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Abstract.—The mitochondrial genomes of Bilateria are relatively conserved in their protein-coding, rRNA, and tRNA
gene complement, but the order of these genes can range from very conserved to very variable depending on the
taxon. The supposedly conserved gene order of Annelida has been used to support the placement of some taxa within
Annelida. Recently, authors have cast doubts on the conserved nature of the annelid gene order. Various factors may
influence gene order variability including, among others, increased substitution rates, base composition differences,
structure of noncoding regions, parasitism, living in extreme habitats, short generation times, and biomineralization.
However, these analyses were neither done systematically nor based on well-established reference trees. Several
focused on only a few of these factors and biological factors were usually explored ad-hoc without rigorous testing or
correlation analyses. Herein, we investigated the variability and evolution of the annelid gene order and the factors that
potentially influenced its evolution, using a comprehensive and systematic approach. The analyses were based on 170
genomes, including 33 previously unrepresented species. Our analyses included 706 different molecular properties, 20
life-history and ecological traits, and a reference tree corresponding to recent improvements concerning the annelid
tree. The results showed that the gene order with and without tRNAs is generally conserved. However, individual taxa
exhibit higher degrees of variability. None of the analyzed life-history and ecological traits explained the observed
variability across mitochondrial gene orders. In contrast, the combination and interaction of the best-predicting factors
for substitution rate and base composition explained up to 30% of the observed variability. Accordingly, correlation
analyses of different molecular properties of the mitochondrial genomes showed an intricate network of direct and
indirect correlations between the different molecular factors. Hence, gene order evolution seems to be driven by
molecular evolutionary aspects rather than by life history or ecology. On the other hand, variability of the gene order
does not predict if a taxon is difficult to place in molecular phylogenetic reconstructions using sequence data or not.
We also discuss the molecular properties of annelid mitochondrial genomes considering canonical views on gene
evolution and potential reasons why the canonical views do not always fit to the observed patterns without making
some adjustments. [Annelida; compositional biases; ecology; gene order; life history; macroevolution; mitochondrial
genomes; substitution rates.]

Mitochondrial genomes are the remainder of the
genome of an a-proteobacteria ancestor, which was
incorporated into the eukaryotic cell by endosymbiosis
(e.g., Martijn et al. 2018; Zardoya 2020). As a result of
gene transfer to the nuclear genome and gene loss due
to functional redundancy, mitochondrial genomes con-
tain only a subset of the genes of the original comple-
ment: those that are relevant for their function. This is
especially true for Bilateria, in which the usually circular
mitochondrial genome contains only 13 protein-coding,
two rRNA, and 22 tRNA genes and has an average size
of 16 kb—though ranging from 11 to 50 kb (Zardoya
2020). Given the small number of genes (37), the gene
order of mitochondrial genomes can be determined
relatively easily. It has been suggested that gene order
might be a powerful tool to reconstruct deep evolution-
ary histories as gene rearrangements should be unique
and are unlikely to have evolved independently (see

Boore 1999, 2006). This view appears to be supported by
the conservative mitochondrial gene order in different
large groups, such as vertebrates and insects (see Bernt
et al. 2013; Cameron 2014). However, the gene order is
substantially more variable in other bilaterian taxa such
as Mollusca, Bryozoa, Tunicata, and Acari (e.g., Boore et
al. 2004; Shao et al. 2006; Waeschenbach et al. 2006; Gissi
et al. 2010; Stach et al. 2010; Bernt et al. 2013; Sun et al.
2020; Varney et al. 2021).

Besides their potential for phylogenetics, mitochon-
drial genomes can also inform our understanding of
the evolution of gene rearrangement and its drivers
(Bernt et al. 2013; Zardoya 2020). For example, increased
substitution rates or biases in nucleotide or amino acid
frequencies correlate with gene rearrangements in mito-
chondrial genomes (Shao et al. 2003; Hassanin et al. 2005;
Podsiadlowski and Braband 2006; Xu et al. 2006; Min
and Hickey 2007; Bernt et al. 2013; Luo et al. 2015). Bernt
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et al. (2013), investigating the mitochondrial genome
evolution across all Metazoa, suggested that the possi-
ble molecular mechanisms underlying both increased
substitution and rearrangement rates could be relaxed
repair mechanisms or high mutational stress in combi-
nation with the lesser importance of mitochondrial effi-
ciency. However, it is not certain if these are the causes of
the actual rearrangement process or, rather, its signature.
Another potential explanation for the increased rate
of rearrangements is the presence of larger noncoding
regions (Zhang et al. 2021). Others have suggested that
tRNAs could act as mobile elements facilitating rear-
rangements or that recombination among the genomes
within individual mitochondria occurred (Saccone et al.
1999; Kajander et al. 2000; Dowton and Campbell 2001;
Luo etal. 2015). As possible biological causes, Bernt et al.
(2013) also suggested an endoparasitic life style, anoxic
conditions, high metabolic rate, or shorter generation
time. Others also highlighted the presence of oxidative
stress as another factor for rearrangements (Kajander et
al. 2000; Dowton and Campbell 2001).

The presence of a conservative mitochondrial gene
order has also been observed in Annelida, especially
when considering only the protein-coding and rRNA
genes (e.g., Boore and Brown 2000; Jennings and
Halanych 2005; Valles and Boore 2006; Zhong et al. 2008,
2011; Richter et al. 2015). Annelida comprises about 17
000 species in all marine, limnic, and terrestrial habi-
tats on Earth (Weigert and Bleidorn 2016). Additionally,
in the last decade, tremendous progress has been
achieved with respect to the backbone phylogeny of
Annelida and within different annelid subgroups using
phylogenomic approaches (for review see Weigert and
Bleidorn 2016; Struck 2019). On the other hand, in the
same period, deviations from the supposed conser-
vative mitochondrial gene order have been reported
in increasing numbers (e.g., Mwinyi et al. 2009; Shen
et al. 2009; Golombek et al. 2013; Aguado et al. 2016;
Weigert et al. 2016; Seixas et al. 2017; Zhang et al. 2018;
Alves et al. 2020; Tempestini et al. 2020; Sun et al. 2021).
These range from small changes affecting only a few
genes, usually tRNAs, to completely different organi-
zations of the mitochondrial gene order in some taxa,
especially in early diverging clades of the annelid phy-
logeny. It has therefore been suggested that the conser-
vative gene order is restricted to Pleistoannelida (sensu
Struck 2011) (Weigert et al. 2016). However, even within
Pleistoannelida larger rearrangements of the gene
order occur (Wu et al. 2009; Aguado et al. 2016; Seixas
et al. 2017; Zhang et al. 2018). Recently, it has even been
shown that a high variability can also occur within a
genus (Tempestini et al. 2020; Sun et al. 2021). Hence,
the conservative nature of annelid gene order has been
called into question. On the other hand, many mito-
chondrial genomes of taxa with supposedly conserva-
tive gene order have only been published as release
notes and as such have been subject to less scrutiny
(e.g., Chen et al. 2019; Shekhovtsov and Peltek 2019;
Zhou et al. 2020).

Suggested possible reasons for the increased rearrange-
ment rates within Annelida have been similar to those for
animals in general: increased substitution rates, oxidative
stress, or lifestyles such as inhabiting calcareous tubes or
the deep sea (Zhang et al. 2018; Tempestini et al. 2020; Sun
etal. 2021). Additionally, increased genome size in general
has been associated with an increase in noncoding regions
and the presence of introns (Sun et al. 2021). However, for
both Annelida and Metazoa these analyses were not done
systematically but were either focused on only specific
taxa of interest (e.g., only one genus, family, or order) or
looked only into a single possible factor such as substitu-
tion rate. Biological causes have not been explored system-
atically and when biological causes are proposed they are
usually explored in an ad-hoc manner, without rigorous
testing. Fortunately, due to developments in sequencing
technology the number of available genomes is steadily
increasing. For example, as of 17 November 2021, 211 par-
tial or complete mitochondrial genomes of annelid spe-
cies with a length of at least 12 kb were deposited in NCBI
and publicly accessible via a BLAST search. Annelida
comprises both taxa with a conservative gene order and
taxa that strongly deviate from this order along a well-es-
tablished phylogeny. Hence, systematically investigating
gene order evolution in Annelida can serve as a case study
to understand gene order evolution in Metazoa.

In this study, we complemented the publicly available
mitochondrial genomes as of 17 November 2021 with
33 new mitochondrial genomes. We then determined
the evolution of the order of mitochondrial protein-cod-
ing and rRNA genes given the annelid phylogeny and
evaluated conservation in the gene order of Annelida.
We did the same for gene orders although accounting
for tRNAs and compared both results. The influence of
different molecular properties related to genome size,
substitution rates, base frequencies, and nucleotide
composition biases on the variability of the gene order
was systematically assessed. This assessment included
a total of 706 variables measuring different molecular
properties. We also evaluated whether the degree of
gene-rearrangement was related to problems in recon-
structing the phylogeny of Annelida using only mito-
chondrial genome data. Finally, we also systematically
assessed the influence of different biological factors on
the variability of the gene orders.

MATERIAL AND METHODS

Determination of Mitochondrial Genomes and the Nuclear
18S rRNA for New Species

Mitochondrial genomes and nuclear 185 rRNA were
sequenced anew for 36 annelid species of 32 families
including 14 families with no mitochondrial genome
in NCBI as of 17.11.2021 (Table 1). Specimens were pre-
served in 70% ethanol, RNAlater, or snap frozen in lig-
uid nitrogen and then stored at —70 °C. Genomic DNA
was extracted using the DNeasy Tissue Kit (Qiagen,
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Hilden, Germany) according to manufacturer’s pro-
tocols, with at least two elution steps to increase the
amount of DNA. For Apharyngtus punicus, Arenicola
marina, Lumbrineris fragilis and Trilobodrilus axi, avail-
able EST data were mined for mitochondrial genes and
additionally, up to nine genes were amplified using uni-
versal primers. Species-specific primers were designed
based on these genes with the aid of the Primer3Plus
web-interface (Untergasser et al. 2007). The fragments
between the genes were amplified and sequenced by
primer walking in six or more fragments ranging in size
from 1 to 3 kb. The amplification used the QIAGEN®
Multiplex PCR Kit (Qiagen, Hilden, Germany) (20 pL
reaction: 10 pL multiplex mix, 2 uL Q solution, 1.6 pL
10 pmol/pL forward primer, 1.6 pL. 10 pmol/uL reverse
primer, 2.5 uL genomic DNA and 2.3 puL water) and a
touchdown PCR (initial denaturation: 15" 95 °C; 15
cycles: 35” 94 °C, 90” 55 °C or 60 °C (decreasing 1 °C at
each cycle), 90" 72 °C; 25 cycles: 35" 94 °C, 90" 50 °C or 55
°C, 90" 72 °C; final elongation: 10"72°C). PCR fragments
of the expected sizes were excised from TBE agarose gel
and purified via NucleoSpin® Gel and PCR Clean-up
(Macherey-Nagel, Diiren, Germany). Additionally,
the nuclear 18S rRNA was obtained as described by
Golombek et al. (2013). Purified fragments were sent
to Macrogen Europe (Amsterdam, Netherlands) for
sequencing. All sequences were assembled using
SeqMan II (DNASTAR Inc., Madison, WI, USA).

For all other species, a genome skimming approach was
applied. To increase the amount of genomic DNA, the
whole genome of some species was amplified using the
illustra GenomiPhi HY DNA Amplification Kit according
to manufacturer’s instructions (Table 1). A genomic DNA
shot-gun library including fragmentation and tagging
adaptors for multiplexing was prepared and sequenced
as 100 bp or 150 bp paired-end on an Illumina HiSeq2000
(Genterprise Genomics, Mainz, Germany) or HiSeq4000
(Norwegian Sequencing Center, Oslo), respectively.
Number of reads per species ranged from 12 455 902 to
86 763 502 and was on average 34 400 631. The reads of
each species were assembled into contigs using Spades
3.11 (Bankevich et al. 2012) with kmers set to 21 bp, 33 bp,
and 55 bp, an average fragment size of 350 bp, and using
otherwise default parameters. Using protein sequence
information of the 13 protein-coding mitochondrial genes
of Platynereis dumerilii (AF178678) as well as the sequence
of the 18S of Stygocapitella subterranea (AF412810) as query
sequences in TBLASTN or BLASTN searches, respec-
tively, we searched in the assembled contigs for fragments
of the mitochondrial genome as well as the genomic rRNA
gene cluster. If possible and required, the mitochondrial
genomes were closed using species-specific primers as
described above for the four other species.

Compilation and Annotation of Mitochondrial Genome and
18S Data

In addition to our own mitochondrial genomes,
we retrieved mitochondrial genomes available from
NBCI as of 17 November 2021 (Supplementary

online Appendix 1, http://dx.doi.org/10.5061/
dryad.8w9ghx3pm). We used tblastx with the COI
barcode of Parergodrilus heideri (KY503040), and the
records were limited to Annelida (taxid:6340) and
sequence length from 12 000 to 200 000 bp. If more
than one mitochondrial genome per species was
present, only the larger one was kept. Additionally,
we retrieved 18S rRNA sequences from NCBI using
MegaBlast and AF412810 to match the mitochondrial
genomes. The following order was applied for the
matching. First, if possible, the 18S was from the same
individual. This was the case mostly for our own
sequences, but also for some mitochondrial genomes
generated from genome skimming data such as
Glyceridae and Aphroditiformia. If this was not pos-
sible, the sequence was taken from the same species.
If this was also not possible and there was no species
already representing the genus with both a mitochon-
drial genome and 18S sequence, an 185 sequence was
taken from another species of the same genus. Finally,
the mitochondrial genomes of Cirriformia cf. tentacu-
lata, Perinereis aibuhitensis, Ramisyllis multicaudata and
Trypanosyllis sp. were excluded as these species had
either too short or very divergent 18S sequences, mak-
ing the alignment problematic and in two cases intro-
duced extremely long branches (LBs) in the tree. In
total, 168 mitochondrial genomes and 18S sequences
from 69 annelid families were included in the follow-
ing analyses, of which 33 were new mitochondrial
genomes and 32 new 18S sequences generated in
this study. Due to redundancy, lack of matching 18S
sequence or too divergent 18S sequences, 75 mito-
chondrial genomes found with the tblastx search were
not included. To these datasets, we added two out-
group taxa, Lineus viridis (Nemertea) and Terebratulina
retusa (Brachiopoda) as they exhibit the ancestral
lophotrochozoan mitochondrial gene order as shown
by Bernt et al. (2013).

All 170 mitochondrial genomes were annotated for
protein-coding, rRNA, and tRNA genes using MITOS2
(Al Arab et al. 2017; Donath et al. 2019), RefSeq 63
Metazoa as the reference dataset, and the invertebrate
mitochondrial genetic code (NCBI code table 5). Finally,
all genomes were manually investigated to detect prob-
lematic issues and possible genes not found by MITOS?2.
Specifically, the positions of the mitochondrial rRNAs
and tRNAs were checked. The gene order as well as the
sequences of the individual mitochondrial genes were
compiled using custom-made shell scripts (available at
GitHub “CompileDatasets.sh,” and “CheckFileNames.
sh”).

Generate Reference Tree for the Macroevolutionary Analyses
Using a Constraint Tree and Nuclear 18S Data

We wanted to compare the evolution of the mito-
chondrial genome in comparison to the nuclear
genome including substitution rates along branches
derived from the nuclear genome. We did this to
avoid tautological reasoning inherent in comparing
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the evolution of the mitochondrial genome against a
tree that would derive branch lengths and topology
from the same data source. Hence, we recovered a
constraint tree (Supplementary online Appendix 2)
combining the results from recent, mostly phylog-
enomic studies (i.e., Erséus et al. 2020, Struck et al.
2007, 2015; Zhong et al. 2011; Anderson et al. 2017;
Zhang et al. 2018; Phillips et al. 2019; Struck 2019; Tilic
et al. 2020). The backbone of this constraint tree was
based on the large-scale phylogenomic studies shown
in Struck (2019), although the relationships within
specific groups such as Crassiclitellata or Sabellida
were based on studies targeting these groups (e.g.,
Anderson et al. 2017; Tilic et al. 2020). However, this
constraint tree still has some unresolved nodes and
does not provide branch length as it is a composite
tree derived from multiple different studies. As the
available phylogenomic data is very sparse and does
not match the representative mitochondrial genome
dataset, we used nuclear 18s rRNA sequences as a
proxy for the nuclear genome to resolve these nodes
and obtain branch lengths. Due to the high avail-
ability of the 18S data, we could match nuclear data
very well to our mitochondrial genome dataset. The
185 sequences were aligned using MAFFT with auto-
matic selection of the best alignment method, which
was FFT-NS-i with the iterative refinement method
(max. 2 iterations) (Katoh et al. 2005). The 3" and 5’
ends of the alignment were trimmed using AliView
(Larsson 2014), such that fewer than 10 sequences
had no information on the first and last column of
the alignment. Potentially nonhomologous positions
were masked using AliScore and AliCut with gaps
treated as ambiguous data and default settings (Kiick
et al. 2010). Next, we used IQtree (Nguyen et al. 2015)
using the constraint tree and automatic model selec-
tion (-m MFP) for both the unmasked and masked
datasets. The model chosen according to the Bayesian
information criterion was TIM2e+R10 for the masked
dataset and TN+F+I+G4 for the unmasked one. For
the tree obtained using the masked or unmasked
dataset, a ultrametric tree with relative ages was gen-
erated using chronos of the APE package (Paradis and
Schliep 2018) in R (R Core Team 2020) with a lambda
of 1 and a correlated model. Herein, we will refer to
these four trees (masked, unmasked, and ultramet-
ric) based on 185 data as the reference trees (e.g.,
Supplementary online Appendices 3 and 4).

Determine the Different Structural and Sequence-Based
Properties of Each Species for Different Parts of the
Mitochondrial Genomes

For the complete mitochondrial genome sequences,
we determined genome size, frequencies of nucle-
otides, AT, and purines, and the AG, AT, CT, and GC
skew values using BaCoCa.v1.109 (Kiick and Struck
2014) as well as normalized relative composition fre-
quency variability (nRCFV) values adjusted for the
number of positions, character states, and taxa using

nRCFVReader (Fleming and Struck 2023). Additionally,
we added the number of duplicated genes, of introns,
and of intergenic regions as well as the average size of
the intergenic regions using a custom-made shell script
(available at GitHub “RetrievelntergenicParts.sh”).

For each protein-coding gene, alignments were gen-
erated with Mega 11.0.10 (Tamura et al. 2021) using
MUSCLE, the invertebrate mitochondrial code (NCBI
code table 5) and default settings to obtain both an
amino acid alignment and a nucleotide alignment
based on the amino acid one. For each rRNA gene, a
nucleotide alignment was generated using also Mega
11.0.10 without codons and default settings. Three
supermatrices were generated containing nucleotide
alignments; one with all genes, one with only the pro-
tein-coding genes, and one with only rRNA genes.
Additionally, one supermatrix was generated contain-
ing all amino-acid alignments of protein-coding genes.
FASconCAT-G v1.05 was used to generate the super-
matrices (Kiick and Longo 2014). For each gene and
supermatrix, to obtain tree-based measurements and
get pairwise patristic distances, branch lengths were
estimated using a constraint tree based on the 18S refer-
ence tree (i.e., if species were lacking in a dataset, they
were excluded from the tree) and IQtree (Nguyen et
al. 2015) with automatic model selection (-m MFP for
the single genes and -m MFP+MERGE for the super-
matrices). For the supermatrices, we implemented the
Partitionfinder option of IQtree. The selected mod-
els are shown in Supplementary online Appendix 5.
Using BaCoCa.v1.109, we determined the frequencies
of nucleotides, gaps, AT, and purines or of amino acids,
gaps hydrophobic, polar, positively charged, neutral,
and negatively-charged, and the AG, AT, CT, and GC
skew values for nucleotides. Normalized RCFV values
were obtained using nRCFVReader. We also calculated
the evolutionary rates, long branch (LB) scores, and tip-
to-root distances using TreSpEx v1.2 using the function
e and the IQtree trees (Struck 2014).

For the gene order, we conducted distance anal-
yses using CRex (Bernt et al. 2007) and mapped the
gene order evolution on the 18S reference tree using
TreeRex (Bernt et al. 2008). Each gene order started
with COX1 at position 1 and then the gene order was
manually aligned by including not applicable (NA) for
genes in the missing region of incomplete mitochon-
drial genomes and a gap (-) for the most likely position
in complete genomes as well as by removing dupli-
cated genes. The aligned gene orders with and with-
out tRNAs (with NA and gaps removed again) were
uploaded to CRex and analyses were run using default
settings with the following exception: “remove dupli-
cates” was disabled. The distances matrices “common
interval,” “breakpoints,” and “reversal distance” (RD)
were obtained. For the TreeRex analyses, the species
were sorted based on their phylogenetic affiliation and
the aligned gene order without tRNAs was modified in
the following way to reduce missingness in the dataset.
Lost genes (i.e., gaps) and lacking genes (i.e., NA) were
included in accordance with the closest relatives. The
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TreeRex analysis was run using all three consistency
methods (strong, weak, and parsimonious weak), the
18S reference tree, and modified aligned gene order file
without tRNAs. For the gene orders both with and with-
out tRNAs and without the outgroup gene orders, we
also calculated rearrangement frequencies (RF) for the
individual genes and rearrangement scores (RS) for the
individual gene orders using qMGR (Zhang et al. 2020).
To this end, the numbers of the different gene orders
were counted using “Count_SequenceOrders.R” and
the most common gene order was used as the ground
pattern.

Correlation Analyses of Mitochondrial Properties Without
Reference Tree

We analyzed the correlation of the three gene order
distance matrices with and without tRNA to each
other in R. We visualized the correlation using ggscat-
ter with a regular line, confidence interval, and a cor-
relation coefficient based on the Pearson method. We
conducted a visual inspection of the data normality
using Q-Q plots (quantile-quantile plots) as there were
too many data points for the Shapiro-Wilk normal-
ity test. As normality could not be assumed, we also
determined Spearman’s p rank correlation coefficient.
Additionally, using only the reversal distances (RD) we
compared the datasets with and without tRNAs to one
another. We generated boxplots of all pairwise RDs as
well as the mean of each species and plotted the mean
RD values of the two datasets in comparison to each
other. Moreover, we compared the mean RD values to
the mean positional differences of both the nucleotide
and the amino acid dataset given both the maximum
likelihood (ML) and Bayesian trees. The mean posi-
tional difference reflects the difference in placement
of species in the unconstrained mitochondrial phylo-
genetic analyses (see below) to the 18S reference tree.
To obtain it, the following procedure was used. Firstly,
for both the unconstrained and reference tree, the pair-
wise distances based on equal-spaced cladograms were
calculated. This meant that each branch had a length
of 1 and, hence, the pairwise distance reflected the
number of branches connecting two species in a tree.
Secondly, the absolute difference between the two dis-
tance matrices of the unconstrained and reference trees
was calculated. Thirdly, the mean value of these differ-
ences was estimated for each species. This mean value
captures not only the position of the species itself but
also how other species have changed their position
in relation to this species. Accordingly, the higher the
value, the more the position of the species has changed
in comparison to other species in the tree. For exam-
ple, a value of 2 means that the paths connecting one
species to the others are on average two branches lon-
ger in either the reference or the unconstrained tree,
although a value of 6 means that it is six branches.
The mean RD and mean positional difference are plot-
ted against each other. Additionally, we compared the
amino acid and nucleotide datasets to each other for the

ML and Bayesian trees. To conduct these analyses we
used the libraries “ape,” “dplyr,” “ggplot2,” “ggpubr,”
“tidyr,” “TreeDist,” and “TreeTools” (Wickham 2016,
2020; Smith 2019, 2020; Kassambara 2020; Wickham et
al. 2020) (see R scripts “ExploreReverseDistance.R” and
“CorrelationsGeneOrder.r” on GitHub).

The matrix of compiled sequence properties con-
tained 170 species and 706 variables. Before conducting
the correlation analyses, we explored the distribution
of the sequence properties across species and genes
using the R script “ExplorationDataAnalyses.R” (see
GitHub) with the libraries “dplyr,” “ggplot2,” “tidyr,”
“ggpubr,” “ggpmisc,” and “data.table” (Wickham
2016, 2020; Dowle and Srinivasan 2020; Kassambara
2020; Wickham et al. 2020; Aphalo 2021). For the cor-
relation analyses, we first calculated the correlation
coefficients of each variable to the others. Second, we
retrieved all correlated pairs, which were highly cor-
related (R? > 0.5 or < —-0.5), and reduced them to one
variable. The resulting matrix had 80 variables. Third,
to reduce the number of variables further, we con-
ducted a hierarchical clustering analysis using the
“average” method and the correlation coefficients of
the remaining variables. We also generated a correlo-
gram. All groups of clustered variables with cutoff
values of 80% of the maximal height were determined
and reduced to one variable. The final resulting matrix
had 25 variables. Fourth, we repeated the hierarchi-
cal clustering analysis combined with a correlogram.
For conducting these steps, we used the libraries
“corrplot,” “corrr,” “data.table,” “dplyr,” “fastclus-
ter,” “ggpubr,” “graphics,” “Hmisc,” and “tidyverse”
(Millner 2013; Wei and Simko 2017; Wickham et al.
2019; Dowle and Srinivasan 2020; E 2020; Kuhn et al.
2020) (see R script “CorrelationsSeqProperties_Final.R”
on GitHub). Finally, we retrieved all groups of cor-
related or clustered variables using custom-made shell
scripts (see GitHub “RetrieveCorrelatedGroups.sh” and
“CompileBothGroupsTogether.sh”). Using the libraries
“gplots” and “RColorBrewer” (Neuwirth 2014; Warnes
et al. 2020), we generated heatmaps with breaks set at
0.001, 0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8, and 0.9 (see GitHub “GenerateHeatmap.R”).

Macroevolutionary Analyses based on Reference Tree

Using the masked, ultrametric 18S reference tree, we
assessed if different mitochondrial properties and life
history traits predict the gene order rearrangements
considering the phylogeny. First, we tested if the gene
orders themselves show phylogenetic signal. We tested
both the actual gene orders with and without tRNAs as
categorical characters and the mean RD values of each
species as continuous characters. Then we used phylo-
genetic least square regression (pgls) where each of the
706 variables was tested against the mean RD values of
both gene orders with and without tRNA as response
variables. In all cases, Pagel’s 1 was determined using
a maximum likelihood approach. When this resulted in
optimization problems, A was set to 1. This was the case
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for 12 variables when the mean RD values of the gene
order with tRNAs were the response and for 86 vari-
ables when tRNAs were excluded. All variables which
were significant predictors at o = 0.001 were kept. For
these significant variables, we conducted correlation
analyses including hierarchical clustering using the
“average” method and generating correlation networks
with R? connection thresholds at 0.7 and correlograms
(see R script “pgls_all.R” on GitHub).

We scored several life history traits including those
previously suggested as potentially important for
genome evolution (see Introduction). Life history data
were collected from the literature and further completed
based on the authors’ observations (Supplementary
online Appendix 33). We also used a pgls approach to
test if life history traits were correlated with RD values
(both with and without tRNAs). Taxa for which data for
certain traits were missing or found to be polymorphic
were excluded from the analyses for the corresponding
trait. For conducting these steps, we used the R libraries
“caper,” “corrplot,” “corrr,” “Hmisc,” and “tidyverse”
(Orme et al. 2018) (see R script “pgls_with_tRNA.R”
and “pgls_without_tRNA.R” on GitHub).

Phylogenetic Reconstruction

Finally, we reconstructed the phylogeny based on
mitochondrial sequence data using the concatenated
nucleotide and amino acid sequence data both with and
without the constraint tree with Maximum Likelihood,;
and using the nucleotide and amino acid data without
the constraint tree with Bayesian approaches. The align-
ments of the individual protein-coding and rRNA genes
were masked with AliScore and AliCut treating gaps as
ambiguous data and concatenated using FASconCAT-G
v1.05. For both the nucleotide and the amino acid
supermatrix, an ML tree was reconstructed using IQtree
v. 1.6.12 with automatic model selection and merging
of partitions (MFP+MERGE) to implement a parti-
tioned ML analysis and 1000 rapid bootstrap replicates
(Kalyaanamoorthy et al. 2017; Hoang et al. 2018). The
selected model schemes are given in Supplementary
online Appendix 5. For analyses applying constraints,
the constraint tree (Supplementary online Appendix 2)
was provided again. For the Bayesian analyses, both
the nucleotide and the amino acid datasets were each
run with two chains for 40 000 generations each using
PhyloBayes-MPI v1.8 (Lartillot et al. 2013). The CAT-
GTR model with a discrete gamma distribution with
four categories was applied implementing site-het-
erogeneous substitution model that better captures
the complexity of the substitution pattern across sites
and genes. Convergence and the burnin of the chains
were determined using bpcomp, tracecomp, and Tracer
v1.7.1 (Rambaut et al. 2018). The burnin for both was
reached after 10 000 generations, but in both cases, the
two chains did not converge on the same optimum.
Accordingly, we summarized only the trees of the better
chain sampling every 10* generation and a burnin of 10
000 generations.

REsuLTs

Gene Order in Annelida

Complete mitochondrial genomes were determined
for 140 of the species included in this study. The com-
plete complement of protein coding (PC) and rRNA
genes were available for an additional nine species.
Hence, the gene order for PC and rRNA genes can be
established for 149 species. These complete mitochon-
drial genomes had a median size of 15 356 bp with
the first and third quartiles at 14 991 bp to 15 846 bp
(Supplementaryonline Appendix 6a). Duplicated genes
were found in 14 species and introns in four species
(Supplementary online Appendix 6a). The duplicated
genes were all tRNAs (i.e., trnA, trnD, trnH, trnK, trnL1,
trnM, trnQ, trnS1, trnT, trnY) whilst the introns were
found in COX1 or NAD6. The median number of inter-
genic regions was 13, with the first and third quartiles at
10 and 16. The average size of the intergenic regions per
species was large, with a median of 83.5 bp and the first
and third quartiles at 55 and 158 bp (Supplementary
online Appendix 6a). Meanwhile, the outliers were
above 400 bp and as high as around 3000 bp. However,
genome size was not found to correlate with the aver-
age size of intergenic regions (Supplementary online
Appendix 6b). Additionally, the number of intergenic
regions, duplicated genes, and introns were also dis-
persed in their distribution, with no obvious trend cor-
related to genome size.

Considering gene orders with tRNAs, the 140 species
exhibit 73 different orders. One order is clearly dom-
inant and is found 39 times, two orders are found 7
times, two 4 times, two thrice, seven twice and 59 are
unique. The dominant gene order is present in species
such as the leech Erpobdella japonica, the earthworm
Lumbricus terrestris, the siboglinid Osedax rubiplumus,
the terebellid Pista cristata, the arenicolid Arenicola
marina, and the oenonid Oenone fulgida, and hence is
found in both Errantia and Sedentaria, the two major
annelid groups. The average RF value per individual
gene is 20.78 and the average RS value per gene order
is 23.30. The genes most affected by rearrangements are
trnG, trnS2, trnY, trnl.2, and trnA: all show values above
40. The most affected gene orders are those of Typosyllis
antoni, Sabella spallanzanii, Boccardiella hamata, Owenia
fusiformis, Phyllochaetopterus sp., Chaetopterus variopeda-
tus and Ophryotrocha labronica with values equal to or
above 50 (Supplementary online Appendix 7a and b).
However, neither the RF nor the RS values reveal any
specific pattern in relation to the position of the genes
in the ground pattern, specific gene categories, or phy-
logenetic position of the species.

When excluding tRNAs, differences in gene order
become less apparent. In this case, of the 149 species
with the full complement of PC and rRNA genes, 28
different gene orders can be found. One order is clearly
dominant and found in 110 species. Three gene orders
are found thrice, six twice, and 18 are unique. The aver-
age RF value per individual gene is 9.80 and the average
RS value per unique gene order is 11.85. The genes most
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affected by rearrangements are nad1 and nad3 with val-
ues above 14, although the gene orders most affected are
those of Typosyllis antoni, Sabella spallanzanii, Boccardiella
hamata, Phyllochaetopterus sp., and Chaetopterus variope-
datus with values above 20 (Supplementary Appendix
7c&d). However, again neither the RF nor the RS values
reveal any specific pattern in relation to the ground pat-
tern, specific gene categories, or phylogenetic position
of the species.

We then considered the gene orders of all species.
The three different distances (common interval, break-
point, and reversal distance) used are highly correlated
with each other independent of whether tRNAs were
included or not. The R* values were above 0.75 or below
-0.75 although Spearman’s p values were even higher—
above 0.9 or below —0.9 (Supplementary Appendix 8).
Because Q-Q plots showed that normality could not be
assumed (data not shown), the Spearman’s p values are
more reliable. In the following analyses, we concentrate
on reversal distances (RD) only. Not surprisingly, and
in agreement with RF and RS values, the RD values for
the gene orders including tRNAs are higher than those
without tRNAs independent of whether all values are
used or only the mean for each species (Supplementary
online Appendix 9a and b). In the latter case, the dis-
tribution of values is usually more limited. For gene
orders without tRNAs, the median reversal distance
is 3.0 and 1.8, which is also not surprising as 74% of
species show the same gene order. However, for gene
orders with tRNAs, which are more variable, the val-
ues are low—10.0 and 9.8. This indicates that most dif-
ferent gene orders are relatively similar to each other.
Additionally, the mean RD values of gene orders with
and without tRNAs are highly correlated with each
other (Supplementary online Appendix 9c). Hence,
conclusions drawn from the reduced gene order can be
used as a proxy for the complete gene order as has been
done before.

We also reconstructed the evolution of the gene
orders without tRNAs given the reference tree using
TreeREx. The gene order at the root of the annelid tree
of life is only two transpositions (T) different from
the supposed lophotrochozoan ground pattern and it
is very similar to that of Magelonidae, from which it
is different only by an inversion (I) of NADAL (Fig. 1,
Supplementary online Appendix 10). To obtain the pat-
tern of Oweniidae from the pattern of Magelonididae,
four inversions, and three transpositions are needed.
For the clade comprising all annelid taxa except
Oweniidae and Magelonidae, the gene order is very
similar to the dominant gene order found in the 110
extant species. Only three transpositions are needed to
change one to the other, with the gene order found in
Amphinomidae as an intermediate pattern. The dom-
inant pattern is reconstructed as the ground pattern of
Pleistoannelida (Sedentaria + Errantia). In total, rear-
rangements along 38 branches (out of a possible 334)
can explain the deviations from the dominant pattern.
Hence, rearrangements only occur along around 11% of
branches. Moreover, 17 of these 38 branches are within

taxonomic families. Along 23 of these 38, the rearrange-
ment did not require more than three transpositions
and/or inversions. In contrast, more complex TDRLs
rearrangements were required at 12 branches, five in
combination with transpositions and/or inversions.
Considering only the “family” level shown in Figure 1,
half of the complex rearrangements occur in taxa not
belonging to either Errantia or Sedentaria, although
the other half are found in the two clades of interstitial
families (i.e., Dinophilidae, Diurodrilidae, Nerillidae,
Parergodrilidae, Polygordiidae, Protodrilidae,
Protodriloidae, and Saccocirridae) and the one lead-
ing to Serpulidae. Interestingly, most interstitial fam-
ilies show gene orders deviating from the ground
pattern, but the degree of deviation is different among
them. However, by far the most divergent patterns
are found within Serpulidae (Sedentaria), followed by
Polynoidae, Syllidae, and Dorvilleidae (all Errantia)
(Fig. 1, Supplementary Appendix 10).

Sequence-Based Properties of Annelid Mitochondrial
Genomes

We first compared different sequenced-based prop-
erties at the gene level. Evolutionary rates were mea-
sured, as the mean pairwise patristic distance of each
species showed that the rates were quite similar across
the nucleotide datasets, although much more vari-
ability was able to be observed across the amino acid
datasets (Supplementary online Appendix 11). Overall
genes and both types of data, the range of rates is simi-
lar. Interestingly, the rates in ATP and most NAD genes
are clearly higher in the amino acid dataset than in the
corresponding nucleotide dataset. The more canonical
view—that the evolutionary rates of amino acid data-
sets are lower—cannot be observed. With values below
2, the COX1, COX3, and COB genes have the lowest
rates at both the nucleotide and amino acid levels.

The proportion of gaps is the lowest in NAD1 and
COX1 with values below 20% (Supplementary online
Appendix 12a). The highest proportions are observed
in ATP6 and rRNAS with values above 40%. AT content
is relatively similar across the genes and ranges from 60
to 70% with the lowest values occurring in COX3 and
the highest in NAD6 (Supplementary online Appendix
12b). No apparent differences can be observed between
structural and protein-coding genes or the different
gene families. This is different for the proportion of
hydrophobic amino acids, which varies substantially
between genes (online Appendix 12c). The lowest pro-
portion occurs in the ATP6, COB, and COX genes with
values generally below 55%. The lowest values can be
found in COX2, although the highest values (usually
above 60%) are present in NAD1 and NAD2 and the
largest variation in values can be observed in ATPS.
Comparing the different frequencies of amino acid and
nucleotide classes against each other does not translate
into a strong correlation (i.e., R?* >> 0.5, Supplementary
online Appendix 13). Only frequencies of neutral amino
acids strongly correlate with negative ones and weakly

€20z 1snbny go uo Jasn wniosuo) |eydsoH Buipnioul ojsQ 40 Ausiaaiun Aq 909G€ L 2/£Z0peAS/01qsAS/€601L 0 L/10p/a1o1e/0IgsAs/wo dnoolwapede//:sdily woly papeojumoq


http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm
http://dx.doi.org/10.5061/dryad.8w9ghx3pm

2023

STRUCK ET AL —MITOCHONDRIAL GENOME EVOLUTION IN ANNELIDA

933

cox1
cox2

Megascolecidae
Glossoscolecidae
Lumbricidae

atp8
cox3
nad6

Moniligastridae
Hirudindae
Haemopidae
Haemadipsidae
Erpobdellidae
Glossiphoniidae

Eje|[lo

cob
atp6
nad5

—2 T BT - Lumbriculidae

Piscicolidae
L L hcanthobdelidae

Ozobranchidae

Naididae (2 TDRL)

nad4l

Terebellidae

nad4

Trichobranchidae
1T-EEETE O T m- Ampharetidae

rrnS

Alvinellidae

Pectinaridae

rrnL

Arenicolidae

nad1

{1T,4|_ H = ms

Maldanidae
Echiura

nad3

Opheliidae

nad2

Serpulidae (2T, 3 TDRL/1 T/
3TDRLAEN W T T’p1 TDRE/Q TR2T1T)

Siboglinidae
17N = . IR Paranoidae
1 T B NI R Flabelligeridae
17T B - Cirratulidae

elBjUSPSS

Sabellidae (3 I, 2T)

Fabriciidae
I Spionidae (3 TDRL)
L

Sabellariidae

Orbiniidae
1 TN — - Parergodrilidae

gl

T, 4 I T —— - Diurodrilidae

1

Apharyngtus punicus

s =
” R ] e W Nerilidae

Dinophilidae

Glyceridae
Goniadidae
Phyllodocidae
Nereididae
Microphthalmus listensis
4 |ETE EEETE - Hesionidae

Nephtyidae

Polynoidae (1 TDRL/ 1 TDRL)
S I P— 175
Acoetidae

S —

Pisionidae
S I P— -

Sigalionidae
— Aphroditidae

L—— Eulepethidae
Syllidae (2 T/2 T, 2 TDRL)

enuelg

Eunicidae (1 T/1 T)
Onuphidae
Lumbrineridae
Oenonidae

Dorvilleidae (1 T/2T)

H T .
2 TDRL

| I—

Myzostomidae
— Protodriloidae
L———— Protodrilidae
Saccocirridae

1T, 1 TDRL T I D - Polygordiidae

Amphinomidae

L 37 e BT - Sipuncula
11,1iT,2 TDRLE HTEEE 0 - Chaetopteridae (1 T)

1 s cemn 4, 3 TSN SR — Oveniidae

FiGure 1.

Magelonidae

Reconstruction of the gene order evolution without tRNAs of the TRex analysis (Supplementary online Appendix 10) reduced

to the family level and excluded the outgroups. Gene orders are given by a code. The legend of the color code is in the upper left corner. Each
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gene order evolved, they are separated by a slash.

with positive ones (i.e., R* of 0.84 and around 0.5), but
positive and negative ones do not correlate with each
other (Supplementary online Appendix 13a—c).

The AT skew was usually negative, evidencing that T
occurs more often than A (Supplementary online Appendix
14a). This trend was reversed only in the structural rRNA
genes, although COX2 AT is roughly equally distributed

across the species. Similarly, GC is also skewed towards
the pyrimidine C across all species (Supplementary online
Appendix 14b). The most prominent skew is present in
ATPS. Within pyrimidines, there is consistently a skew
toward T and within purines towards A in agreement
with the higher AT content across genes (Supplementary
online Appendix 14c and d). Interestingly, of all skew
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values, the AG skew exhibits the highest variation across
genes. Plotting AT against CG skews as well as CT against
AG skews showed that both the whole genome and the
protein-coding genes have generally similar patterns
(Supplementary online Appendix 15). In the plot of the
AT to CG skews, the values in the plot of the protein-cod-
ing genes are shifted slightly towards Ts, which is not sur-
prising given the difference in AT skews of protein-coding
and structural genes. Most species exhibit negative values
in both skew values, and no species has positive values in
both (Supplementary online Appendix 15b). A few species
possess a negative skew in one and a positive one in the
other. On the other hand, most species have a positive AG
skew and a negative CT skew and only very few have a
positive CT or a negative AG skew, but never a positive
CT and a negative AG skew together (Supplementary
online Appendix 15c and d).

Assessing the degree of base composition heterogene-
ity across genes reveals that the nRCFV values for both
nucleotides and amino acids are relatively similar across
all genes with slightly higher values in NAD2, 4, and 5
(Supplementary online Appendix 16). Finally, nRCFV val-
ues from the whole genome and all protein-coding genes
datasets for nucleotides as well as the nRCFV values of
nucleotides and amino acids of the protein-coding genes
were very highly correlated with R* values above 0.75
(Supplementary online Appendix 17).

General Correlations Among Sequence-Based Properties of
Annelid Mitochondrial Genomes

To get a better understanding of the correlation prop-
erties, we conducted all-against-all correlation analyses
of the 706 variables resulting in 497 730 R* values. The
density plot of the values showed that only a minority of
values have R? above 0.5 or below —0.5 (Supplementary
online Appendix 18). Next, we grouped all variables
which were highly positively or negatively correlated
with each other into one group. This resulted in 80
groups. Interestingly, 595 out of the 706 variables were
correlated with each other, at least indirectly (group
A in Fig. 2). In the three next largest groups B-D, only
seven, five, and five variables were correlated with each
other, respectively. On the other hand, 60 variables were
not correlated with any other variable. Considering
variables of different combinations of genes, more
than 95% were in the largest group A (Fig. 2). In both
single genes and the whole genome, more than 60%
were in group A. However, within the whole genome
the remaining variables were in group C (1-2%) or not
correlated (30-40%), although in the single genes of the
remaining ones 5-10% are not correlated or are distrib-
uted along all the other groups. Hence, most variables,
which are not part of group A, are variables related to
single genes. Although over 90% of the variables relat-
ing to nucleotides are in group A, only 70-80% of the
amino acid-based variables are present in this group.
The nucleotide variables not in group A relate to gap
properties (Fig. 2). In addition, all nRCFV and most
skew variables were in group A, although this was only

the case for 80-90% of the frequency- and evolution-
ary-distance-based variables. The remaining frequency
variables were distributed among the other groups or
not correlated, although distance variables were in the
groups B and C. The structural elements were in group
B (20%) or were not correlated (80%). With respect to
the different nucleotide and amino acid categories, all
nucleotide categories as well as hydrophobic and polar
amino acids were part of group A. A large proportion
of all other amino-acid categories related variables are
also part of group A (70-80%). The remaining variables
of these categories were either correlated with fewer
than seven other variables or, in the case of single amino
acids, no variables at all (Fig. 2). Hence, the variables
that are not part of group A are predominantly related
to amino acid properties of single genes and predomi-
nantly those related to frequencies. Variables related to
gaps are also usually not part of group A, with a low
value of 30-40% (Fig. 2). The correlogram of the remain-
ing variables after the reduction of the groups to one
of the variables shows that these are not strongly cor-
related (Supplementary online Appendix 19a).

We reduced the number of variables further based on
hierarchical clustering using a cutoff value of 80% of the
maximal height (Supplementary online Appendix 20a).
This resulted in 25 groups. The number of variables in
the largest group (group I) increased only to 604, but the
number of ungrouped variables reduced substantially
to only two (Fig. 3). Moreover, for other groups, the
number of included variables also generally increased
and the three next largest groups (II-IV) encompassed
nine, eight and eight variables, respectively. The pat-
terns described above for the grouping based only on
R? values are maintained, and more gap variables are
associated with group I. Comparing heatmaps across
the rows reveals no discernable patterns. Several vari-
ables with different properties are usually grouped
together and the groups do not comprise clusters based
on specific properties. For example, often groups (rows
in Fig. 3) contain nucleotide- and amino acid-based, fre-
quency-based, and amino acid charge-based variables.
Additionally, structural properties such as genome size
or number of intergenic regions group with different
variables relating to different aspects even though they
are not part of group I. Hence, with the exception that
most variables are correlated with each other at least
in some way, the grouping does not reveal any spe-
cific pattern with respect to biological properties such
as structural information or frequencies. Finally, the
correlogram and the hierarchical cluster show that the
remaining 25 variables are not correlated with each
other and exhibit deep splits in the hierarchical cluster-
ing (Supplementary online Appendices 19b and 20b).

Macroveolutionary Analyses of Sequence Properties, Life-
History and Ecological Traits and Gene Order

Both mean RD values and actual gene orders with
and without tRNAs show strong phylogenetic signals.
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FiGure 2. Heatmap showing the proportion each group of correlated variables has for different properties shown on top. The color scheme
for the heatmap is shown to the left and was done manually to capture the small differences in the low proportion range better. To the right,
the name of one variable represents the group. Additionally, the number of variables within the group is indicated. Single variables represent

all the variables, which were not correlated with another variable.

The 4 values are very high, with values of at least 0.982.
Of the 706 sequence-based variables, 72 were signifi-
cantly correlated with gene order without tRNAs (p <
0.001) (Supplementary online Appendix 21). These 72
variables explain at least 5.8% and up to 23.0% of the
variance. The correlation analyses showed that most
of these variables are highly correlated (Fig. 4). In the
clustering analysis, correlogram and correlation net-
work, the frequencies of the amino acids tryptophan
(W) and glutamine in NAD4L and NAD4, respectively,
and of gaps in COX2, are clearly set apart from the
other variables. In the correlation network and correlo-
gram, the frequencies of negative and neutral amino
acids and the amino acid glutamic acid (E) of NADG6 are
also set apart, although within the clustering analysis,
they belong to two different clusters, each containing
different frequency variables. All other variables are
highly correlated with each other in the correlogram
and especially in the correlation network. In the cluster-
ing analysis, three major clusters are visible. One con-
tains only variables related to evolutionary rate-related
measurements (i.e., _Dist_) for different single genes
and combinations of genes. The second largest cluster
contains GC skew values, nRCFV of amino acids in

NAD4, and different frequencies of amino acids and
purines in NAD genes, all protein-coding genes, and all
genes. The third cluster comprises predominantly CT
skew values and frequencies of cytosine in NAD genes,
all protein-coding genes, and all genes. Hence, with
respect to the gene order, without tRNA, evolutionary
rate is a class with very strong predictors that explains
59-12.0% of the variance (Supplementary online
Appendix 21). However, the variables relating to com-
position are stronger predictors. Among the four vari-
ables NAD6_AA_Freq_Neg, NAD6_AA_Freq Neu,
NADS5_AA_Freq_E, and NAD6_AA_Freq_E, three are
part of a separate group in the correlation network, and
explain more of the variance (23.0%, 16.3%, 15.9%, and
12.8%) than the best variable related to evolutionary
rate, COX2_AA_Dist_TR (12.0%). On the other hand,
three of the four not highly correlated variables (i.e.,
COX2_Nuc_Freq_Gap, COX2_AA_Freq_Gap, NAD3_
AA_Freq_Q) conversely explain only 6.3%, 6.7%, and
6.8%, although the fourth one, NAD4L_AA_Freq W,
explains 11.0%.

Considering the gene order with tRNAs, the number
of significant variables increases to 105 and explains
between 5.7% and 16.6% of the variance (Supplementary
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online Appendix 21). The number of variables relating
to evolutionary rates (i.e., _Dist_) only increased from
35 to 43, but variables relating to base composition (i.e.,
_RCFV_, _Freq_, and _Skew_) instead increased from
37 to 62. Additionally, with the number of intergenic
regions, one variable relating to structural informa-
tion was also among the significant variables, explain-
ing 7.1% of the variance. The correlation among these
variables is less pronounced and only a few groups are
prominent (online Appendices 22-24). The three most
prominent variables comprise those related to evolu-
tionary rate, GC, and CT skews (online Appendices 23
and 24). When gene order is considered with tRNA, the
strongest predictors are related to base composition, but
in this case, the base composition of ATP8 and rRNAL
genes. Variables related to base composition explain
between 5.7% and 13.4% of the variance. However,
variables related to evolutionary rate explain more of
the variance, even though they are not the strongest
predictors. With values between 13.6% and 16.6%, eight
variables have better adjusted R? values than the best
base-composition-related variable. Seven of the eight
relate to COX genes. In general, evolutionary rate-based
variables explain between 6.6% and 16.6% of the vari-
ance (Supplementary online Appendix 21). Moreover,

the explanatory power is in general much lower in com-
parison to the gene order without tRNAs (maximum of
16.6% vs. 23.0%). In summary, base-composition mea-
surements are the class that predicts gene order best,
with and without tRNAs. In contrast, evolutionary rate
variables have a higher explanatory power in the case
of gene orders with tRNAs, but composition-based vari-
ables explain more without tRNAs. Structural variables
such as the number of intergenic regions have relatively
little prediction and explanatory power.

Comparing which individual variables are shared
among both sets of significant predictors, we find that
only 42 are shared among both (Supplementary online
Appendix 21). Hence, 30 of the variables with gene
order without tRNAs as the response are not found in
the analysis of the gene order with tRNAs and vice versa
63 are not found by the other analysis. Of the shared
variables, the majority, 26 out of 42, relate to measure-
ments of evolutionary rate, although the remaining 16
reflect base composition. More specifically, the evolu-
tionary-rate variables predominantly relate to mea-
surements of COX genes, and the base-composition
variables to GC skew values of NAD or rRNA genes.
Hence, although individually base-composition vari-
ables occur more often than evolutionary-rate ones,
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TaBLE 2. Combination of best variables from the two or three detected categories predicting the gene order with and without tRNAs

Predictors Best of Interaction AIC? Adj. R®
Without tRNAs
rRNAL_Nuc_Skew_GC + NAD4L_Nuc_Dist_ TR Shared No 541.186 0.128
rRNAL_Nuc_Skew_GC x NAD4L_Nuc_Dist_TR Shared Yes 542.545 0.126
NAD6_AA_Freq_Neg + NAD6_AA_Dist_TR Independent No 515.616 0.298
NAD6_AA_Freq_Neg x NAD6_AA_Dist_TR Independent Yes 515.909 0.299
NAD6_AA_Freq_Neg* 529.005 0.230
With tRNAs
rRNAL_Nuc_Skew_GC + COX2_AA_Dist TR Shared No 779.362 0.211
rRNAL_Nuc_Skew_GC x COX2_AA_Dist_TR Shared Yes 778.899 0.218
ATP8_AA_Freq_P + COB_Nuc_Dist_TR + Whole_Nuc_Num_IG Independent No 729.679 0.118
ATP8_AA_Freq_P x COB_Nuc_Dist_TR x Whole_Nuc_Num_IG Independent Yes 722.795 0.178
ATP8_AA_Freq_P¢ 738.588 0.079

Note: Best variables were chosen among the shared ones between both gene orders or independently with in each gene order based on the

Akaike information criterion (AIC) value.

*Akaike information criterion (AIC) value of the different combinations of predictors.

*Adjusted R? (adj. R?) of the different combinations of predictors.

For comparative reasons, the AIC and adjusted R* of the best in dependent variable are also provided.

in the shared variables the evolutionary-rate variables
clearly dominate. This means that different base-com-
position variables predict gene order evolution depend-
ing on the inclusion of tRNAs, although prediction by
evolutionary-rate variables is relatively similar between
both gene orders. However, in both analyses, the stron-
gest predictors are the shared variables relating to
base-composition (Supplementary online Appendix
21). For the gene order without tRNAs, except for
NAD4_Nuc_Skew_CT, all base-composition variables
have a lower AIC than the evolutionary-rate variables.
For the gene order with tRNAs, the difference is not
as clear-cut, but eight still have a lower AIC than any
evolutionary-rate variable. In both cases, the strongest
predictor of the shared variables is IRNAL_Nuc_Skew_
GC. However, considering the explanatory power,
evolutionary-rate variables are generally stronger in
both analyses. Among the ten variables with the high-
est adjusted R? values only three are base-composition
variables for the gene orders without tRNAs and only
two with tRNAs. The highest explanatory power, with
12.0% and 16.6%, respectively, has COX1_AA_Dist_TR
in both analyses (Supplementary online Appendix 21).
Hence, across both responses, the GC skews of rRNA
and NAD genes are generally strong predictors of gene
order evolution, but taking the explanatory power into
account, evolutionary rates of especially COX genes
explain more variation in gene order.

Finally, we also assessed the combination of best
variables from two or three categories (i.e., evolution-
ary rate, base composition, number of genes, or regions)
found among the significant predictors in the anal-
yses. The best variable was chosen for each category,
either from the pool of shared variables or from each
pool independently (Table 2). For gene order without
tRNAs, the shared variables explain less variation than
the best single variable, giving higher AIC values and
even less explanatory power if the interaction between
the shared variables is considered. However, the com-
bination of independent variables results in lower AIC
values and an increased explanatory power from 23%

to almost 30%, again independent of the interaction. For
gene order with tRNAs, the combination of independent
variables also resulted in lower AIC values and higher
explanatory power. However, in contrast, the combina-
tion of shared variables obtained higher AIC values, but
higher explanatory powers than the other three models
in Table 2 and also a higher explanatory power than the
single individual variable with the highest explanatory
power: COX1_AA_Dist_TR (16.6%). Hence, consider-
ing different factors of sequence evolution and their
interaction together resulted in a slight improvement of
the model’s predictive abilities and explanatory power
for the evolution of both gene orders, but the two mod-
els are not necessarily the same. Moreover, the combi-
nation of these variables is different from the pattern
observed among shared individual characters above.

Models using life history traits as predictors of mean
RD values (both with and without tRNAs) had no signif-
icance at P < 0.001. Considering the gene order without
tRNAs, the trait “Type of sexual reproduction” had the
best P value of 0.0613 as a predictor. Not surprisingly, in
comparison to the sequence-based results, the explana-
tory power is relatively low at 4.0%. All other traits had
lower explanatory powers of 1.2% or less and higher P
values of at least 0.07. Considering the gene order with
tRNAs, the best P value was 0.0018 for “High altitude,”
and the explanatory power was slightly higher at 5.1%.
The trait “Habitat” had an even slightly higher explan-
atory power of 5.5%, but only the second-best P value
of 0.0776. All other traits and this gene order have P
values higher than 0.16 and the explanatory power is
much lower (below 1%). In summary, none of the life
history traits measured significantly predict mitochon-
drial genome evolution.

Mitochondrial Phylogenetic Tree and Gene Order

The phylogenies obtained using the mitochondrial
data are very incongruent with the nuclear 18S refer-
ence tree, independent of Bayesian or ML analyses (Fig.
5 and Supplementary online Appendices 25 and 26).
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For example, none of the analyses recovered the mono-
phyly of Annelida. The nemertean species are placed
within Annelida when the tree is rooted with the bra-
chiopod species. This is especially prominent in the ML
analysis of the nucleotide data (Supplementary online
Appendix 26b). Most branches are indicated as incon-
gruent rather than congruent. Despite the high degree
of incongruence independent of the type of data and
analysis, posterior probabilities and bootstrap values
are high at several nodes including incongruent nodes
with values above or equal to 0.95 or 95 (Fig. 5 and
Supplementary online Appendices 27-30).

The Robinson-Fould (RFo) distance to the reference
tree is lowest for the Bayesian analysis using amino acid
data with a value of 154. In contrast to the other analy-
ses, it shows more similarity to the reference tree in the
basal branching patterns (Fig. 5a and Supplementary
online Appendix 25a). The next best tree is the Bayesian
analysis of nucleotide data with a RFo value of 162.
This probably stems from a large polytomy in the tree
(Supplementary online Appendix 25b). Of the two ML
analyses, the analysis based on amino acid data has a
lower value (174) compared with the nucleotide data-
set (196). In all analyses of the mitochondrial datasets,
long-branched taxa such as Nerillidae, Diurodrilidae,
Myzostomidae, Dorvilleidae, and Dinophilidae
were grouped together, and this effect is more appar-
ent in the ML analyses than in the Bayesian ones
(Supplementary online Appendices 27-30). The longest
branch by far leads to Serpulidae. Moreover, the fam-
ilies Erpobdellidae, Hirudinidae, and Syllidae are not
recovered as monophyletic.

The higher incongruence of the nucleotide dataset in
comparison to the AA dataset is also seen in the mean
positional differences (Supplementary online Appendix
31a). The median for the nucleotide dataset is at least
one mean positional difference higher, independent of
the analysis used. This means that the path connecting
one species to any other species is on average almost
one branch longer in either the reference or the uncon-
strained tree than in the AA dataset. Interestingly,
although the Bayesian analysis of the amino acid data
also has the lowest mean positional difference—show-
ing a similar pattern to the RFo values—the second-best
dataset is the ML of the amino acid and the worst is
the Bayesian analysis of the nucleotide data, which was
the second best according to RFo. Hence, polytomies
seem to have a lower impact in this case. However,
there is a slight correlation between both datasets and
analyses (R* = 0.50-0.65) indicating that some incon-
gruence to the reference tree is shared (Supplementary
online Appendix 31b—e). Finally, we also checked if
the deviated gene orders correlated with the degree of
incongruence in species placements with respect to the
reference tree (Supplementary online Appendix 32). For
both the AA and the nucleotide dataset independent of
the method of tree reconstruction, the mean positional
differences do not correlate with the mean RD values
with or without tRNAs. In all eight cases, the R* values
are low or negative.

DiscussioN

Gene Order Evolution of Annelida

In contrast to recent publications (Tempestini et al.
2020; Sun et al. 2021) proposing blows to the conserva-
tive gene order, our study showed that the gene order is
overall highly conserved across Annelida as suggested
previously. That holds even when considering tRNAs,
which are considered to be more variable. Furthermore,
the gene order is identical in many species (28%) across
Pleistoannelida (i.e., Sedentaria and Errantia). In addi-
tion, it does not matter if one only looks at gene orders
at the family or genus level. About half of the new gene
orders are found within taxonomic families and there
is no obvious difference in the type of rearrangement
processes causing these new orders. Hence, the general
result is not due to a biased sampling at the family level.
For the gene order without tRNAs, the pattern found in
most annelids is the ground pattern of Pleistoannelida
as previously suggested by Weigert et al. (2016). The
ground pattern of Annelida is different from this,
which is very similar to the supposed ground pattern of
Lophotrochozoa as well as to the gene order still found
today in Magelonidae. At a first glance, the pattern in
groups not part of Pleistoannelida appears to be more
variable than within Pleistoannelida. However, the cor-
responding patterns of Amphinomidae and Sipuncula
seem to be conserved within the taxon, although two
patterns occur within Chaetopteridae, which are differ-
ent by one transposition. Magelonidae and Oweniidae
are thus far only represented by a single species and
the question of whether these patterns are conserved
or variable within the family remains to be addressed.
Given that these groups span the same or deeper evo-
lutionary times than Pleistoannelida, but comprise
substantially fewer species, the variability of the pat-
tern within these groups is not more variable than in
Pleistoannelida. It appears that the gene order was
more flexible early in annelid evolution and stabilized
afterward in each different lineage. In Pleistoannelida,
which comprises the vast majority of extant annelid
biodiversity, the gene order is generally conserved, but
in individual groups, families, and genera it appears to
be more variable. Serpulidae (see also Sun et al. 2021),
Dorvilleidae (see also Tempestini et al. 2020), and inter-
stitial families seem especially variable.

Considering only individual factors, the best predic-
tors for gene order evolution with and without tRNAs
are variables related to base composition in less con-
servative genes such as NAD, ATP, and rRNA genes.
The number of intergenic regions is also a significant
predictor for gene order with tRNAs but has neither a
very strong predictive ability nor a high explanatory
power in comparison to variables based on base com-
position or evolutionary rate. Although base-composi-
tion variables also have the highest explanatory power
for gene order evolution without tRNAs, it is variables
linked to evolutionary rate that have the highest evo-
lutionary power for gene order evolution with tRNAs.
Interestingly, considering only the variables shared by
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both gene orders, GC skew variables of NAD or rRNA
genes are the strongest predictors, although measure-
ments of evolutionary rates in COX genes have the
highest explanatory power. The best combinations of
the different categories together explain about 29% and
22% of the variability observed in both gene orders
along a phylogeny, respectively. Hence, our analyses
support hypotheses proposing biases in nucleotide

or amino acid frequencies in mitochondrial genomes,
especially GC skew, increased substitution rates and
to a much lower degree the increased presence of non-
coding regions affecting gene order evolution (Shao
et al. 2003; Hassanin et al. 2005; Podsiadlowski and
Braband 2006; Xu et al. 2006; Min and Hickey 2007;
Bernt et al. 2013; Luo et al. 2015; Zhang et al. 2021; Lei
et al. 2022). The combination of the first two factors
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seems to facilitate gene order evolution in Annelida.
Bernt et al. (2013) suggested that relaxed repair mech-
anisms could be the reason for this. Relaxed repair
mechanisms would result in increased rates and an
increase in the likelihood of the fixation of a mutation.
This can also lead to stronger biases in base compo-
sition as, for example, transversions are less likely to
be repaired. Moreover, due to the appearance of new
stop codons earlier in the gene, intergenic noncoding
regions can appear. High mutational stress, together
with a lower importance of mitochondrial efficiency,
can also explain the same patterns as relaxed repair
mechanisms (Bernt et al. 2013). However, how both
relaxed repair mechanisms and high mutational stress
with low mitochondrial efficiency can cause high gene
order rearrangement is not clear. Another suggestion
has been that structural changes such as the switching
of the ORI cause a switch of the GC skew and accord-
ingly increase evolutionary rates (Jakovli¢ et al. 2021;
Lei et al. 2022). Considering just the shared variables
between both gene orders, GC skews are the strongest
predictors of gene order evolution and the evolution-
ary rate has the highest explanatory power. However,
considering the variables independently as well as their
combinations, other base composition variables are
stronger predictors. Moreover, the prediction of ORI
motifs in annelids was not possible with certainty and
as such nor were ORI switches (Lei et al. 2022). Hence,
although structural changes could drive changes in
sequence evolution, evidence for this is still weak con-
sidering the mixed signal in our results. Finally, it may
well be that there is no causal relationship between
sequence-based and structural changes in mitochon-
drial genomes and that both are affected similarly by
the same cause, such as a lower importance of mito-
chondrial efficiency. For example, both could indicate
that the taxon went through a condition where it could
accept less effective oxygen consumption and ATP pro-
duction, allowing more mutations to accumulate with
time at both the sequence and the structural level. This
might have allowed the passage through an adaptive
valley toward a better-adapted solution for this taxon,
stabilizing on a new gene order.

Different life-history traits have been suggested,
which might allow for a lower mitochondrial efficiency
than is usually needed. These traits comprise parasitism,
shorter generation time or life styles such as inhabiting
calcareous tubes, the deep sea, or anoxic environments
(Kajander et al. 2000; Dowton and Campbell 2001; Bernt
et al. 2013; Zhang et al. 2018; Tempestini et al. 2020;
Sun et al. 2021). However, none of the herein tested
life-history traits: including parasitism, generation
time, and different specific habitats (interstitium, deep
sea, methane seeps, hot vents, extreme environments
in general, or biomineralization) were significant at the
0.001-level. Additionally, the trait “High altitude,” the
only one significant at the 0.05-level for one of the gene
orders, could explain only 5.1% of the variability in the
respective gene order. Moreover, closer examination

of the trait revealed that it seems to explain the evolu-
tion in a single clitellate species (i.e., Haemadipsa cren-
ata), but the majority of the observed variation is not
explained. Hence, the biological causes for gene order
rearrangement in Annelida are not revealed yet. Living
in extreme environments seems insufficient to cause
gene order rearrangements, neither when extreme envi-
ronments were considered individually nor together
using both multiple and absence/presence coding. The
same is true for short generation times and biomineral-
ization. However, the variation in gene order could be
influenced by other biological and ecological factors not
suggested so far and hence not considered herein.

Additionally, our results about the evolution of the
mitochondrial gene order in Annelida do not support
the hypothesis that a rearrangement of the gene order
generally triggers a phase of several subsequent rear-
rangement events due to a destabilized gene order.
Analyses of mitochondrial genome evolution in chro-
modorean nematodes have recently suggested that
mitochondrial genome evolution is highly discontinu-
ous. More specifically, a “long period of stasis in gene
order and content (is) punctuated by a rearrangement
event, (and) such a destabilized mitogenome is much
more likely to undergo subsequent rearrangement
events, resulting in an exponentially accelerated evo-
lutionary rate of mitogenomic rearrangements” (Zou
et al. 2017). At first glance, the pattern found within
Pleistoannelida would at least partially fit this hypothe-
sis. From this conserved ground pattern, changes in the
ground pattern have occurred along several branches.
Moreover, the rearranged gene orders seem to cluster in
some regions of the tree. Specifically, interstitial and cir-
ratuliform families (e.g., Dinophilidae, Polygordiidae,
Cirratulidae) and Serpulidae show more variability
in their gene orders. Recent findings that several spe-
cies within genera like Hydroides (Serpulidae) and
Ophryotrocha (Dorvilleidae) also exhibit different gene
orders (Tempestini et al. 2020; Sun et al. 2021) are in line
with this hypothesis. However, closer examination at
the level of protein-coding and rRNA genes shows that
often the new gene order is the same in a clade after
the rearrangement. For example, in Protodriliformia the
gene order is the same for Protodrilidae, Protodriloidae,
and Saccocirridae. The same is true for Ampharetidae,
Dinophilidae, Cirratulidae, within Polynoidae, and
Marphysa. Additionally, these new gene orders usually
evolved independently from the ground pattern and not
from another rearranged gene order. On the other hand,
the taxon sampling is still limited and many families
with deviating gene orders are represented by only one
species. Increased taxon sampling might provide more
cases like those observed in Hydroides and Ophryotrocha
(Tempestini et al. 2020; Sun et al. 2021). However, it is
not a rule in Annelida that one rearrangement event
necessarily triggers destabilization and several subse-
quent rearrangements.

Our results also did not support the suggestion
that tRNAs could act as facilitators of rearrangements
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(Saccone et al. 1999; Kajander et al. 2000; Dowton and
Campbell 2001; Luo et al. 2015). Although reversal
distances (RD) with and without tRNAs are strongly
correlated and both RD and RF values with tRNAs are
higher than without, a detailed comparison of the RF
results with and without tRNAs shows no indication of
a facilitating function. Considering the gene order with
tRNAs, the six highest values are tRNAs and prior to
the first protein-coding gene. Moreover, although the
taxa with the highest RS values do not change much
according to gene order with and without tRNAs, this
is not the case for the protein-coding and rRNA genes.
Except for NAD1, the genes with the highest RF values
are often among the ones lowest in the other order.

Properties of Annelid Mitochondrial Genomes

Investigating the sequence-based properties of mito-
chondrial genomes in Annelida also revealed that some
traditional views on gene evolution are not entirely appli-
cable to the clade. First, it is generally stated that molecu-
lar evolution is faster on the nucleotide than on the amino
acid level, as there are only four possible states and more
possible synonymous substitutions. However, our data
show that this is not the case and, in several genes, the
evolutionary rate at the amino acid level is higher than at
the nucleotide level. Given that, each substitution at the
amino acid must also have at least one substitution at the
nucleotide level, although the opposite is not necessary,
this result is counterintuitive. One should have in mind
that in this study the system captures the molecular evolu-
tion of several hundreds of millions of years (e.g., Parry et
al. 2014; Chen et al. 2020). At the nucleotide level, there are
only four possible character states and hence the evolu-
tionary rate will reach saturation much earlier than amino
acid data with 20 possible states (Philippe et al. 2011).
Accordingly, given the 20 possible states, amino acid data
can reach higher overall rates at these deep time scales
than nucleotide data. This can be seen by the fact that the
distribution around the median rate is much narrower in
the nucleotide data than it is in the amino acid. Therefore,
this is another reason to favor amino acid data over nucle-
otide data in phylogenetic reconstructions in deep time
(e.g., Ren et al. 2005; Philippe et al. 2011).

A second canonical view often states that structural
genes like rRNAs have more and larger insertion/dele-
tions (indels) than protein-coding genes as the latter
require indels dividable by three to avoid frame-shift
mutations. This is generally supported by our data, but the
median values of several protein-coding genes (i.e., ATP6
and 8, COX2, NAD?2, 3, 5, and 6), with values above 30%,
are also very high. Other protein-coding genes like COB
and COX1 have substantially lower values, below 20%.
Hence, although structural genes can sustain high levels
of insertions or deletions, so can several protein-coding
mitochondrial genes. Interestingly, these protein-cod-
ing genes are not necessarily among the fastest-evolving
genes at the amino acid level. The reason why some genes
sustain more indels than others is an interesting question.
Possible reasons could be that indels in these proteins 1)

affect the core protein structures less, as they possess more
domains with lesser structural importance and 2) have
less deleterious effects on elementary biological processes
such as catalytic activity, ligase activity, electron transport,
or catabolic processes (de la Chaux et al. 2007; Lin et al.
2017).

Other aspects, such as AT and GC skews, AT richness,
and the few differences between the whole genome and
the protein-coding genes, have been reported before for
mitochondrial genomes in both Metazoa and Annelida
(e.g., Bernt et al. 2013; Sun et al. 2021). More interest-
ingly, our correlation studies showed that the correla-
tion network between different properties like base
composition heterogeneity, skews, evolutionary rate,
and structural components is complicated and intri-
cate. Although few correlations were strong, with R?
values above 0.5 or below —0.5, groupings of correlated
variables based on specific groups (e.g., specific skew
values) occurred only when considering significant pre-
dictors. In contrast, the vast majority (84%) of variables
were placed in one group. This means that although
most are not strongly correlated directly with each other,
they are connected indirectly to one another. Hence, it
will not be straightforward to predict the change in one
variable due to the change in another.

Mitochondrial Genomes and the Phylogeny of Annelida

The phylogenetic least square regression (pgls) anal-
yses showed that both the RD distances and the actual
gene orders have very strong phylogenetic signals.
However, given that the most dominant gene order is
shared among most taxa and that these are not closely
related to each other, the actual resolution power of
the gene order in phylogenetic reconstructions is low
as this would result in a large, basal polytomy. On the
other hand, identical gene orders provide additional
evidence for the monophyly of groups comprising
all taxa with the same gene order. Such groups might
also contain taxa with other derived gene orders, but
not the typical annelid order. In our analyses, we did
not observe reversals in gene orders and mitochondrial
gene order in Annelida can, thereby, be considered a
Dollo character (Le Quesne 1974). It evolves once and
never returns to its previous stage. This property of the
annelid mitochondrial gene orders has been mentioned
before (e.g., Bleidorn et al. 2007; Golombek et al. 2013).

Considering the phylogenetic reconstructions based
on mitochondrial sequence information, we observed
strong incongruence to the constrained phylogeny based
on phylogenomic data. Strong incongruence between
nuclear and mitochondrial data has been observed and
has been related to the lower resolution power and
faster evolutionary rate of mitochondrial genomes (e.g.,
Zhong et al. 2011; Bernt et al. 2013). In our analyses, the
incongruence was independent of amino acid or nucle-
otide data used and the method applied. The incongru-
ence is only slightly stronger for the nucleotide data in
agreement with a potentially higher degree of satura-
tion in this kind of data. Interestingly, the incongruence
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observed in the amino acid and nucleotide data as well
as between the different methods is weakly correlated.
Hence, both types of data and analysis share some
incongruencies, but also exhibit substantial differences
in some parts of the tree. For example, independent of
Bayesian or ML approaches, the amino acid data fails
to recover monophyly of Syllidae, although the nuclear
data does. Finally, the observed incongruence is not cor-
related with the degree of gene order changes in a taxon
as measured by the RD distance. Hence, even though
increased evolutionary rate and base composition het-
erogeneity are good predictors of gene order rearrange-
ment, this does not translate necessarily into problems
concerning the phylogenetic reconstruction of a taxon.
This implies that, even if a taxon has a highly derived
mitochondrial gene order, its phylogenetic placement
may not be incongruent in comparison to phylogenomic
datasets. Hence, mitochondrial gene order in Annelida
cannot be used to assess if a taxon will be problematic
to place in the annelid phylogeny.
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