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[bookmark: _TOC_250011][bookmark: _Toc102127044]Supplementary Results

[bookmark: _Toc102127045]Evolutionary history of ORIs in crustacean lineages 

[bookmark: _Toc102127046]Errantia (class)
Phyllodocida (order): Streptosyllis sp. (Anoplosyllinae, Syllidae)

[bookmark: _Hlk101125303]The entire order Phyllodocida exhibited negative GC skews, except for Streptosyllis sp.. This species exhibited fully inverted (+) skews, which indicated an ORI. This is the only mitogenome available for this genus, but there are six other members of the Syllidae family available, so the ORI event maps either to the species, or the entire genus. An inverted skew in comparison to other annelids in Streptosyllis sp. was first observed by MT Aguado, S Richter, R Sontowski, A Golombek, TH Struck and C Bleidorn [1]. Unusual for annelids, mitochondrial gene orders are highly variable in Streptosyllis sp. and within the Syllinae [1]. The only taxon so far completely deviating from the putative annelid ground pattern is Syllidae (Errantia), which show completely rearranged mitochondrial genomes [2]. No conserved motif was identified for Streptosyllis sp..
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Figure S1. Architecture in the Phyllodocida. GC skews are represented by bars (axis = 0, left = negative values, right = positive values). Gene orders and taxonomy (class, order and family, respectively) are also shown. 

[bookmark: _TOC_250008][bookmark: _Toc102127047]Sedentaria (class)
Ampharetidae (family): Eclysippe & Auchenoplax CA sister genera

Ampharetidae is unlike the most mitochondrial gene order in annelids, it differs in a few rearranged genes (or blocks of genes) from the putative annelid ground pattern. Eclysippe vanelli and Auchenoplax crinita exhibited inverted GC skews, but the remaining three Ampharetidae mitogenomes (all Decemunciger sp.) did not. An inverted skew in comparison to two Terebelliformia (Annelida) worms in E. vanelli was first observed by M Zhong, TH Struck and KM Halanych [3], whereas the one in A. crinita was first observed in this study. Although a single ORI event in the common ancestor of these two genera is the most parsimonious scenario, we should also consider alternative scenarios. As Decemunciger sp. exhibits a unique mitogenome with genes encoded on both strands, it may also be possible that the common ancestor of the entire family underwent an ORI, followed by a subsequent ORI in Decemunciger, but this remains highly hypothetical given the absence of data for other lineages in this family. No conserved motif was identified in E. vanelli and A. crinita. 

Sabellidae and Serpuidae (the common ancestor of sister families)

[bookmark: _Hlk101125668]Serpulidae, Sabellidae and Fabriciidae are considered to form a single clade (Weigert and Bleidorn 2016). All available Serpulidae species exhibited inverted skews (Spirobranchus giganteus and all available mitochondrial genomes of Hydroides). The only species available for Sabellidae, Sabella spallanzanii, also exhibited an inverted skew. However, the only available species for Fabriciidae, Manayunkia occidentalis, exhibited a standard GC skew (-0.175). This prevents us from inferring an ORI event for the entire clade. If Fabriciidae is the sister-group to the other two families, the ORI might be mapped to the common ancestor of the two families. Daffe et al. only observed that the mitogenome of S. spallanzanii has a negative GC-Skew and a positive AT-Skew [4]. The inversed GC skew in the mitochondrial ‘majority strand’ was observed in this study. Within the Sedentaria, three lineages exhibit disproportionally highly elevated rates of mitogenomic architecture rearrangements: S. giganteus [5], S. spallanzanii [4] and Polydora sp. [6]. S. giganteus exhibited inverted skew and a number of unique evolutionary patterns among the annelids [5]. In Sabellidae and Serpuidae, the control region was located between trnH and trnR [7]. S. spallanzanii shows multiple deviations from the putative annelid gene order ground pattern. In other annelid mitochondrial genomes, all genes are encoded on the positive strand, except for some tRNAs in Owenia fusiformis, Magelona mirabilis [8], and Laeonereis culveri [9]. Therefore, genes encoded on the negative strand are an unusual feature of S. spallanzanii. The mitochondrial genomes of Hydroides spp. exhibited a highly positive GC skew and a negative AT skew. This was previously observed only in the mitochondrial genome of S. giganteus [10]. The S. spallanzanii mitogenome differs from that of S. giganteus where gene order is remarkably divergent from those of other annelid lineages [5]. Conserved motifs were identified mainly on the minus strand, however, only the conserved motif 4 was identified on the plus strand for Hydroides norvegica. 
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Figure S2. Architecture and skews in six families of Sedentaria: Ampharetidae, Sabellidae and Serpuidae. GC skews are represented by bars (axis = 0, left = negative values, right = positive values). Gene orders and taxonomy (class, order and family, respectively) are also shown.  

Clitellata (order): Drawida japonica (Moniligastridae)

The commonly found gene order of Clitellata is identical to the one found in the putative ground pattern of Pleistoannelida. The Drawida japonica mitogenome exhibited a high A + T content, reversed GC-skew (0.042) and high genetic diversity, which was observed by L Zhang, P Sechi, M Yuan, J Jiang, Y Dong and J Qiu [11]. No conserved motif was identified for D. japonica. 

[bookmark: _TOC_250005]Clitellata (order): Hirudinidae & Haemopidae CA (Hirudiniformes, Arhynchobdellida, 
Euhirudinea, Hlirudinea)

We identified all available species with inverted skews within this suborder (Hirudiniformes). This allows us to infer the ORI in the common ancestor of te whole clade. Some of the associated studies reported positive GC skews [12, 13], but none of them observed that they are inverted in comparison to other Annelida. No conserved motif was identified for Hirudinidae & Haemopidae CA. 
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Figure S3. Architecture and skews in the Clitellata. GC skews are represented by bars (axis = 0, left = negative values, right = positive values). Gene orders and taxonomy (class, order and family, respectively) are also shown.  

Basal branching lineages: Owenia fusiformis (Oweniidae)

The ORI of O. fusiformis was first observed in this study. O. fusiformis is the only available representative of the family Owenidae, so the ORI could have also occurred in the common ancestor (CA) of the entire family. The mitochondrial gene order of basal branching lineages is different from the common pattern of Pleistoannelida. O. fusiformis is one of the few annelids with genes encoded on both strands of the mitochondrial genome: tRNA-P and tRNA-T genes are encoded on the minus strand [8]. The mitochondrial genome of O. fusiformis contains as many as seven non-coding regions larger than 100 bp. The organization of the mitochondrial genome of O. fusiformis differs in one transposition, one reverse transposition, one reversal and two tandem-duplication-random-loss events to Pleistoannelida [8]. The same study also found that O. fusiformis is a ‘rogue’ species causing phylogenetic artefacts. 
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Figure S4. Architecture and skews in the basal-branching lineages (containing Owenia fusiformis). GC skews are represented by bars (axis = 0, left = negative values, right = positive values). Gene orders and taxonomy (class, order and family, respectively) are also shown.
[bookmark: _Toc102127048]Erpobdella octoculata: Cox1 and 18S phylogenetic analyses

To assess whether Erpobdella octoculata (NC_023927) mitogenome is a taxonomic identification artefact, we conducted several phylogenetic analyses. BLAST and BOLD analyses failed to resolve the problem of putative species misidentification. In more detail E. octoculata NC_023927 exhibited 100% similarity to the BOLD entry ADR3875, also belonging to E. octoculata. E. octoculata MT410851 exhibited 99.38% similarity to another E. octoculata sequence, but this sequence was not publicly available (Private status). BLAST results for their cox1 genes showed 94% coverage and 75.85% similarity. Following this, we retrieved all cox1 gene sequences of all Clitellata species from the 174 mitogenomes dataset, minus the Megascolecidae from the Genbank. After manual pruning, a total of 74 cox1 gene sequences were used for RAXML phylogenetic tree reconstruction. The result showed that E. octoculata NC_023927 clustered with Haemopidae rather than with Erpobdellidae (supplementary file S12). We also retrieved all 18S sequences belonging to Clitellata from the Genbank. After pruning (we left one sequence per species, except for E. octoculata), a total of 632 18S sequences were used for the IQ-TREE phylogenetic tree reconstruction. The result showed that E. octoculata JX885698 (the 18S corresponding to the cox1 of E. octoculata NC_023927, as the authors of both sequences were the same) clustered with Ozobranchidae rather than with Erpobdellidae (supplementary file S13). Thus, our analyses suggested that this group of authors probably misidentified the species as E. octoculata (NC_023927), but the taxon actually belongs to Haemopidae or Hirudinidae. This also explains why only this mt genome exhibited an apparent ORI event.

[bookmark: _Toc102127049]Supplementary methods

[bookmark: _Toc102127050]Conserved sequence motif search

Conserved motifs in NCRs can be used to identify the origins of replication in some metazoan lineages [14]. To assess this possibility, first we extracted 289 large (>100 bp) NCRs from the RefSeq dataset using PhyloSuite and searched for conserved sequence motifs using STREME [15]. Among the seven motifs identified in more than 30 sequences, only four consecutive motifs were below the p-value threshold (0.05). In Figure S5, the four motifs are numbered from 1 to 4.
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Figure S5. Identification of 7 motifs in STREME.

The above four motifs with significant p-values (motifs 1-4) were further submitted to FIMO [16] analyses, which were conducted on complete sequences of all 174 mitogenomes. We tested several different p-value thresholds to try to identify the optimal balance between the number of species in which the motif was identified, and the amount of noise in the data. The latter was assessed on the basis of congruence between strand distribution of motif and skew direction: motifs were expected to be found on the minus strand in species with fully inverted skews (positive), whereas in species with standard (negative) skew values, motifs were expected to be found on the plus strand. The default FIMO p-value threshold identified motif 1 in almost all mitogenomes, But the data is so noisy that they are not useful, especially with a high percentage of motifs identified on both strands. Even at the e-15 p-value threshold, motif 1 still produced a lot of noise in the data: motif 1 was identified in 39 mitogenomes, but 36 of them exhibited it on both strands. As for motif 2, at the p-value threshold of e-5 it was identified in 36 mitogenomes, with the predictability of 63.89%, whereas at the e-6 threshold it was identified only in 4 mitogenomes. As for motif 3, at the p-value threshold of e-5 it was identified in 47 mitogenomes, with the predictability of 14.89%, whereas at the e-6 threshold the two values were 22 and 4.6% respectively. As for motif 4, at the p-value threshold of e-5 it was identified in 85 mitogenomes, with the predictability of 61.18%, whereas at the e-6 threshold the two values were 49 and 59.18% respectively. On the basis of these analyses, we selected the e-5 threshold as the optimal threshold value (a high number of identified motifs, with high predictive power).

[bookmark: _Toc102127051]Phylogenetic analyses

Concatenated 13 mitochondrial protein-coding genes (PCGs) and 2rRNAs were used to conduct phylogenetic analyses. The phylogeny of the entire dataset (174 species) was inferred using the Maximum Likelihood (ML) algorithm implemented in IQ-TREE[17]. We used this ML tree to help us infer the evolutionary history of ORI events, however, we also relied on previous studies [18] for the overall phylogenetic framework for annelids to ensure that LBA artefacts did not affect our interpretation of the evolutionary history of ORI events.

[bookmark: _Toc102127052]dN/dS

The rate of nonsynonymous (dN) to synonymous (dS) substitutions (ω = dN/dS) is commonly used to identify protein sites that experience purifying selection (ω<1, as purifying selection tends to remove non-synonymous variation from a population), evolve neutrally (ω=1), or experience positive, diversifying selection (ω>1, as positive selection tends to promote non-synonymous variation in a population) [19, 20]. Initially, mitogenomes were thought to evolve neutrally. However, mitogenomes are not only influenced by purifying selection, but also evolve adaptively [21, 22, 23, 24, 25, 26]. Mitogenomes generally evolve under strong purifying selection, so they exhibit low ω values [27, 28], but mitogenomes of taxa evolving under a pattern sometimes characterized as ‘relaxed purifying selection’ should exhibit slightly higher ω values. Because dS estimates the number of ‘silent’ substitutions that do not change the amino acid sequence, it will be predominantly influenced by the mutation rate; dN estimates the number of substitutions that change the amino acid sequence, which is likely to include both neutral and nearly neutral changes. Because of this, dN is expected to be influenced both by the mutation rate and by population size. ω is expected to be influenced by selection and effective population size, but not the mutation rate [29].
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