largely unlinked in practical appli-
cations, mzI-USCOs show a slight tendency to cluster compared to randomly chosen protein-coding genes.
Specifically, we found physical distances between neighboring mzl-USCOs normalized by genome size to be
consistently slightly lower than expected by chance when compared with distances from the same number of
randomly chosen protein-coding genes. In all but three taxa, the median distance, both absolute and nor-
malized by genome size, was lower in the USCO data than the median in the randomly chosen protein-coding
genes (inferred from 10,000 simulations in each taxon; Fig. 2). In 195 taxa (82% of all investigated taxa),
the difference was statistically significant (p < 0.05). On average, the median absolute distance was lower
by 106,062 + /- 91,451 bp in the real data, the normalized distance by 9.91*¥10 + /- 6.57*107® of genome
size (15.77 +/- 9.4 %). The extent to which mzl-USCOs cluster more than randomly chosen genes tends to
be larger in arthropods than in vertebrates (Table S1).

We found the distribution of absolute distances (in nucleotides) between neighboring mzl-USCOs on chromo-
somes to be highly correlated with the taxon’s genome size (correlation of median distance with genome size:
r = 0.9714, p < 0.001). When binning absolute distances in eleven categories and using a PCA to visualize
the degree of similarity between taxa in their distance values (plot not shown), separation of taxa along the
first axis (which explained 71% of the total variance) strongly correlated with the logarithm of the taxon’s
genome size (r = -0.9818, p < 0.001). We focused in the present investigation on the conspicuous patterns
found in normalized distances (nucleotides divided by genome size), as this metric was less confounded by
the organism’s genome size: correlation of median normalized distance with genome size was -0.17201 (p
= 0.008). When binning normalized distances between neighboring mzl-USCOs on chromosomes in eleven
categories and using a PCA to visualize the degree of similarity (Fig 3b), we found the clustering of taxa in
some instances to correspond noticeably with high systematic units, such as Insecta (red triangles), teleost
fishes (gray dots), birds (black squares), and mammals (black triangles; Fig 3).

The adjusted evenness of the distribution of mzl-USCOs between chromosomes ranged between 0.58 and
0.99 (mean 0.87 +/— 0.09). It tends to be especially low in birds and especially high in teleost fish (Table
S1). It is highly correlated with both the evenness of chromosome length (r = 0.83, p = 6.26 * 10°%1) and
especially that of the distribution of all protein-coding genes (r = 0.94, p = 1.98 * 10-10).

In many taxa, our chi-square test showed significant deviations of USCO distribution from the distribution
of chromosome lengths (Table S1). In 215 taxa (90% of all investigated taxa), the chi-square test showed a
statistically significant (p < 0.05) deviation without correction for multiple test, and in 153 of the taxa (64%),
the test result remained significant after Bonferroni correction for multiple tests. The deviation tended to be
particularly high in birds and particularly low in teleost fish. The chi-square test showed that the deviation
from the distribution of all protein-coding genes was significant in 170 taxa (71%), but in only 43 of these
taxa (18%) it remained so after Bonferroni correction. A correlation with phylogenetic placement of the taxa
was less obvious than in the comparison with chromosome length.



To assess whether the phylogenetic signal contained in mzl-USCOs is sufficient to infer the phylogenetic
relationships of the investigated taxa, we used the extracted mzl-USCOs of the 239 species of Metazoa for
phylogenetic analyses. The inferred phylogenetic trees based on a supermatrix of amino acid sequences (Fig.
S2) were largely consistent with the respective current state of the art phylogenetic hypotheses (e.g., Laumer
et al., 2019; Irisarri et al., 2017; Esselstyn et al., 2017). Discrepancies occurred in a few rapid radiations. For
example, in the USCO-derived phylogenies of Neoaves we found hummingbirds to be more closely related to
passerines than to falcons and parrots, contradicting results from phylogenomic studies of Jarvis et al. (2014)
and Prum et al. (2015). Such discrepancies were also found in multi-species coalescent-based trees obtained
from analyzing amino acid data (Fig. S4), which had overall low support values, however. Both supermatrix-
and coalescent-based phylogenetic inferences based on nucleotide sequence data using codon positions 1 and
2 (Fig. S3, S5) resulted in some highly questionable phylogenetic estimates, such as a non-monophyly of
Arthropoda.

Systematics with mzl-USCOs from whole genomes: data recovery of different extraction methods

Reference genomes of each of the four study groups contained at least 90% of the mzl-USCOs with exactly
one copy. We found no consistent differences in the number of detected mzIl-USCOs across the analyzed
individuals (Figure S8) irrespective of what software we used to identify mzl-USCOs and their copy numbers.
In all four study groups, all mzl-USCOs present in the reference genomes were recovered in at least some
target individuals, and in all specimens, except some Darwin’s finches, the majority of mzl-USCOs was
recovered (Figure S8).

The concatenated multiple nucleotide sequence alignments of mzIl-USCOs extracted with the BUSCO soft-
ware were more than a million sites long; the corresponding supermatrices of USCO nucleotide sequences
extracted with Orthograph were on average about 30% shorter (Table 2). The Orthograph/bwa-based ap-
proach was found to consistently miss some mzl-USCOs in some specimens: the number of mzl-USCOs
recovered across all specimens proved to be consistently lower when using Orthograph for target gene identi-
fication than when using BUSCO (Figure S8). Total alignment completeness at the nucleotide level exceeded
90% in all study groups, except in Darwin’s finches with a completeness of 45-52%. Alignment completeness
of Orthograph-based datasets was slightly lower than of BUSCO-based datasets (Figure S9). The number
of SNP sites was higher than 5,000 in all studied taxonomic groups, except in Darwin’s finches. The number
was generally much smaller in the Orthograph-derived datasets than in the BUSCO-derived ones (Table 2).

Case studies: phylogeny and nucleotide sequence variation of mzl-USCOs

In all four case studies, most interspecific but also many intraspecific nodes of the inferred phylogenetic
trees had high (i.e., > 90) branch support and showed few topological differences between datasets obtained
by different USCO extraction methods (Fig. 4; Figures S10-13). We detected few topological differences
between trees inferred from concatenation supermatrices and trees inferred by using a multispecies coalescent
approach on gene trees.

In the Anopheles gambiae complex, the topology of interspecific nodes in all USCO-based trees (Figure
S10) was identical to the published one inferred by applying the maximum likelihood optimality criterion on
aligned WGS data (Fontaine et al., 2015), except that we found neither A. gambiae nor A. coluzzii to be
monophyletic. However, the topology of Fontaine et al. (2015) differed from the species tree inferred by the
same authors from the X chromosome data only. According to Fontaine et al. (2015), the X chromosome-
derived tree more likely represents the true phylogeny of the group, because the remainder of the genome
exhibits extensive signatures of introgression. The USCO-derived topology suggested the monophyly of all
species exceptA. gambiae and A. coluzzii . Monophyly of the latter was also not found in the study by
Fontaine et al. (2015) when analyzing SNPs extracted from WGS data applying the neighbor-joining tree
inference method. Only in the tree obtained from concatenated data containing mzl-USCOs extracted with
Orthograph/OrthoDB v. 9, both species were found to be reciprocally monophyletic. NMDS plots that
visualized the similarity in SNPs showed nearly all species as clearly distinct clusters irrespective of the
applied USCO extraction method (Figure S14). The only exceptions were A. gambiae and A. coluzzii ,



forming together a single cluster. Our model-based clustering analyses using STRUCTURE also showed all
species with the exception ofA. coluzzii and A. gambiae as separate clusters with some levels of admixture
(Figure S11; Supplementary Text).

In the Drosophila nasuta complex, our analyses inferred most species to be monophyletic (Figure 4; S11).
These findings are largely consistent with those reported by Mai et al. (2019). (Sub-)species that had not
been inferred as monophyletic in our phylogenetic analyses were also not resolved when applying NMDS or
STRUCTURE (Figure 4). Otherwise, all (sub)species were clearly distinguishable from each other (Supple-
mentary Text).

Regarding Heliconius butterflies, our phylogenies inferred from analyzing mzl-USCOs largely agreed with the
phylogeny published by Martin et al. (2013) (Figure S12). We found only few topological differences between
analyses that were based on different data extraction approaches and/or phylogenetic reconstruction methods
(see Supplementary Text for details). STRUCTURE (Pritchard et al., 2000) and NMDS revealed clusters
that were largely consistent with the topology of the phylogenetic trees, with few exceptions described in
the Supplementary Text. Analyses based on the datasets from the three USCO extraction approaches gave
very similar results (Fig. 4; Figures S14, 15). Even when allowing STRUCTURE to find more clusters
than known (sub)species in the analyzed sample by specifying a K value higher than 5, the clustering never
supported more than five clusters, and individuals were always assigned to clusters with a probability of
more than 90%. A small amount of admixture was detected between sympatric populations (e.g., those of
Heliconius melpomene and H. timareta in Peru).

In Darwin’s finches, the alignment completeness of extracted mzl-USCOs was very low (Table 2). The
incompleteness of the Darwin’s finches’ datasets was likely caused by a low sequence coverage (< 10x)
and in consequence a poor assembly quality. Therefore, for the analysis of sequence variation we included
not only SNPs present in all individuals (as in the other case studies), but also SNPs absent in less than
five. Possibly due to the large amount of missing data in the alignments, the inferred phylogenetic trees
differed in many details from each other and from the original maximum-likelihood tree based on WGS
data (Lamichhaney et al., 2015). Consequently, also NMDS plots of SNP similarity did not provide results
that allowed to visually distinguish between different species within the genusCamarhynchus and between
most of the species within Geospiza , except for the species G. difficilis andG. septentrionalis . However,
differentiation between genera was clearly visible. SNP clustering with STRUCTURE also did not allow us
to distinguish species of Camarhynchus from each other and to distinguish some species of Geospiza from
each other (Supplementary Text).

Case studies: combination of different USCO extraction methods

Species delimitation methods are highly sensitive to intraspecific nucleotide sequence variation, which af-
fects branch lengths, the topology of single gene trees, and in the end the outcome of the delimitation of
populations and species. We used a multiple nucleotide sequence alignment combining data from all three
USCO extraction approaches to assess the comparability and combinability of data from different approaches
(Figures S16-23). In the ideal case, nucleotide sequences obtained by the three different USCO extraction
methods that belong to a given specimen would form a monophyletic group, with no or at least only little
nucleotide sequence divergence. In practice, we observed that the presence of nucleotide sequence alignment
positions with missing data had an enormous impact on the tree topology, species monophyly, and on the
clustering of sequences belonging to the same specimen (Table 4). A particular impact in this regard was
caused by discrepancies, both in data yield and in the actual extracted nucleotide sequences, between the
BUSCO-based data extraction and the Orthograph-based data extraction.

Visual inspection of the alignments in all four case studies revealed discrepancies between the results of the
three USCO extraction methods in 29 to 79 (5-14% of all) of the multiple nucleotide sequence alignments of
individual USCO genes. The discrepancies manifested in a clustering of nucleotide sequences that reflected
the extraction method rather than individual specimens (Figures S16-23). This pattern was observed in
all four case studies, sometimes affecting only a few, sometimes all taxa, and it was more prevalent when



phylogenetically analyzing the extracted data as supermatrix rather than using a summary multispecies
coalescent approach that depends on gene trees as input. In a minority of gene loci, the discrepancies could
be explained by incorrect alignment of nucleotides across gaps and positions with missing data or at one
of the ends of the nucleotide sequence. In the majority of instances, the extraction methods had extracted
partially different sequences from the WGS libraries. Such differences were almost always found at the ends of
the nucleotide sequences obtained with BUSCO and Orthograph, indicating that different coding nucleotide
sequence fragments were evaluated as being part of the gene and were joined together. Editing the datasets
by excluding positions with gaps and/or missing data reduced the erroneous inference of non-monophyly of
individual samples which is the ultimate test scenario for an error-free species delimitation procedure (Table
4; Figures S16-23).

Case studies: species delimitation

In Anopheles and in particular in Drosophila , the number of species-level entities recognized was much
higher than the currently recognized number of morphospecies. All or most morphospecies were split into
multiple species (Fig. 5; Figure S24). SODA exhibited a higher tendency to split individual morphospecies
into multiple species than tr2. In Darwin’s finches, over-splitting was also visible, especially in the earlier-
diverging species. However, we also found many morphospecies in the genera Geospiza and Camarhynchus
to be lumped into a single species. This problem was prevalent when using tr2, but it also occurred with
SODA. In Heliconius , over-splitting was less of a problem, but it occurred in some cases. Species-level entities
mostly corresponded to established (sub)species in which, however, some entities were lumped (Heliconius
melpomene aglaope / H. m. amaryllis ; Heliconius melpomene melpomene [from Panama] /H. m. rosina ).
Since over-splitting (or lumping in the case of Darwin’s finches) was the overwhelming problem in almost all
analyses, we refrained from performing additional analyses with the full WGS data (such analyses were not
performed in the studies that generated the WGS data either).

Discussion
Distribution and potential linkage patterns of mzl-USCOs

This study is the first comparative analysis of the physical distribution of mzl-USCOs in the genomes of
a wide range of animal taxa. We did not find mzI-USCOs to exhibit a noteworthy tendency of physical
linkage when compared to randomly chosen protein-coding genes. Physical distances between USCO genes
were found to be in general much larger than the average distances across which loci can be assumed to
be linked in evolutionary timescales (<1000 bp; Springer & Gatesy, 2016). The resulting average extent
of linkage of loci located on the same chromosome is thus likely negligible and cannot be a prioriassumed
to violate assumptions of multispecies coalescent analyses, irrespective of whether the method is used for
phylogenetic reconstruction or species delimitation. Although there was considerable variation across taxa,
we found neighboring pairs of mzIl-USCOs to be on average spatially located somewhat more closely together
than pairs obtained by randomly choosing the same number of annotated protein-coding genes. A possible
explanation for this result could be that mzl-USCOs have a small tendency to cluster in genomic regions
that are under selection to remain in single-copy.

MzI-USCOs were found to be rather evenly distributed over the chromosomes and do not cluster on particular
chromosomes, indicated by high values of adjusted evenness of the USCO distribution. However, taxa with
chromosomes of unequal length tended to have an unequal distribution of mzI-USCOs. This was demon-
strated by the positive and significant correlation of the evenness of chromosome length and protein-coding
gene distribution with that of the USCO distribution. As expected, longer chromosomes, and especially
chromosomes with relatively more protein-coding genes than others, also contain more mzl-USCOs. How-
ever, chi-square tests showed that this correlation is not necessarily linear. In nematodes, for example, the
correlation of the number of mzI-USCOs with that of protein-coding genes was negative, although this was
based on few chromosomes of rather similar length. In particular the deviation of USCO number from chro-
mosome length tended to be higher in birds which also have highly unequal chromosome sizes within their
genomes. This deviation is probably due to the fact that gene density is high in short chromosomes (mi-

10



crochromosomes; e.g., International Chicken Genome Sequencing Consortium, 2004), which are particularly
common in birds but are also found in some other vertebrates (Waters et al., 2021). Significant deviations
from the distribution of protein-coding genes in general are probably caused by taxon-specific groupings of
mzl-USCOs on certain chromosomes. However, such deviations do not seem to be conserved across major
lineages, a pattern that is consistent with our observation that groupings of mzl-USCOs on the same chromo-
some are in most cases not phylogenetically conserved according to the current sampling of taxa. However,
as some lineages were poorly covered by these analyses, it is difficult to make accurate statements about this
for metazoans in general.

Intra-locus recombination is known to bias coalescent-based phylogenomic analyses (Gatesy & Springer,
2014; Edwards et al., 2016; Springer & Gatesy, 2018). Among eukaryotes, the genome-wide recombination
rate is known to vary over at least one order of magnitude (Stapley et al., 2017). Intraspecific recombination
rates are also known to vary between the sexes and across the genome, with recombination hot spots in which
most crossovers occur (Jeffreys et al., 2001; Kauppi et al., 2004; Niehuis et al., 2010). Recombination hot
spots have been studied in a variety of species, including fruit flies (Chan et al., 2012), crickets (Blankers et
al., 2018), birds (Kawakami et al., 2017), and mammals (Jeffreys et al., 2001; Kauppi et al., 2004; Arnheim
et al., 2007; Penalba & Wolf, 2020). In humans, recombination hot spots are regions of 1 to 2 kbp that are
spatially separated from each other by larger regions (50-100 kb) with lower recombination activity (Myers
et al.; 2005; Baudat et al., 2010). Simulation studies have shown that species tree estimation is robust
to recombination even if the amount of recombination exceeds that found in extant organisms (Lanier &
Knowles, 2012; Zhu et al., 2022). However, these studies used a model of constant recombination rates
across the genome (instead of a model of recombination hot spots), which might not reflect the situation in a
given genome properly. We therefore expect that data partitioning and its implementation within models of
species inference using the multispecies coalescent will remain a hot topic in the future, as will be some other
parameters in species delimitation approaches, e.g., effective population size, whose fluctuation is known to
impact species delimitation analyses (Ahrens et al., 2016).

The distribution of distances between USCO genes reported by us exhibited lineage-specific patterns (Fig.
3; Figure S6, S7). Some of these lineages showed an extraordinary variation. This lineage-specific variation
likely reflects peculiarities in the genomic architecture of different higher taxa, but a closer investigation of
these phenomena is beyond the scope of this study.

Case studies: efficiency of USCO extraction

Our results confirmed that mzl-USCOs can easily be retrieved and extracted from published WGS datasets in
sufficient number to be useful to infer reliable phylogenies on all systematic levels, from subspecies to phylum.
We found the quantity of recovered mzIl-USCOs as well as the number of retrieved alignment positions to be
similar to those obtained with approaches in which USCOs were obtained by DNA target enrichment (Table
2; see also Dietz et al., 2023). Similar to the results when assembling raw reads from hybrid enrichment
libraries (Dietz et al., 2023), results of gaining USCOs from WGS data were heavily influenced by the data
extraction method used and the quality of the genomic data (see also Dietz et al. 2023). These factors
might pose limits to the possibilities of how genomic USCO sequence data can be generated and combined
in future systematic research (see below).

Independently from how Metazoa-level USCO markers were obtained, either through target enrichment
(Dietz et al., 2023) or by extraction from WGS raw reads (this study), it is crucial for understanding the
robustness and ability to standardize species inference with Metazoa-level USCO markers to clarify if and
how differently generated mzl-USCOs can be simultaneously analyzed. This knowledge is important to
evaluate the sustainability of the marker system, particularly for the case that a marker-specific database
is to be created. In this context, orthology assessment is crucial, as it is used to identify and define the
fundamental entities that subsequent tools rely on. Due to the increasing quality and number of available
published genome assemblies, the data available from successive versions of OrthoDB is continuously evolving
towards a more comprehensive taxon coverage. Consequently, the set of genes defined as mzl-USCOs (i.e.,
those present in single-copy in at least 90% of known genomes of a given group; in our case, Metazoa) is
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expected to change, but also to converge over time. This change over time is reflected by the number of
single-copy genes present in at least 90% of the genomes of Metazoa in different versions of OrthoDB: it has
changed from 978 in OrthoDB v. 9, to 954 in OrthoDB v. 10, to 1,268 in OrthoDB v. 11 (Kuznetsov et al.,
2023). This change is likely driven by the steady addition of genomes considered for orthology prediction in
OrthoDB (330 in v. 9, 448 in v. 10; 812 in v. 11). While the turnover in which genes are considered mzl-
USCOs is currently still high, we expect changes regarding the set of genes flagged as mzl-USCOs becoming
smaller with increased knowledge of the evolution of gene families.

Although genes identified as mzl-USCOs were not entirely identical between the different versions of OrthoDB
used here, we observed that these changes had minimal impact on the overall size of USCO nucleotide
alignments, on alignment completeness, on the topology of inferred phylogenetic trees, on nucleotide sequence
variation (SNP) clustering, and on species delimitation results, as long as a sufficiently large number of
orthologs are involved and if incomplete alignment sections are removed.

Comparing the results of BUSCO-based to the Orthograph-based extraction of USCOs, we find that the
former yields generally longer nucleotide sequences per gene. This is probably because, besides the conserved
region of a gene identified by the HMMs, BUSCO also includes flanking regions with a length of 5-20 kpb
(Simao et al. 2015). Within these regions, the full gene is then determined by using the gene prediction
of the Augustus pipeline (Stanke & Waack, 2003; Stanke et al., 2006) to extend the gene model beyond
the conserved region specified by the HMM. In contrast, Orthograph searches only for the conserved region
for which the HMM was created. This effect is particularly important since the mzl-USCO HMMs contain
only the gene region conserved across all Metazoa. Full length coding regions could also be extracted with
Orthograph by using HMMs created specific tor the individual groups, although these would then be not
necessarily homologous across all groups anymore.

The additional nucleotide sequence information of data based on BUSCO software seems to impact the phylo-
genetic signal neither positively nor negatively. Consequently, the results of phylogenetic tree reconstruction,
SNP clustering, and species delimitation analysis hardly differ between BUSCO- and Orthograph-based ex-
traction approaches. However, our results show that, even with extensive filtering and manual curation,
BUSCO- and Orthograph-derived USCO data should not be analyzed together. The resulting phylogenies
obtained with mixed data may be severely misleading. Data pruning improves the results, but large dis-
crepancies may remain, especially when using approaches that analyze concatenated alignments rather than
coalescent-based approaches that rely on gene trees for phylogenetic inference. Therefore, we recommend
extracting mzI-USCOs in one consistent way. The underlying problem is that alignments of systematically
different sequences pose a problem to currently used alignment programs. The ongoing change in sets of
genes being classified as USCOs could become a problem in terms of data overlap for the sustainability
of the marker system, as datasets generated with older and newer OrthoDB versions might not be fully
comparable. Here the overlap between Metazoa-level orthologs from OrthoDB v. 9 and OrthoDB v. 10 was
relatively moderate (only 580 out of 978 resp. 954 genes; 59% resp. 61%). This has an impact especially on
the possibility to combine future USCO data with already available mzl-USCOs generated with DNA target
enrichment using baits which are based on earlier and/or different OrthoDB versions. However, we expect
that future versions of OrthoDB will have an increasing amount of overlap of mzl-USCOs between versions,
since genes that are present and single copy in 90% of the genomes should converge as soon as all taxonomic
groups are covered evenly in OrthoDB.

Case studies: phylogenetic trees and species clustering using extracted mzl-USCOs

Mzl-USCOs extracted from WGS were confirmed to separate closely related species in a wide systematic
context from each other, as previously shown with USCO data generated with DNA target enrichment (Dietz
et al., 2023). Our results demonstrate that the majority of phylogenetic topologies obtained with mzl-USCOs
is consistent with the relationships and species entities inferred previously with WGS datasets exemplified
in the four case studies of vertebrate and arthropod taxa. The few exceptions of deviating topologies include
cases of closely related species that are still frequently hybridizing and for which phylogenies based on single
or few genes may give unreliable results. For example, in Darwin’s finches and Drosophila , the monophyly
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of some species was not confirmed. For some of these species this was also the case in the original analyses
with WGS data (Lamichhaney et al., 2015; Mai et al., 2019). These results are likely caused by extensive
hybridization between species (e.g. in Anopheles and Heliconius ) but possibly also due to large amounts
of missing data (particularly in the Darwin’s finches). Introgression was reported to occur inHeliconius
butterflies by Martin et al. (2013) and Edelman et al. (2019) and is also known in other groups studied by
us including Drosophila (Suvorov et al. 2022). Introgression has been identified in all major organism groups,
such as fungi, vertebrates, insects, and angiosperms (Suvorov et al. 2022), indicating that hybridization
across species barriers is not uncommon.

In several cases, we found discrepancies between the concatenation data-based and the coalescent analysis-
based trees (Table 3). In most of these cases, the ASTRAL trees agreed better with previously published
WGS phylogenies (e.g., monophyly of Heliconius melpomeneand interspecific phylogeny of Darwin’s finches)
than the concatenation data-based trees. This confirms that coalescent-based approaches are more reliable
for inferring the phylogeny of closely related species still under introgression than concatenation data-based
phylogenies which are based on the often-incorrect assumption that all loci share the same phylogenetic
history (e.g., Solis-Lemus et al., 2016; Bryant & Hahn, 2020; Stolle et al., 2022). However, concatenation
data-based approaches seem to give better results if data completeness is highly heterogeneous across indi-
viduals. Samples for which information is missing to a high degree are often placed closer to the root in the
ASTRAL trees, as seen for example in Drosophila . The underlying cause of this may be mapping reference
bias and low coverage of some samples (Stolle et al. 2022).

Analyses of nucleotide sequence variation based on SNPs extracted from mzl-USCOs confirmed the results
of the phylogenetic analyses regarding the circumscription of species entities. NMDS and STRUCTURE
plots allowed us to visually distinguish generally recognized species in most case studies, as was the case in
studies that analyzed more extensive WGS data. However, in Darwin’s finches, several closely related species
were indistinguishable from each other. This result is probably a consequence of a high degree of admixture
between the species. It could have alternatively or additionally been caused by the fact that the analyzed
dataset suffered from a high degree of missing data. Finally, it is possible that the separation of some species
requires the analysis to include more than two dimensions due to the complex distribution of variation.
NMDS may also be unreliable if more data are missing in some specimens than in others, as was the case
with some Drosophilaindividuals which were placed far apart from others of the same species. Clustering of
SNPs with STRUCTURE did not exhibit this problem due to the simpler nature of this analysis as a group
reassignment test.

Case studies: Species delimitation

Similar to observations reported in previous studies involving large multi-gene datasets, we found species
delimitation algorithms to exhibit a tendency for over-splitting (Sukumaran & Knowles, 2017; Chambers &
Hillis, 2020; Dietz et al., 2023). This tendency is probably caused by intraspecific population structure being
mistaken for divergence between species — an effect that is expected to positively correlate with dataset size
(Leache et al., 2019). Over-splitting happened more frequently when using the species delimitation software
SODA than when using the software tr2 — a trend previously already observed by Joshi et al. (2023).
This bias in the tendency to over-split species may be caused in part by the larger number of trees used by
SODA in comparison to tr2: SODA considers all user-provided gene trees, while tr2 can use only those gene
trees that consistently contain all samples. The significantly lower amount of over-splitting in Heliconius
in comparison to the results obtained from studying the other three taxonomic groups is probably caused
by the lower number of individuals in the analysis, which may result in fewer intraspecific clusters that
the algorithms could mistake for species. The subspecies of Heliconius lumped here (Heliconius melpomene
aglaope /H. m. amaryllis ; Heliconius melpomene melpomene [from Panama] / H. m. rosina ) had the
lowest Fst values of all involved taxon pairs (Martin et al. 2013), while they represent highly distinctive
morphological forms. These taxa were found to be differentiated almost exclusively at loci related to wing
coloration, while the rest of the genome showed very little differentiation (Martin et al. 2013). The lumping
in some parts of the Darwin’s finch datasets seems to be caused by a large amount of discordance among
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gene trees, which may be explained in part by the relative incompleteness of the data, but also by frequent
interspecific hybridization (Lamichhaney et al., 2015; Grant & Grant, 2016).

Conclusions

We demonstrated the usefulness of mzl-USCOs as markers for reliably inferring phylogenies on all system-
atic levels (species group to phylum) irrespective of the specific taxonomic group under consideration. Our
analysis of four different recent radiations using WGS datasets showed that USCO data allow distinguishing
between species in almost all tested cases and in most cases allow drawing the same conclusions as correspond-
ing studies that analyzed a more comprehensive amount of genomic data. Mzl-USCOs have been proven to
be a useful marker system for DNA taxonomy in diverse animal groups, integrating the overarching issues of
marker standardization, data production, data repository, and reuse (Miralles et al., 2020). Mzl-USCOs, like
any other marker system, may lack the resolving power of whole genome data, especially when speciation is
triggered by a single locus or by a few loci (speciation genes; e.g., Orr et al., 2004; Nosil & Schluter, 2011).
However, they have the advantage of being universally applicable and comparable across animals. While
their distribution in the genome is not fully random, they are widely spread across the genome rather than
being clustered in certain genomic regions or on some specific chromosomes. Mzl-USCOs hence constitute a
representative sample of the genome for purposes of phylogeny and taxonomy.
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Table 1. Information on taxa that served as a reference in our four taxonomic study groups and for which
we extracted mzl-USCOs from published whole genomes: number of species (Ng,) excluding outgroup taxa
(number of subspecies in parentheses), number of individuals (Nj,q), reference genome used for mapping raw
sequence reads, and data source (individual samples listed in Table S2).

Group Nsp Nina Reference genome Reference
Anopheles gambiae complex 6 74 Anopheles arabiensis (AaraD3) Fontaine et al. (201¢
Drosophila nasuta complex 9 (12) 68 Drosophila albomicans (drosAlbom15112-1751.03v1) Mai et al. (2019)
Heliconius 3(6) 30 Heliconius melpomene (Hmell) Martin et al. (2013)
Darwin’s finches 18 120 Camarhynchus parvulus (STF_HiC) Lamichhaney et al.

Table 2. Results of extracting mzl-USCOs from published genomes in the four taxonomic groups when
using different extraction approaches. All mzl-USCOs found in the reference were also found in the genomic
reads of at least some specimens.

Number of mzl-USCOs found Number of mzl-USCOs found in all specime

BUSCO / OrthoDB v. 10

Anopheles 936 911
Drosophila 906 798
Heliconius 900 884
Darwin’s finches 914 423
Orthograph / OrthoDB v. 9

Anopheles 961 800
Drosophila 952 589
Heliconius 953 864
Darwin’s finches 964 208
Orthograph / OrthoDB v. 10

Anopheles 900 761
Drosophila 908 978
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Number of mzl-USCOs found Number of mzl-USCOs found in all specime

Heliconius 896 828
Darwin’s finches 932 217

Table 3. Number of monophyletic species (*or subspecies) in the trees of the original studies (WGS; see
Table 1) and in the corresponding USCO alignment-based trees in our study. We analyzed a supermatrix of
concatenated (C) USCO alignments and determined species trees with the multispecies coalescent approach
implemented in ASTRAL (A).

Orthograph/Orthograph/Orthograph /Ortho;

Case OrthoDB OrthoDB OrthoDB Orthol
study Species* WGS BUSCO BUSCO v. 9 v. 9 v. 10 v. 10

C A C A C A
Anopheles 6 5 4 5 6 5 4 5
Drosophila 12 10 8 8 8 8 8 8
Heliconius 6 4 3 3 3 3 3 3
Darwin’s 18 18 17 15 14 13 16 10
finches

Table 4 . Compatibility of USCO extraction approaches: number of individuals within each case study in
which nucleotide sequences from different data extraction approaches formed a monophyletic group when
analyzed together. Numbers before slashes refer to individuals whose extracted sequences from all three
approaches grouped together, numbers behind the slash refer to individuals whose extracted sequences at
least from the two Orthograph-based approaches formed a monophyletic group when analyzed together (see
also Figures S16-23). m.d. = missing data.

Anopheles Drosophila Heliconius Darwin’s finches

concatenated

full dataset 38 /74 8 /65 0/5 0/ 120
m.d./gaps excluded 74 /74 68 / 68 4 /26 6 /117
corrected 74/74 68 /68 30 /30 120 /120
corrected + m.d./gaps excluded 74 / 74 67 / 67 30 /30 27 / 113
coalescent

full dataset 38/62 53 /60 17 /30 111 /120
m.d./gaps excluded T4 /74 66 / 68 30 / 30 119 / 120
corrected 60 / 74 56 / 60 30 / 30 120 / 120
corrected + m.d./gaps excluded 74 / 74 67 / 68 30 /30 118 / 119
Nina 74 68 30 120

Figure captions:

Fig. 1. Histogram showing the number of mzl-USCO gene pairs analyzed in this study which occur on the
same chromosome in a given proportion of the examined taxa. The histogram shows that the proportion of
genomes in which a gene pair occurs on the same chromosome is typically rather small.

Fig. 2. Distribution of median distances between neighboring mzl-USCO genes, in nucleotides divided
by genome size. Left: based on real USCO data across all taxa, right: based on a random selection of
protein-coding genes for each taxon. Lines connect dots belonging to the same taxon.
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Fig. 3. Phylogenetic signal and systematic correlation of distances between neighboring USCOs with major
metazoan lineages. A: PC axes 1 (left tree) and 2 (right tree) from a PCA on frequencies of size classes
of Metazoa-level USCO distances, mapped onto the Metazoa phylogeny based on concatenated amino acid
sequences. B: Plot of axes 1 and 2 from the same PCA, showing a clustering of major metazoan lineages
(Protostomia and Deuterostomia with unfilled and filled color symbols, respectively).

Fig. 4. Data yield and results of analyses on mzIl-USCOs extracted from Drosophila WGS reads when
applying three different USCO extraction methods: A: Number of mzl-USCOs recovered per number of
specimens; B: ASTRAL trees based on generated USCO datasets; C: Outcome of SNP clustering analyses
with STRUCTURE; D: NMDS plots of SNP similarity.

Fig. 5. Species delimitation of the four case studies based on the programs tr2 and SODA on each data
set from the three different extraction methods. Colored boxes indicate that inferred species entities match
with currently recognized morphospecies.

Figure S1. Proportion of pairwise sequence overlap in the concatenated alignment of USCO loci between
pairs of chromosome-level annotated metazoan genomes.

Figure S2. Maximum likelihood phylogenetic tree based on concatenated amino acid USCO sequences of
all analyzed chromosome-level annotated genomes of Metazoa. Numbers above branches are support values
from approximate likelihood ratio tests and ultrafast bootstrapping.

Figure S3. Maximum likelihood phylogenetic tree based on concatenated nucleotide USCO sequences
(codon positions 1 and 2) of all analyzed chromosome-level annotated genomes of Metazoa. Numbers above
branches are support values from approximate likelihood ratio tests and ultrafast bootstrapping.

Figure S4. Multispecies coalescent-based phylogenetic tree based on gene trees of amino acid USCO
sequences of all analyzed chromosome-level annotated genomes of Metazoa. Numbers above branches are
local posterior probabilities.

Figure S5. Multispecies coalescent-based phylogenetic tree based on gene trees of nucleotide USCO se-
quences (codon positions 1 and 2) of all analyzed chromosome-level annotated genomes of Metazoa. Numbers
above branches are local posterior probabilities.

Figure S6 . Quotient of median distance between neighboring mzl-USCOs to the median distance between
neighboring randomly selected annotated protein-coding genes, mapped onto the Metazoa phylogeny based
on concatenated amino acid sequences.

Figure S7. Axes 1 and 2 of a PCA on frequencies of size classes of distances between neighboring Metazoa-
level USCOs mapped onto the Metazoa phylogeny based on concatenated amino acid sequences (detailed
version with taxon names of analyzed chromosome-level genomes).

Figure S8. Number of mzl-USCOs recovered per number of specimens when applying different USCO
extraction methods.

Figure S9. Proportion of pairwise sequence overlap in the concatenated alignment of USCO loci between
pairs of specimens within each case study (Anopheles , Drosophila , Heliconius , Darwin’s finches) analyzed in
the present investigation, sorted by extraction method (BUSCO, Orthograph + OrthoDB v. 9, Orthograph
+ OrthoDB v. 10).

Figure S10. Phylogenetic trees of Anopheles species inferred with concatenated USCO nucleotide sequences
(above) and with the multispecies coalescent (below) generated with different USCO extraction methods.

Figure S11. Phylogenetic trees of Drosophila species inferred with concatenated USCO nucleotide sequences
(above) and with the multispecies coalescent (below) generated with different USCO extraction methods.

Figure S12. Phylogenetic trees of Heliconius species inferred with concatenated USCO nucleotide sequences
(above) and with the multispecies coalescent (below) generated with different USCO extraction methods.
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Figure S13. Phylogenetic trees of Darwin’s finches inferred with concatenated USCO nucleotide sequences
(above) and with the multispecies coalescent (below) generated with different USCO extraction methods.

Figure S14. NMDS plots showing similarities between specimens inferred with SNP data of mzl-USCOs
for the four study groups based on datasets generated with different data extraction methods.

Figure S15. Diagrams of STRUCTURE clustering results inferred with SNP data of mzI-USCOs for the
four study groups based on datasets generated with different data extraction methods.

Figure S16. ML trees of concatenated multiple nucleotide sequence alignments of 580 genes classified as mzl-
USCOs in both OrthoDB versions v.9 and v.10 and extracted with three methods from Anopheles genomic
data. Trees, from left to right, are based on: 1) all data, 2) data after excluding alignment positions with
missing data and gaps (gaps excluded), 3) a manually corrected alignment (corrected), and 4) a manually
corrected alignment with additional exclusion of alignment positions with missing data and gaps (corrected
+ gaps excluded).

Figure S17. Coalescent-based trees inferred in theAnopheles case study with data from the three USCO
extraction approaches aligned in a single dataset using only those 580 genes classified as mzl-USCOs in both
OrthoDB v.9 and v.10. Trees, from left to right, are based on: 1) all data, 2) data after excluding alignment
positions with missing data and gaps (gaps excluded), 3) a manually corrected alignment (corrected), and
4) a manually corrected alignment with additional exclusion of alignment positions with missing data and
gaps (corrected + gaps excluded).

Figure S18. ML trees of concatenated multiple nucleotide sequence alignments of 580 genes classified as
mzl-USCOs in both OrthoDB v.9 and v.10 and extracted with three methods from Drosophilagenomic data.
Trees, from left to right, are based on: 1) all data, 2) data after excluding alignment positions with missing
data and gaps (gaps excluded), 3) a manually corrected alignment (corrected), and 4) a manually corrected

alignment with additional exclusion of alignment positions with missing data and gaps (corrected + gaps
excluded).

Figure S19. Coalescent-based trees inferred in theDrosophila case study with data from the three USCO
extraction approaches aligned in a single dataset using only those 580 genes classified as mzIl-USCOs in both
OrthoDB v.9 and v.10. Trees, from left to right, are based on: 1) all data, 2) data after excluding alignment
positions with missing data and gaps (gaps excluded), 3) a manually corrected alignment (corrected), and
4) a manually corrected alignment with additional exclusion of alignment positions with missing data and
gaps (corrected + gaps excluded).

Figure S20. ML trees of concatenated multiple nucleotide sequence alignments of 580 genes classified as
mzl-USCOs in both OrthoDB v.9 and v.10 and extracted with three methods from Heliconiusgenomic data.
Trees, from left to right, are based on: 1) all data, 2) data after excluding alignment positions with missing
data and gaps (gaps excluded), 3) a manually corrected alignment (corrected), and 4) a manually corrected
alignment with additional exclusion of alignment positions with missing data and gaps (corrected + gaps
excluded).

Figure S21. Coalescent-based trees inferred in theHeliconius case study with data from the three USCO
extraction approaches aligned in a single dataset using only those 580 genes classified as mzl-USCOs in both
OrthoDB v.9 and v.10. Trees, from left to right, are based on: 1) all data, 2) data after excluding alignment
positions with missing data and gaps (gaps excluded), 3) a manually corrected alignment (corrected), and
4) a manually corrected alignment with additional exclusion of alignment positions with missing data and
gaps (corrected + gaps excluded).

Figure S22. ML trees of concatenated multiple nucleotide sequence alignments of 580 genes classified as
mzl-USCOs in both OrthoDB v.9 and v.10 and extracted with three methods from genomic data of Darwin’s
finches. Trees, from left to right, are based on: 1) all data, 2) data after excluding alignment positions with
missing data and gaps (gaps excluded), 3) a manually corrected alignment (corrected), and 4) a manually
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corrected alignment with additional exclusion of alignment positions with missing data and gaps (corrected
+ gaps excluded).

Figure S23. Coalescent-based trees inferred in the Darwin’s finches case study with data from the three
USCO extraction approaches aligned in a single dataset using only those 580 genes classified as mzl-USCOs
in both OrthoDB v.9 and v.10. Trees, from left to right, are based on: 1) all data, 2) data after excluding
alignment positions with missing data and gaps (gaps excluded), 3) a manually corrected alignment (cor-
rected), and 4) a manually corrected alignment with additional exclusion of alignment positions with missing
data and gaps (corrected + gaps excluded).

Figure S24. Results of species delimitation using tr2 and SODA in each case study and applying each of
the three data extraction approaches.

Table S1. Metazoan genomes assembled to chromosome level included in this study, with numbers of single-
copy mzl-USCO genes found in these genomes with the BUSCO software, number of chromosomes, genome
size, median distance between neighboring USCOs, median distance between neighboring randomly chosen
annotated protein coding genes, logarithms of those two distances, the distances divided by genome size,
the quotient between these distances, p-value based on 10,000 replicates for the mzl-USCO distance being
smaller, adjusted evenness values for chromosome length, number of coding genes, number of mzl-USCOs,
chi-square values for distribution of mzl-USCOs compared to chromosome length and to number of coding
genes and p-values derived from the chi-square tests.

Table S2. NCBI accession numbers of the raw reads from individuals analyzed in the four taxonomic case
studies.
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