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The highly rearranged

“mitochondrial genomes of the

_crabs Maja crispata and Maja
e squinado (Majidae) and gene order
et evolution in Brachyura

- Andrea Basso?, Massimiliano Babbuccil, Marianna Pauletto®?, Emilio Riginella, Tomaso
Patarnello! & Enrico Negrisolo(®?

. We sequenced the mitochondrial genomes of the spider crabs Maja crispata and Maja squinado

. (Majidae, Brachyura). Both genomes contain the whole set of 37 genes characteristic of Bilaterian

: genomes, encoded on both a- and 3-strands. Both species exhibit the same gene order, which is unique
. among known animal genomes. In particular, all the genes located on the 3-strand form a single block.

. This gene order was analysed together with the other nine gene orders known for the Brachyura. Our

. study confirms that the most widespread gene order (BraGO) represents the plesiomorphic condition

. for Brachyura and was established at the onset of this clade. All other gene orders are the result of

. transformational pathways originating from BraGO. The different gene orders exhibit variable levels of
. genes rearrangements, which involve only tRNAs or all types of genes. Local homoplastic arrangements
 were identified, while complete gene orders remain unique and represent signatures that can have

. adiagnostic value. Brachyura appear to be a hot-spot of gene order diversity within the phylum

. Arthropoda. Our analysis, allowed to track, for the first time, the fully evolutionary pathways producing
. the Brachyuran gene orders. This goal was achieved by coupling sophisticated bioinformatic tools with

. phylogenetic analysis.

. The true crabs belong to Brachyura, the largest clade (an infraorder) of the crustacean Decapoda order
. (Crustacea, Malacostraca)'. Shrimps, prawns, crayfishes and lobsters, some of the most popular crustaceans, are
- also contained in Decapoda!. Currently, more than 7,250 species belong to the Brachyura®. Crabs form a big tax-
. onomic group and exhibit a broad array of forms and adaptations, what make them one of the key group to study
. important biological and evolutionary issues®. Several Brachyuran species play an important role as food source
. for humans and have a relevant commercial value in the fish markets worldwide*.

: Currently, the Brachyura are divided in the five major clades Dromiodea, Homoloidea, Cyclodorippoidea,
. Raninoidea and Eubrachyura (Fig. 1)>*°. The first two taxa form a monophyletic group, as well as
. Cyclodorippoidea and Raninoidea (Fig. 1). This latter clade is sister taxon of Eubrachyura, the biggest and most
. differentiated lineage of crabs, encompassing the vast majority of the species. The Eubrachyura are split in two
. major groups named Heterotremata and Thoracotremata (Fig. 1). Within the Eubrachyura, the phylogenetic
: position of the primary-freshwater crabs belonging to the families Gecarcinucidae, Potamidae, Potamonautidae,
. Pseudothelphusidae and Tricodactylidae, is particularly debated®. According to the applied phylogenetic method
- and the type of analysed characters they have been placed within Heterotremata or Thoracotremata®¢. Notably,
: in the most recent phylogeny available for Brachyura, the freshwater crabs are included within Heterotremata>*®,
© thus this arrangement is initially followed in the present paper (Fig. 1).
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Figure 1. Phylogenetic relationships among major Brachyuran clades and BraGO vs PanGO. The tree depicts
the phylogenetic relationships among the major Brachyura lineages cited in the main text. The values in the
green/red box refer to the full-length mtDNAs available for that lineage. The taxa names are coloured according
to the current placement of taxa themselves within the major Brachyuran groups (e.g. all families belonging

to fresh water crabs are in orange). The genomic transformation from PanGO to BraGO is provided below the
tree. PanGO is linearized starting from cox1. The genes encoded on the a-strand (orientation from right to

left in Fig. 1) are green-boxed, while those encoded on the 3-strand (orientation from left to right in Fig. 1) are
underlined and red-boxed. Nomenclature: atp6 and atp8: ATP synthase subunits 6 and 8; cob: apocytochrome
b; coxI-3: cytochrome c oxidase subunits 1-3; nadl-6 and nad4 L: NADH dehydrogenase subunits 1-6 and 4L;
rrnS and rrnL: small and large subunit ribosomal RNA (rRNA) genes; X: transfer RNA (tRNA) genes, where X
is the one-letter abbreviation of the corresponding amino acid, in particular L1 (CTN codon family) L2 (TTR
codon family), S1 (AGN codon family) S2 (TCN codon family); CoRe: Control Region. T: transposition event.
Tdrl: tandem duplication random loss mechanism producing the observed rearrangement. TrnH, that changed
its position relative to PanGO, through a transposition event, is shown with a yellow background. Conversely,
the passively-shifted genes are figured with their original background (see Methods section). The extra copy

of every gene that is lost in the genomic rearrangement is figured with a light brown background. A blue circle
marks an intergenic spacer present in a position associated to genomic rearrangement.

The mitochondrial genome (mtDNA) of Crustacea is usually a double helical and circular molecule spanning
15-18kb’. The most noftable exception is represented by several Isopoda mtDNAs consisting in a combination
of a linear molecule approximately 14 kb long, and a circular molecule, made by two linear molecules connected
in a head-to-head arrangement®°.
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The Crustacean mtDNA usually contains 37 genes including 13 protein-encoding genes, 22 tRNAs and the
small and large ribosomal RNAs (Fig. 1)”. Exceptions exist to this largely prevalent scheme and some genes can
be absent!?, or duplicated.

The mitochondrial genes are encoded on both strands of DNA (hereinafter referred to as the o- and 3-strands).
Genes can overlap, be adjacent or separated by a variable number of nucleotides (i.e., intergenic spacers). The
major intergenic spacer that is always present is the Control Region (CoRe) harbouring the mtDNA origin of
replication'?. The gene order (GO) is not always conserved and Crustacean mtDNAs exhibit different GOs™.
With respect to a reference GO, genes can be transposed (i.e., moved to a different placement on the same strand),
inverted (i.e., moved to the opposite strand), or both inverted and transposed (a combination of the first two
events). Mitochondrial genes rearrangements are not completely unveiled, although various models have been
proposed™~'7. A transposition can be explained by a tandem duplication and random loss model (tdrl)!> 4. A
gene inversion is modelled through an intra-mitochondrial recombination's, while the inverted transposition can
be described through the combination of these two mechanisms. A tandem duplication and random loss (TDRL)
event can be applied to analyse the global rearrangement pattern'®'”. According to Bernt and Middendorf"’,
TDRL involves a tandem duplication of a continuous segment of genes such that the original segment and its copy
are placed consecutively and followed by the loss of one copy of each redundant genes. Multiple genes simultane-
ously change their position in a TDRL event.

Different GOs have proven to be highly diagnostic in defining animal groups at various taxonomic ranks'®. In
particular, the sister-taxon relationship between Crustacea and Hexapoda (i.e., the clade Pancrustacea) is strongly
supported by their exclusively shared GO (hereafter named PanGO) (Fig. 1)*.

The crab mtDNA usually contains the whole set of genes mentioned above. A peculiar condition is found in
the potamid crab Geothelphusa dehani, which exhibits a case of tRNA remoulding (also named recruitment)?.
In this case, a point mutation in the anticodon (TAG — TAA) transformed an extra-copy of trnL1 in a func-
tional trnL2, while the true trnL2 was lost. The remoulding of tRNA is a general process, occurring sparsely in
both Eukaryota and Prokaryota, which can involve multiple tRNAs?!-*%, Within Decapoda mtDNAs, the tRNA
remoulding has been recorded in species of hermit crabs (Anomura)?, as well as in mud shrimps (Gebiidea and
Axiidea)®. However, in these taxa the point mutation (TAA — TAG) occurred in an extra copy of trnL2, which
became a functional trnL1, while the true trnLI is no longer present.

Crabs exhibit different mtDNA GOs, none identical to PanGO?*2-% (Supplementary Table S1). The most
common, the Brachyuran basic GO (hereafter named BraGO)?* %, is depicted in Fig. 1. BraGO differs from
PanGO for the transposition of trnH, which is located between trnE and trnF, instead of its placement down-
stream to nad5 in PanGO (Fig. 1). Currently, full-length mtDNAs are available for representatives of all major
Brachyuran clades? 272532333541 (Fjg_ 1) (see also Supplementary Table S1). However, the taxon coverage is very
sparse and the sequencing of new genomes is a high priority. To improve our knowledge on Brachyuran mtDNAs
we sequenced the complete genomes of the two spider crabs Maja crispata and Maja squinado (Majidae). The
mtDNAs of both species exhibit the same GO (hereafter MajGO), which is different from any other known animal
GO and very re-arranged with respect to PanGO and BraGO. The MajGO is described in details in the Results
and Discussion section. After describing the MajGO, we downloaded all complete, or near complete, Brachyuran
mtDNAs available in GenBank (release 30.09.2016) and analysed them, in combination with the newly sequenced
Maja genomes. The goals of present paper were (a) to establish the transformational pathways that led to the
diverse GOs observed in Brachyura; (b) to identify the plesiomorphic condition among Brachyuran GOs; (c) to
trace the evolutionary steps that produced each unique GO; (d) to test the value of GOs as molecular signatures
for the Brachyuran clades.

Methods

Ethics statement. No specific permits were required for the work described here. Individuals included in
the present study were bought in a fish market or directly collected by one of the authors and they were not sub-
jected to any experimental manipulation. The study was performed in accordance with the EU directive 2010/63/
EU and Italian DL 2014/26. The experiments, as well as the euthanasia procedure, were monitored and carried out
by authorized staff to minimise animals’ suffering.

Sampling of Maja crispata and Maja squinado. The specimen of M. crispata used in the present study
was collected by Emilio Riginella in the Venice Lagoon (Italy). The specimen of M. squinado, caught in the North
Adriatic Sea, was acquired in the fish marked of Chioggia (Italy) by Enrico Negrisolo. The samples were preserved
in pure ethanol at 4 °C until DNA extraction.

Total DNA was extracted using the ZR Genomic DNA-Tissue Midiprep (Zymo Research corp.) Kit. DNA
quality was assessed through electrophoresis. The DNA concentration was determined using the (high sensitivity)
Qubit DNA quantification kit (Invitrogen, USA).

Mitochondrial genome sequencing. The total DNAs, at a concentration of at least 100 ng/ul, were
sent to the IGA Technology facility (http://www.igatechnology.com/) (Udine, Italy) to be sequenced using
Next-Generation Sequencing (NGS) Illumina HiSeq 2000 and following a 100PE strategy (See the IGA
Technology Services for further details on the sequencing strategy). After the sequencing process, 25,946,982 and
32,836,146 paired sequences were obtained for M. crispata and M. squinado, respectively.

Genome assembly and identification of the full length mitochondrial genome. Global assem-
bly of the Illumina reads obtained for M. crispata and M. squinado was accomplished with the software CLC
Genomics Workbench v8.5 (http://www.clcbio.com). After a BLAST search against the non-redundant database
available at the NCBI web site*?, the sequences that had a high score match with mitochondrial genes (E 10~%)
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were fully annotated using the strategy described in the next section. Afterwards, a single sequence for both M.
crispata and M. squinado covering at least 95% of the final full length mtDNA (see below), was selected as the
template for successive assembly performed using the MITObim program®. This second analysis provided a final
assembly encompassing the full length mitochondrial genome (mtDNA) for both M. crispata and M. squinado
Statistics on the final assemblies were calculated with CLC Genomics Workbench v8.5.

The full length sequences of both mtDNAs can be accessed from the EBI/GenBank (M. crispata, KY650651;
M. squinado, KY650652).

Mitochondrial genome annotation. The nomenclature of genes and strands are according to Negrisolo
et al.**. The names used to indicate strands are very variable in mtDNA literature” 10-20-26:27.30.34.36.44 Tp, this paper,
the strand encoding the majority of genes is listed as a-strand>** *4, First/majority/plus/Heavy (H) -strand are
alternative names for the a-strand” 126273036 Conversely, the strand encoding the minority of genes is listed
here as 3-strand. Second/minority/minus/Light (L) -strand are alternative names for the (3-strand”1%2627. 30,36,
Initially, the mtDNA sequence was translated into putative proteins using the Transeq program available on the
EBI website (https://www.ebi.ac.uk/Tools/st/emboss_transeq/). The identity of these polypeptides was verified
using the BLAST program* available at the NCBI website. The boundaries of genes were determined as fol-
lows: the 5" ends of protein-coding genes (PCGs) were defined as the first legitimate in-frame start codon (ATN,
GTG, TTG, GTT) in the open reading frame (ORF) that was not located within an upstream gene encoded on
the same strand. The only exceptions were atp6 and nad4, which overlap with their upstream genes (atp8 and
nad4L, respectively) in many mtDNAs*. The PCG terminus was defined as the first in-frame stop codon that was
encountered. When the stop codon was located within the sequence of a downstream gene encoded on the same
strand, a truncated stop codon (T or TA) adjacent to the beginning of the downstream gene was designated as the
termination codon. This codon was thought to be completed by polyadenylation, thereby producing a complete
TAA stop codon after transcript processing. Finally, pairwise comparisons with orthologous proteins were per-
formed using ClustalW*® to better define the limits of the PCGs.

Regardless of the real initiation codon, a formyl-Met was assumed to be the starting amino acid for all proteins
as previously reported in other mitochondrial genomes*” 5.

Transfer RNA genes were identified using the tRNAscan-SE program® or recognised manually as sequences
having the appropriate anticodon and capable of folding into the typical cloverleaf secondary structure of
tRNAs*. The validity of these predictions was further enhanced by comparison, based on multiple alignment and
structural information, to published orthologous counterparts.

The boundaries of the ribosomal rrnL and rruS genes were determined by comparison to the orthologous
counterparts present in the mtDNAs of the Brachyura species already sequenced, as well as structural information
implied by direct modelling (data not presented here).

Data set construction.  All partial or complete mtDNAs published or publicly available, used in the present
paper, were downloaded from GenBank and re-annotated following the approach described above to produce very
high-quality annotations. This approach led us to correct the genes boundaries for several taxa. A more drastic
change was done with the re-placement of the CoRe in the mtDNA of the potamid crab Sinopotamon xiushuiense
(KU042041). According to the annotation provided in GenBank (unpublished, see Supplementary Table S1),
the CoRe is located between trnY and rrnL genes. However, in the re-annotation process of S. xiushuiense
mtDNA we discovered, inside of the intergenic spacer (1,221 bp long) located between rrnS and trnl, the unique
signature AACTTATATTACCTA(AT),;, which is shared by the CoRe of G. dehani, the other potamid crab of
our data set. Thus, in the present study, this spacer is considered as the true CoRe of S. xiushuiense mtDNA. Two
additional evidences support our choice. First, the CoRe is located between rrnS and trnl in most of the GOs
observed in Brachyura (see below) and more in general in Arthropoda. Secondly, peculiar signatures similar to
that presented here are known for other groups of Pancrustacea. For example, the ATAGA(T), (n > 10) motif
characterizes the vast majority of CoRes in the mtDNAs of Lepidoptera®.

The availability of new mtDNA sequences in GenBank is a continuous evolving process, occurring at an unpre-
dictable pace. More than fifty partial or complete mtDNAs of species belonging to the major lineages of Brachyura
were available in GenBank at the first September 2016. For 50 mtDNAs (partial or complete) it was possible to
unambiguously determine their complete GOs, and use them in the full array of analyses presented in this paper.
Six outgroups belonging to the infraorders Anomura, Axiidea and Gebiidea (Decapoda, Crustacea) were added to
the final set that contains 56 Taxa (T56) (Supplementary Table S1). The mtDNAs of Huananpotamon lichuanense,
and Sesarma neglectum became available too late in GenBank to be fully considered (Supplementary Table S1).
Therefore, they were included only in some analyses.

Multiple alignments of orthologous genes and proteins. Initially each set of the 13 orthologous
protein-coding genes, derived from the 56 mtDNAs (Supplementary Table S1), was aligned using the ClustalW
program implemented in the MEGA 5.2.2. program®". Each alignment was performed with the option “Codons”
activated, which ensures that the alignment of DNA sequences is obtained using as backbone the multiple align-
ment derived from the amino acid counterparts. Following recent findings provided by Tan et al.>? we did not
filter alignments to select blocks of conserved positions, because this process can produce incorrect, statistically
supported, trees®. Successively, the 13 alignments were concatenated in two data sets (56 T.DNA and its translated
counterpart 56 T.PRO) that were used in the phylogenomic analysis. The 56 T.DNA and 56 T.PRO sets spanned
respectively 11,208 and 3,736 positions.
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Statistics of DNA/amino acid sequences. The AT-skew = (A — T)/(A +T) and the GC-skew = (G — C)/
(G + C) were computed for the « strand of the Brachyuran mtDNAs in order to evaluate the compositional
biases®. The base compositions were determined with the EditSeq program from the Lasergene software package
(DNAStar, Madison, WI).

The total number of codons present in the mitochondrial protein-coding genes was calculated with the
MEGA program. Stop codons were excluded from the calculation, because they are not linked to a tRNA family.
Analogously, the start codons were omitted, because different codons determine the same formyl-Met as starting
amino acid*”*%. The abundance of each codon family was expressed as number of codons per thousand codons
(CDSpT). The skews computations as well as other statistical calculations were performed with the spreadsheet
Microsoft Excel (Microsoft™).

Mitochondrial phylogenomics of Brachyura. A preliminary analysis on the phylogenetic information
present in 56 T.DNA and 56 T.PRO sets was performed according to the likelihood mapping approach> imple-
mented in the IQ-TREE 1.5.2 program®”. This analysis revealed that the maximum phylogenetic information was
present in the 56 T.PRO set (data not shown). Thus, this set was used in the tree searches described below.

Phylogenetic analyses were performed according to the maximum likelihood (ML) method on the 56 T.PRO
data set>®. The ML trees were computed with the program IQ-TREE 1.5.2%. In the tree search analysis 100 inde-
pendent runs were performed in order to avoid/minimize the possibility to be entrapped in sub-optimal trees. The
optimal partitioning scheme as well as best fitting evolutionary models were selected with the program IQ-TREE
1.5.2%>%7, The best partitioning/evolutionary models were the following: partition 1 (COX1, COX2, COX3, ATP6,
CYTB), model mtZOA + I+ G4%%; partition 2 (ATP8, NAD2, NAD3, NAD6), model mtMAM + I 4+ G4°’; par-
tition 3 (NAD1, NAD4, NAD4L, NAD5), model mtZOA + F 4+ 1+ G4%8. In order to minimize the possibility
of long-branch attraction phenomena, 56 T.PRO data set was analysed also according to the empirical profile
mixture models (C10-C60)% implemented in the IQ-TREE program. The C10-C60 models are the maximum
likelihood counterparts of the CAT model developed for Bayesian analysis®!. The C10-C60 models were applied
alone or in combination with the mtZOA® and mtMAM?> substitution matrices. All these analyses provided
topologies fully congruent with that obtained from the gamma-based models listed above. However, the C10-C60
approaches required much higher computational times than the gamma-based analyses, making unfeasible to
use them in the calculation of bootstrap values. Thus, the gamma-based approach was applied to complete the
phylogenetic analyses.

The ultrafast bootstrap test (UFBoot) was performed to assess the robustness of ML tree topology (10,000
replicates)®. Alternative topologies were evaluated using the Weighted Shimodaira and Hasegawa and the Almost
Unbiased tests® .

Gene order analysis of Brachyuran mitochondrial genomes.  The pairwise approach using the CREx
program. Pairwise-comparisons between different GOs were performed with the CREx program’®. This soft-
ware analyses genomic rearrangement pathways using common intervals'®!” %4, A common interval is a subset of
genes that appear consecutively in two (or more) GOs being investigated'®.

The CREx program models rearrangements involving transpositions, inversions, inverse transpositions as well
as TDRLs'*~17-¢4, CREx produces transformational pathways in which the common intervals, shared by the pairs
of GOs, are preserved in all intermediate steps. Once the whole set of common intervals has been determined for
a pair of GOs (e.g., GO1 and GO2) CREx heuristically identifies the most parsimonious transformational path-
ways that connect GO1 to GO2 and vice versa. For the reader interested on this topic, a detailed description on
the functioning of CREx is provided in an open access paper recently authored by our group'.

The number of shared common intervals (NSCI) is a measure that can be used to compare the level of sim-
ilarity of two GOs. Identical GOs share the maximum NSCI value while highly divergent GOs have low NSClIs.
Pairwise NSCI-based similarity values were calculated for the Brachyuran GOs. Given the fundamental role
played by the control region CR, this latter was considered also in the computation of NSCI values (see results).
In the CREx analyses, the software was allowed to compute up to ten alternative scenarios (option max. alter-
natives = 10) in every search®. The output for the different GO reconstructions was always a single transforma-
tional pathway. However, the current version of CREx program, which has a heuristic strategy of search, does not
explore all possible alternatives, due to an overwhelming computational complexity that would be required for
performing this type of analysis. Thus, CREx preferentially provides a single unique transformational scenario,
and computes alternative scenarios only in specific cases. Therefore, the transformational pathway reconstructed
by CREx is not the only possible and not necessarily the most parsimonious.

Current knowledge on the molecular mechanisms generating the GO rearrangements is very limited and
largely insufficient. Thus, it is necessary to rely on mathematical models, implemented in bioinformatic programs,
to identify the more probable transformational pathways generating the GOs. Currently, the CREx program is the
most flexible and sophisticated software, available to perform this task. The combinatorial mathematics which
is used by CREx is rapidly evolving and a natural lag exists between the formulation of new algorithms and their
implementation in the software®®. What is emerging is that, when the reconstructed pathway implies multiple
TDRLs, there is not always the certainty that it is the only plausible scenario®®. The presence of intergenic spacers,
located in the genomic positions involved in TDRLs, is regarded as a first, even if weak, independent evidence
supporting the most complex pathways®. A more conclusive evidence is supposed to be the presence of rem-
nants of the copies of the genes located in these spacers, which were lost in genomic rearrangements, especially
TDRLs®¢7.

Intergenic spacers, not linked to rearrangements, are common in animal mtDNAs and exhibit a random
genomic distribution. A DNA slippage, during the genome replication, is supposed to be the most common
mechanism generating these genomic elements®. The spacers produced by DNA slippage have usually, but not
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always, a small size (20 bases <). The spacers linked to genomic rearrangements are very variable in size, but often
they span from some tens to several hundreds of bases (e.g. Supplementary Fig. S1). Thus in the most favoura-
ble situation, it is possible to identify within these spacers the remnants of extra genes copies®”. Unfortunately,
this expectation is often highly diminished by the fact that the size of the spacers, even the largest ones, is much
smaller than that of the initial genomic portions involved in the TDRLs. This empirical evidence implies that,
once generated, the spacers are subject to a very rapid shrinking. Even worse, local phenomena of slippage and/or
a fast substitution rate can further modify these spacers. Additionally, some rearrangements may have occurred
very far in the past, leaving small or no spacers at all. Finally, if the reconstructed evolutionary scenario implies
multiple TDRLs, the probability to find large size spacers linked to the earlier events should be low. Thus, identify
the remnants of lost genes can be a daunting task, impossible to obtain even if very desirable. Conversely, the
co-occurrence of multiple intergenic spacers, with genomic positions congruent with the inferred rearrangement
pathway, should generate a distributional pattern difficult to explain in terms of pure chance. If this hypothesis
holds, the spacers distributional pattern, easily identifiable, becomes a reasonable support (even if not conclusive)
to the transformational pathway inferred by CREx.

The occurrence of intergenic spacers associated to rearrangements was checked for every GO to corroborate
the obtained evolutionary scenarios identified by CREx. The presence of the remnants of the genes copies located
in the intergenic spacers was tested by pair-wise alignments performed with ClustalW*.

The phylogenetic approach using the TreeREx program. 'When multiple and highly variable GOs are analysed, it
is necessary to apply the phylogenetic approach, implemented in the program TreeREx for inferring the evolu-
tionary pathways leading to the observed diversity of GOs®. A fully bifurcating rooted reference tree is necessary.
On this tree the pairwise scenarios computed by CREx are mapped along the branches using TreeREx software
that can also infer the putative GOs at the internal nodes. Every node is successively labelled, according to a reli-
ability scale implemented in TreeREx, as (a) consistent node, (b) 1-consistent node, and (¢) fallback node. In the
TreeREx analysis, the consistent nodes are considered to be the most reliable, the 1-consistent nodes exhibit an
intermediate level of certainty, and the fallback nodes have the highest level of uncertainty for what concerns the
reconstructed GO. More details on the functioning of TreeREx are provided by®.

The TreeREx analysis was performed with default settings, as suggested at the website: -s, i.e. strong consist-
ency method applied; -w, i.e. weak consistency method applied; -W, i.e. parsimonious weak consistency method
applied; -o, i.e. get alternative bp scenario for prime nodes; -m =0, i.e. maximum number of inversions + TDRL
scenarios considered (http://pacosy.informatik.uni-leipzig.de/185-0-TreeREx.html)®%. The settings above repre-
sent a global strategy to search for alternative rearrangements scenarios. In doing so, every node of the reference
phylogenetic tree was defined by a GO, regardless of the certainty level for that node.

Both CREx and TreeRex require that analysed GOs include an identical set of genes. Thus if a gene is lacking
in a GO it must be removed also from other genomic arrangements. Similarly, if multiple copies of the same gene
are present, only one is retained in GO comparisons.

Tracking the changes in gene orders. It is well established that genomic rearrangements are modelled through
transformational pathways that minimize the number of genes involved in active movements'®. In describing
the above rearrangement leading to BraGO, we attributed it to the transposition of trnH between trnE and trnF
(Fig. 1). We did not consider the alternative scenario implying the repositioning of the trnF -+ nad5 block between
trnH and nad4, because this alternative hypothesis, involving multiple genes, is a less parsimonious explanation
for the appearance of BraGO. Of course, the trnF + nad5 block changed its placement downstream (right) to its
original position in PanGO, but this movement is viewed as a passive shift, determined by the upstream (left)
transposition of trnH.

When a transposition occurs between two adjacent genes, the ambiguity on who is the gene moving is resolved
by assuming that the repositioning upstream (left) to the original placement is the transposition event, while the
shift downstream (to the right) is the passive effect. This is an arbitrary choice because also the alternative sce-
nario is equally parsimonious. The genes, that changed their placement through an obvious transposition event,
are figured with a yellow background in this paper whereas the passively-shifted genes are identified with their
original background.

However, it is not always possible to determine if the positions exhibited by the genes after a rearrangement are
due to active or passive movements. This situation occurs when several genes are involved in complex patterns of
movements, which are modelled by single/multiple TDRLs covering large part of the genome. In these cases, the
placement of a gene, upstream or downstream to its position in the reference GO, can be the effect of the active
re-positioning of the gene itself or a passive-shift due to the movements of the surrounding genes, or a combina-
tion of both. Thus, we label with a light-blue background all the genes involved in a repositioning that cannot be
identified unambiguously as the result of an active or passive movement. Within this framework, the common
intervals, encompassing two or more genes, shared by the re-arranged genomic portion and the reference GOs,
are marked with an upper light-blue bar.

Results and Discussion

The mtDNAs of Maja crispata and Maja squinado. In this study, the complete mtDNAs of the spider
crabs M. crispata and M. squinado were sequenced and annotated. The final assembly of M. crispata was 16,592 bp
long and contained 24,734 reads. Additional statistics for the M. crispata mtDNA were: base coverage = 100%;
mismatch = 0%; average coverage depth = 147.25; maximum coverage depth =409. The final assembly of M.
squinado was 16,598 bp long and contained 20,432 reads. The other statistics for the M. squinado assembly were:
base coverage = 100%; mismatch = 0%; average coverage depth =121.50; and the maximum coverage depth was
227. The mtDNAs of M. crispata and M. squinado contain the full set of 37 genes found in metazoan mtDNAs
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Figure 2. The mitochondrial genomes of Maja crispata and Maja squinado. The MajGO gene order is depicted
and linearized starting from cox1. Graphical representation of the mtDNAs and nomenclature of genes as in
Fig. 1. A blue circle marks an intergenic spacer assumed to be linked to the genomic rearrangement. A black
circle marks an intergenic spacer supposed to be the result of a DNA slippage, during the genome replication.
A pink circle marks an overlap between adjacent genes. The a-strand genes are green-boxed, while those of
(3-strand are underlined and red-boxed.

(Fig. 2). Both mtDNAs present intergenic spacers of variable size (Fig. 2, Supplementary Fig. S1). The newly
determined mtDNAs share the same gene order MajGO, which is different from any other animal GO so far
sequenced (Fig. 2). In MajGO, all the genes located on the 3-strand form a single block, placed between trnE and
CoRe. For more details on Maja mtDNAs, the reader should refer to the Supplementary Figs S1-S6.

The phylogeny of Brachyura. The mitochondrial phylogenomics of Brachyura obtained from 56 T.PRO set
is shown in Fig. 3. The majority (39 up to 50) of the nodes of the tree receive good statistical support (UFBoot val-
ues >90%). Only three basal nodes of the Thoracotremata clade does not receive any statistical support (UFBoot
values < 50%). The overall phylogenetic outputs are in agreement with those presented in Fig. 1. Dynomene pilum-
noides (Dromioidea) and the Homolidae species (Homoloidea) cluster together. The Raninidae taxa (Raninoidea)
are sister group of Eubrachyura. Within this clade, Heterotremata and Thoracotremata are monophyletic groups
receiving very strong statistical support. Taking into account the different taxon sampling, the relationships of the
species included within Heterotremata and Thoracotremata are in agreement with the most complete phylogeny
of Brachyura, which is based on nuclear genes®. Likewise, the superfamilies Ocypodoidea and Grapsoidea do
not form monophyletic groups, in perfect agreement with Tsang et al.’. The only point of strong disagreement
is the placement of Potamidae, which is sister group of Thoracotremata in Fig. 3, while is nested within the
Heterotremata in the nuclear genes-based phylogeny (Fig. 1). The alternative placement of Potamidae as sis-
ter group of Hetereotremata was tested (Fig. 3). However, this relationship is rejected (p-value < 0.01) by both
Weighted Shimodaira and Hasegawa and Almost Unbiased tests®*. The placement of Potamidae shown in Fig. 3
perfectly agrees with the results obtained by other authors working with mitochondrial sequences (DNA and/or
proteins)®* ¢, The placement of primary freshwater crabs, Potamidae and other families, remains a contentious
issue>¢. The sparse taxon sampling of mtDNAs does not allow to fully disentangle this problem and a broadening
of the taxonomic coverage is a high priority task of future research. A wider taxon and gene sampling will help to
ascertain if the discrepancies are due to the nature of the markers, to the different taxon coverage, to the inade-
quacy of the phylogeny reconstruction algorithms currently available, or a combination of these factors.

The TreeREx program requires a fully resolved tree to reconstruct the evolutionary pathways producing the
Brachyuran GO diversity. Initially both the alternative topologies depicted in Fig. 3 were considered. Given that
the global evolutionary scenarios do not change for the largest majority of the nodes, the results presented below
are referred exclusively to the tree obtained from the analysis of 56 T.PRO set.

The evolution of mitochondrial gene order in Brachyura.  The global pattern.  Currently ten different
mtDNA GO are known for Brachyura (Fig. 4, Supplementary Fig. S7). The most widespread is BraGO (Figs 1 and 4).
Six of the other GOs are restricted to single species (i.e., Dynomene pilumnoides DynGO; Damithrax spinosis-
simus, DamGO; Geothelphusa dehaani, GeoGO; Huananpotamon lichuanense, HuaGO; Sinopotamon xiushu-
iense SinGO; Xenograpsus testudinatus XenGO). MajGO is shared by both species of Maja sequenced within
the present study. Finally, SesGO is shared by the crabs belonging to Sesarmidae, while MaVaGO is found in
Macrophthalmidae and Varunidae (Fig. 4). The mapping of GOs shows that BraGO occurred at the onset of
Brachyura clade. Taking into account that the oldest fossil crabs are known from early Jurassic®’, BraGO appeared
200 MYA, and since then it has remained unchanged for many Brachyuran taxa (Fig. 4). BraGO shares 1,258 out
of 1,400 common intervals with PanGO (Fig. 4). The other Brachyuran GOs, which have evolved from BraGO,
can be roughly divided in three groups: (a) very re-arranged GOs (i.e. MajGO, MaVaGO, and XenGO), which
share 312 or less common intervals with BraGO; (b) medium re-arranged GOs (SinGO) (NSCI=732); (c) low
re-arranged GOs (DamGO, DynGO, HuaGO and SesGO), which share 1058 or more common intervals with
BraGO.

In the low re-arranged GOs only some tRNAs have changed their placement. Conversely, in both medium and
highly re-arranged GOs all types of genes have been involved in the movements. However, none gene was inverted
(Fig. 4). The level of rearrangement in various GOs does not appear to be linked, at least in a clearly detectable
pattern, to A+ T and G + C contents, AT- and GC-skews, as well as codon usage (Supplementary Figs S2-54). The
transformational pathways producing the Brachyuran GOs diversity are described in the following paragraphs.
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Figure 3. The mitochondrial phylogenomic tree of Brachyura. ML tree (-In = 112327.8522) obtained from the
analysis performed on the 56 T.PRO multiple alignment. Ultrafast bootstrap values > 50% are provided for each
node. The alternative phylogenetic placement of Potamidae (see main text) is depicted as a dotted line. The scale
bar represents 0.2 substitution/site. Taxa names are coloured as in Fig. 1.

Initially, the reconstruction of GO evolution was inferred with the TreeREx program (Fig. 4, Supplementary
Fig. S7). In particular, TreeREx assigned a GO identical to SesGO to nodes a-c, which exhibited lower consistency
values (Supplementary Fig. S7). All species, except Ilyoplax deschampsi, deriving from nodes a-b exhibit a CoReQ
local arrangement in their mtDNA (Fig. 4), determined by the transposition of trnQ immediately downstream
to the control region, which is a hotspot of genomic rearrangements'®. However, the CoReQ arrangement is
shared also with DamGO reported in the mtDNA of the unrelated crab D. spinosissimus (Fig. 4). These findings
imply that the transpositions of the mobile trnQ generate homoplastic rearrangements in crab GOs. Furthermore,
Sesarmidae and Macrophthalmidae -+ Varunidae, which in Fig. 4 are closely linked, do not result so closely related
when a broad taxon sampling exists®. Finally, the occurrence of SesGO at nodes a-c implies that two secondary
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Figure 4. The evolution of mitochondrial gene orders in Brachyura. For most of the nodes the GO was
inferred directly with the program TreeREx. For nodes a-d, the GO assignment was performed manually (see
main text). L2b, derived from a tRNA remoulding process, not orthologous to true trnL2s. L1c, extra copy of
trnLI not considered in the TreeREx analysis. Table A, NSCI values computed with CREx program through
pairwise-comparisons of complete GOs. Table B, NSCI values computed through pairwise-comparisons of
GO deprived of L2s. **NSCI values not computed (see main text). The genomic and genetic nomenclature, as
well as the colour scheme, are the same as in Fig. 1. The genes that changed their position relative to PanGO,
through a transposition event, are shown with a yellow background. The passively-shifted genes are figured with
their original background. The genes involved in a repositioning, which cannot be identified unambiguously
as the result of a transposition or a passive shift, are figured with a light blue background. In this latter case,
the common intervals, encompassing two or more genes, shared by the re-arranged GO with PanGO, are
highlighted with a light blue bar.
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Figure 5. The evolutionary pathways generating DamGO and MajGO arrangements. The rearrangements in
the GOs of D. spinosissimus and Maja species are investigated and depicted with respect to BraGO. TDRL, TD/
RL, tandem duplication/random loss event. TD/NRL tandem duplication/non random loss event. The genomic
and genetic nomenclature, as well as the colour scheme, are the same as in Fig. 1. The genes that changed their
position relative to PanGO, through a transposition event, are shown with a yellow background. The passively-
shifted genes are figured with their original background. A blue circle marks an intergenic spacer present in a
position associated to genomic rearrangement.

independent reversals to the plesiomorphic condition represented by BraGO occurred in I. deschampsi mtDNA
and in the common ancestor of Grapsidae + Ocypodidae taxa (Figs 3 and 4). Such reversions are extremely
improbable events, provided that they happen. Indeed, to our knowledge, they have never been documented in
the Bilaterian animals. To complete our reasoning, it must be added here that the accuracy of TreeREx recon-
structions is influenced by the coverage of taxon sampling®:. We regard the output provided by TreeREx program
for nodes a-c as an implausible scenario, determined by the sparse taxon sampling coupled with the homoplastic
CoReQ arrangement, and influenced by the fact that TreeREx works locally on small subtrees. Thus, in Fig. 4 we
manually assign BraGO to nodes a-c. Finally, we manually attributed HuaGO to the node d (Fig. 4). The reasons
leading to this assignment are described in details in the paragraph dealing with the evolution of GOs in Potamid
crabs.

All analysed GOs present intergenic spacers located in the genomic positions congruent with the inferred
transformational pathways (Figs 5-8)%. For most of the GOs, it was possible to identify some possible remnants
of genes located within these intergenic spacers (see Methods) (Supplementary Fig. S8). However, in agreement
with the expectation expressed in Methods section, the evidence that they are true remnants is often weak. The
occurrence of these spacers supports, at minimum, the view that the positions harbouring them played a piv-
otal role in the transformation pathways, which generated the new GOs. However, provided that alternative
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transformational routes may involve the same positions and that the current version of CREx reconstructs heu-
ristically preferentially only one scenario, it is not possible to conclude that pathways depicted in Figs 5-8, par-
ticularly the most complex ones, represent the only explanation for describing the GO rearrangements. More
realistically, each pathway must be regarded as one of the plausible evolutionary scenarios for the studied GO.

The evolutionary pathways generating DamGO and MajGO arrangements. 'The DamGO has been produced
through a TDRL event that involved the genomic portion included between trnl and trnC (Fig. 5). In DamGO,
trnQ and trnC are transposed with respect to BraGO. In the Maja species a single TDRL event is necessary to
explain the final rearrangement. However, in this latter case the genomic portion involved in the process contains
22 genes plus the CoRe (Fig. 5a). Consequently, the MajGO is the third most re-arranged Brachyuran GO. It
shares 312 out of 1,400 common intervals with BraGO (Fig. 4). To our knowledge, MajGO is unique among the
animal GOs so far determined, not only for the global placement of the genes, but also for the arrangement in a
single unbroken block of the 3-strand genes. Alternatively, the MajGO arrangement could be the result of a tan-
dem duplication non-random loss event (TDNRL) (Fig. 5b and Supplementary Fig. $9)7*7!. In a TDNRL event,
after the duplication of the complete mtDNA, the genes located only on one strand of each duplicated copy are
lost. The final GO is strand-biased (further details in Supplementary Fig. S9). Both Maja mtDNAs exhibit inter-
genic spacers (Figs 1 and 5, and Supplementary Fig. S2) at all the positions involved in the TDRL event (Fig. 5a).
The remnants of some of genes seem to occur within these spacers (Supplementary Fig. S8), except for trnE-trnT,
which is very short. Both TDRL and TDNRL models implicitly/explicitly allow the presence of intergenic spacers
associated to GO rearrangements. Thus, the occurrence of intergenic spacers does not allow to decide what model
(TDRL or TDNRL) describes better the evolutionary pathway that generated the Maja GO.

The evolution of GOs in Potamid crabs. ~ Currently, three full length mtDNAs are available for the Potamid crabs.
Their GOs (GeoGO in G. dehaani; HuaGO in H. lichuanense; SinGO in S. xiushuiense; Supplementary Table S1)
are distinct and different from BraGO (Figs 4 and 6). GeoGO and SinGO have been included in all our analyses.
Due to its late availability, HuaGO has been considered only in the comparisons presented in Figs 4 and 6 and
Supplementary Fig. S10. The transformational pathway producing SinGO implies two transpositions (T1-T2)
(Fig. 6). T1 generates a GO that is identical to HuaGO of H. lichuanense. In this case, the CREx exhibits a good
predictive capability, because it identified a GO that has a counterpart (HuaGO) in an existing crab. The T2
event produced the transposition of a block of contiguous genes leading to SinGO. BraGO and SinGO shares
786 common intervals (Fig. 4). A partial mtDNA is available in GenBank for the Potamid crab Sinopotamon
yangtsekiense?®, which does not cover some tRNAs, included trnQ. In this mtDNA the block nad2-trnY retains
the standard placement observed in BraGO (Fig. 6). However, all genes in the block present multiple frameshift
(nad2) or mismatches, which severely jeopardize the secondary structure of tRNAs (data not shown). These find-
ings support the hypothesis that this partial mtDNA sequence is not good. Thus new full-length mtDNAs of S.
yangtsekiense and other species of Sinopotamon are necessary to study the GO evolution in these Potamid crabs.

A multi-steps strategy was necessary to define the changes leading to GeoGO, due to the peculiar condition
exhibited by this genome (Figs 4 and 6, and Supplementary Fig. S10). As mentioned in the introduction, the G.
dehaani mtDNA presents a tRNA remoulding, which involves the trnL1 and trnL2. The true orthologous trnL2
is lost. Furthermore, two copies of trnL1 surrounding the functional L2 are found in GeoGO (Figs 4 and 6). The
current version of TreeREx program is capable to analyse only GOs that contain an identical set of genes (see
Methods). Thus, a first TreeREx search was performed, with a version of GeoGO obtained from the original one
by removing truL1 (c in Fig. 6). In this analysis, trnL2 (b) was treated as the true orthologous of the L2 genes
present in other GOs (Figs 4 and 6). The TreeREx search allowed to identify the overall scenario presented in
Fig. 4, except for nodes a-d. Successively, after removing trnL2s (orthologous or functional) from the GOs set, a
second analysis was performed with TreeREX (Fig. 4). This reconstruction identified for the node d a GO that is
identical to HuaGO deprived of L2 (HuaGO-L2) (Fig. 4). Furthermore, the GeoGO-reduced, a second version of
GeoGO deprived of L2 (b) and L1 (c), exhibits an arrangement identical to HuaGO-L2. GeoGO-reduced shares
1,124 out of 1,326 common intervals with BraGO (Fig. 4). As shown above, the first step leading to SinGO was
a transposition generating a GO identical to HuaGO (Fig. 6). G. dehaani and S. xiushuiense are members of the
same phyletic lineage. Given the identical arrangement shared by GeoGO-reduced and HuaGO-L2, and the T1
event observed in the transformational pathway of SinGO, the most parsimonious scenario is to consider the
transposition of trnQ as the first step shared by the evolutionary changes that produced GeoGO and SinGO
(Fig. 6). Thus, combining all the findings presented above, we identified HuaGO as the common first event of the
transformational pathways, that generated the GeoGO and SinGO (Fig. 6). HuaGO is considered also the more
plausible GO reconstruction for the node d of Fig. 4.

In the evolution of GeoGO, two successive (D1-D2) duplications of ¢rnL1 followed the transposition T1.
These multiplicative steps were the fundament prerequisite for the gene remoulding (GR) process, which gener-
ated two functional trnL2. The last event was the loss of the true trnL2. The deletion of the true trnL2 could not
predate other events. Indeed, trnL2 is associated to the most numerous codon families not only in Brachyura (see
Supplementary Fig. S5) but in animal taxa® 72, It is implausible that the true trnL2 was lost before the remould-
ing process occurred.

In an alternative pathway, the D2 duplication could be placed after the remoulding event or after the deletion
of the true trnL2 (Supplementary Fig. S10). In this case a duplication of the tandem genes L1(a)-L2(b) followed by
the loss of only the extra copy of L2 (b) is the more plausible scenario. Alternatively, a complicated and improb-
able event would be necessary, i.e. the duplication of trnL2 (b) followed by a back-mutation process leading,
through a reverse remoulding, to trnL1 (c).
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GeoGO, Geothelphusa dehaani
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Figure 6. The evolution of GOs in Potamid crabs. Transformational pathways generating GeoGO, HuaGO
and SinGO. The rearrangements in the GOs of Potamid species are investigated and depicted with respect to
BraGO. T1-T2, transposition events; tdrl, tandem duplication random loss mechanism producing the observed
rearrangement; D1-D2, gene duplication events; tRNA-R, tRNA remoulding event; GL, gene loss event. The
genomic and genetic nomenclature, as well as the colour scheme, are the same as in Fig. 1. The genes that
changed their position relative to PanGO, through a transposition event, are shown with a yellow background.
The passively-shifted genes are figured with their original background. A blue circle marks an intergenic spacer
present in a position associated to genomic rearrangement.

The alternative scenario described above, implies that L1 (a) and L1 (c) are sister sequences (Supplementary
Fig. S10). However, the phylogenetic analysis* of Brachyuran trnL1s reveals that L1 (a) and L1 (c) are not sister
sequences (Fig. 6, Supplementary Fig. S10). Conversely, the pathway presented in Fig. 6 is fully consistent with
the available data, and represent in our view the most parsimonious and plausible explanation of the GeoGO
evolution.

The evolution of GOs in Sesarmidae and Xenograpsus testudinatus. SesGO is the least re-arranged among crab
GOs as proved by the highest number of shared common intervals (1,328 on 1,400) with BraGO (Fig. 4). The
transposition of trnQ downstream to CoRe is the molecular signature characterizing all the Sesarmid mtDNAs
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Figure 7. The evolution of GOs in Sesarmidae and X. testudinatus. The rearrangements in the GOs of
Sesarmidae and X. testudinatus are investigated and depicted with respect to BraGO. T1-T2, transpositions
event; tdrl, tandem duplication random loss mechanism producing the observed rearrangement. TD/RL1-2,
tandem duplication/random loss events. The genomic and genetic nomenclature, as well as the colour scheme,
are the same as in Fig. 1. The genes that changed their position relative to PanGO, through a transposition event,
are shown with a yellow background. The passively-shifted genes are figured with their original background. A
blue circle marks an intergenic spacer present in a position associated to genomic rearrangement.

(Fig. 7). In fact, in addition to the taxa analysed here, SesGO has been described very recently’ also for Sesarma
neglectum, a species whose sequence became available in GenBank too late (2016-10-31) to be analysed here.
At opposite, XenGO, is a very modified GO, ranking second among the most re-arranged GOs (Figs 4 and 7).
XenGO derived from BraGO through a complex pathway implying two transpositions (trnN and trnA) and two
TDRL events (Fig. 7), computed as the most parsimonious scenario by CREx. These latter involved large blocks of
mtDNA in the process of genomic rearrangement (Fig. 7). Intergenic spacers, occurring in several points involved
in TDRLs, and possible remnants of genes further favour the XenGO pathway (Fig. 7, Supplementary Fig. S8).

The evolutionary pathways producing the DynGO and MaVaGO arrangements. We include in this paragraph the
evolutionary reconstructions relative to GOs obtained from distantly related crabs. The choice is dictated simply
by practical reasons of presentation of our analysis.

The transformational processes determining the appearance of DynGO are reported in Fig. 8. The transposi-
tion of trnQ downstream to trnL1 generated DynGO, which shares 1,008 common intervals with BraGO (Fig. 4).
Conversely, MaVaGO is the result of a complex mechanism of rearrangements. Two successive TDRL events
involving all 37 genes plus CoRe, with the exclusion of coxI, trnL2 and cox2, generated MaVaGO, which char-
acterizes the Macrophthalmidae + Varunidae mtDNAs. The high level of rearrangement is corroborated by the
number of common intervals (106) shared by MaVaGO and BraGO. This value is the smallest among the known
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MaVaGO, Macrophthalmidae + Varunidae
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Figure 8. The evolutionary pathways producing the DynGO and MaVaGO arrangements. The rearrangements
in the GOs of D. pilumnoides and Macrophthalmidae + Varunidae are investigated and depicted with respect

to BraGO. T1, transposition events; tdrl, tandem duplication random loss mechanism producing the observed
rearrangement. TD/RL1-2, tandem duplication/random loss events. The genomic and genetic nomenclature,

as well as the colour scheme, are the same as in Fig. 1. The genes that changed their position relative to PanGO,
through a transposition event, are shown with a yellow background. The passively-shifted genes are figured with
their original background. The genes involved in a repositioning, which cannot be identified unambiguously

as the result of a transposition or a passive shift, are figured with a light blue background. In this latter case, the
common intervals, encompassing two or more genes, shared by MaVaGO with PanGO, are highlighted with a
blue bar. A blue circle marks an intergenic spacer present in a position associated to genomic rearrangement.

crab GOs (Fig. 4). Notably, the transformational pathway going from BraGO to MaVaGO, computed as the most
parsimonious scenario by CREXx, implies only two TDRL events, without an early transposition of trnQ, an event
hypothesised in the TreeREx reconstruction (see above). The CREx reconstruction further corroborates the man-
ual assignment of BraGO to nodes a-c of Fig. 4. Intergenic spacers, occurring in positions involved in TDLRs, and
possible remnants of genes support the MaVaGO scenario (Fig. 8, Supplementary Fig. S8).

The Brachyuran GOs as molecular signatures. Even restricting the analysis of GOs to the placement of
the genes in a linearized genome and ignoring their orientation, the 37 standard animal mitochondrial genes can
be arranged in an astonishing number of GOs (i.e., 37! =1.367 x 10% or 38! if the CoRe is also included), provided
that the movement of every gene is equally probable’. However, an always increasing amount of evidence shows
that the equally probable movement scenario is totally unrealistic and that some genes are much more mobile
than others!8. In reality, the gene movements in mtDNAs occur preferentially along specific pathways. This char-
acteristic reduces the number of possible arrangements that are likely to be observed, and drastically increases
the probability of convergent evolution in GOs. Convergence can be limited to the sharing of local homoplas-
tic rearrangements or involve the full rearrangement of a GO'®. The tRNAs are the most mobile genes!'> 1874,
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Furthermore, the genes most prone to homoplastic rearrangements are contiguous in the genome or located
around the origin of replication of the mtDNA!$7>76,

The transposition of trnH upstream to trnF was the first event of Brachyuran mtDNA. It characterizes still
most of the GOs except MaVaGO, where successive rearrangements have disrupted this pairing. TrnH is not close
to CoRe in PanGO (Figs 1 and 4). Furthermore, the transposition of trnH in BraGO, can be described as a long
range movement, because it implies the repositioning upstream to the largest coding gene of mtDNA, i.e. nad5
(Fig. 1). BraGO is known only for true crabs and our expectation is that this GO represents a strong molecular
signature for the Brachyuran clade, in agreement with earlier suggestions®.

The analysis of the other Brachyuran GOs reveals that with the exception of the highly re-arranged MajGO,
MaVaGO, and XenGO, and the peculiar situation of GeoGO, the remaining GOs have been generated by the
transpositions of trnQ and trnC (Figs 4-8). This hypermobility has generated local homoplastic arrangements.
The most widespread is CoReQ, which is shared by DamGO, MaVAGO, SesGO, and XenGO, even if the mecha-
nisms generating this arrangement are different (Figs 5-8). Similarly, a CoReQC homoplastic arrangement occurs
in DamGO and MaVaGO (Figs 4-5 and 8).

These findings show that in Brachyura only complete GOs must be considered as molecular signatures, a result
mirroring a general behaviour of animal GOs!8.

MajGO, MaVaGO, and XenGO exhibit high level of rearrangements involving multiple genes (Figs 4-8). The
probability of multiple independent appearances of these GOs seems very low. MajGO is shared by M. crispata
and M. squinado, that are sister species”’. Thus, our expectation is that MajGO is a synapomorphy characterizing
at minimum this subclade of Maja, and possibly the whole genus. The range of occurrence of MajGO requires
further sequencing efforts. Also, MaVaGO is expected to be a true synapomorphy defining a clade containing all
crabs sharing this GO. Finally, XenGO is an apomorphy currently known only for X. testudinatus.

DynGO, DamGO, HuaGO and SinGO are molecular signatures for taxa possessing them. The low level of
rearrangement coupled with the type of genes transposed suggest caution in assigning them the status of mito-
chondrial genomic apomorphies. The invitation to cautiousness is supported by the increasing evidence that same
homoplastic GO can be shared by unrelated animal taxa as recently demonstrated for butterflies, some ants and
crickets'® 78, Even in these cases the homoplastic GOs represent molecular signatures. However, they cannot be
used alone as diagnostic feature exclusively characterizing the taxa possessing them. The homoplastic GOs must
be evaluated in a phylogenetic context's.

The present study, which is the first to be conducted coupling sophisticated bioinformatic tools with phyloge-
netic analysis, confirms that the Brachyura are a hot-spot of GOs diversity among Arthropoda. Currently a full
length mtDNA is available for less than 1% (52 out of 7250) of the crab species? (Supplementary Table S1). The
high number of crab GOs (10) so far determined lead us to suggest that new GOs will be discovered with the
increase of the taxon coverage.
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Table S1. List of taxa, taxonomy, accession numbers, references and crab gene orders

Infraorder Superfamily Family Species Accession GenBank Reference crab
b availability GOs
Axiidea Strahlaxiidac Neaxius glyptocercus (von Martens, 1868) JN897379  03.12.2012 ;09 e
w
2 Gebiid Upogebiidae Austinogebia edulis (Ngoc-Ho & Chan, 1992) IN897376  03.12.2012 P;09 ik
g ebndea Thalassinidae Thalassina kelanang Moh & Chong, 2009 JN897378 03.12.2012 P;09 Fk
%‘) Lithodidae Paralithodes brevipes (H. Milne Edwards & Lucas, 1841) AB735677 28.05.2013 U;38 R
S Anomura Lithodidac Paralithodes camtschaticus (Tilesius, 1815) JX944381  22.07.2013 P;06 ok
Porcellanidae Neopetrolisthes maculatus (H. Milne Edwards, 1837) KC107816 20.03.2013 P22 R
1 Dromioidea Dynomenidae Dynomene pilumnoides Alcock, 1900 KT182070 20.08.2016 P;24 GO
2 Homolidae Homola orientalis Henderson, 1888 KT182071 30.06.2016 P;24 BraGO
3 Homoloidea Homolidae Homologenus malayensis Ihle, 1912 KJ612407 31.12.2014 P;03 BraGO
4 Homolidae Moloha majora (Kubo, 1936) KT182069 25.01.2016 P24 BraGO
5 Raninidae Lyreidus brevifrons Sakai, 1937 KM983394 15.03.2015 P;23 BraGO
6 Raninoidea Raninidae Ranina ranina (Linnaeus, 1758) KM189817 26.08.2014 P;02 BraGO
7 Raninidae Umalia orientalis (Sakai, 1963) KM365084 15.03.2015 P;23 BraGO
8 Potamoidea Potamidae Geothelphusa dehaani (White, 1847) ABI187570 08.08.2012 P;21 GeoGO
9 Potamoidea Potamidae Sinopotamon xiushuiense Dai, Zhou & Peng, 1995 KU042041 16.12.2015 U;35 SinGO
10 Grapsoidea Grapsidae Grapsus tenuicrustatus (Herbst, 1783) KT878721 08.03.2016 P;27 BraGO
11 Grapsoidea Grapsidae Pachygrapsus crassipes Randall, 1840 KC878511 11.09.2014 P43 BraGO
12 Grapsoidea Sesarmidae Metopaulias depressus Rathbun, 1896 KX118277 11.06.2016 U;08 SesGO
13 Grapsoidea Sesarmidae Parasesarma tripectinis (Shen, 1940) KU343209 23.04.2016 U;18 SesGO
14 < Grapsoidea Sesarmidae Sesarmops sinensis (H. Milne Edwards, 1834) KR336554 01.05.2016 Usll SesGO
15 E Grapsoidea Varunidae Cyclograpsus granulosus H. Milne Edwards, 1853 LN624373 26.06.2015 P;29 MaVaGO
16 E Grapsoidea Varunidae Eriocheir hepuensis Dai, 1991 FJ455506 22.11.2008 P;36 MaVaGO
17 E Grapsoidea Varunidae Eriocheir japonica (De Haan, 1835 FJ455505 22.11.2008 P;36 MaVaGO
=) P jap
18 8 Grapsoidea Varunidae Eriocheir sinensis H. Milne Edwards, 1853 AY274302 18.04.2005 P;25 MaVaGO
19 g Grapsoidea Varunidae Helice tientsinensis Rathbun, 1931 KR336555 01.05.2016 U;l1 MaVaGO
20 = Grapsoidea Xenograpsidae Xenograpsus testudinatus N. K. Ng, Huang & Ho, 2000 EU727203 03.11.2009 P;05 XenGO
P! grap: grap: g g
21 &= Ocypodoidea Dotillidae Ilyoplax deschampsi (Rathbun, 1913) JF909979 22.07.2014 P;04 BraGO
22 Ocypodoidea Macrophthalmidae Macrophthalmus japonicus (De Haan, 1835) KU343211 23.04.2016 U;18 MaVaGO
cypodoidea ictyridae ictyris longicarpus Latreille, .10, P; BraGO
23 < Ocypodoi Mictyrid: Mictyris longicarpus Latreille, 1806 LN611670 02.10.2014 31 G
cypodoidea cypodidae cypode ceratophthalmus (Pallas, .10, P; BraGO
24 ; Ocypodoi Ocypodid Ocypod phthal Pallas, 1772 LN611669 02.10.2014 32 G
cypodoidea cypodidae cypode cordimanus Latreille, .03, P; BraGO
25 >} Ocypodoi Ocypodid Ocypod di Latreille, 1818 KT896743 08.03.2016 26 G
26 ] Majoidea Majidae Maja crispata Risso, 1827 KY650651 NEW P;01 MajGO
27 g Majoidea Majidae Maja squinado (Herbst, 1788) KY650652 NEW P;01 MajGO
ajoidea ithracidae amithrax spinosissimus (Lamarck, .10. N Dam
28 Lo Majoid Mithracid: Damith inosissil L k, 1818 KM405516 25.10.2014 P;14 GO
29 m Majoidea Oregoniidae Chionoecetes pacificus Sakai, 1978 AB735678 04.07.2013 U;38 BraGO
30 Bythograeoidea  Bythograeidae Austinograea alayseae Hessler & Martin, 1989 JQ035660 11.02.2013 P;40 BraGO
31 Bythograeoidea  Bythograeidae Austinograea rodriguezensis Tsuchida & Hashimoto, 2002 JQ035658 11.02.2013 P;40 BraGO
32 Bythograeoidea  Bythogracidae Gandalfus puia McLay, 2007 KR002727 21.06.2015 P;07 BraGO
33 Bythograeoidea  Bythogracidae Gandalfus yunohana (Takeda, Hashimoto & Ohta, 2000) EU647222 27.10.2010 P;41 BraGO
34 Calappoidea Matutidae Ashtoret lunaris (Forskal, 1775) LK391941 20.06.2014 P;33 BraGO
35 - Eriphioidea Menippidae Myomenippe fornasinii (Bianconi, 1851) LK391943 20.06.2014 P;34 BraGO
36 = Eriphioidea Menippidae Pseudocarcinus gigas (Lamarck, 1818) AY562127 15.02.2006 P;17 BraGO
Portunoidea eryonidae aceon granulatus ai, .01 ; BraGO
37 E i Geryonid: Ch g | (Sakai, 1978) AB769383 31.01.2014 U;39 G
38 E Portunoidea Portunidae Callinectes sapidus Rathbun, 1896 AY363392 19.05.2005 P;19 BraGO
39 : Portunoidea Portunidae Charybdis feriata (Linnacus, 1758) KF386147 13.08.2015 P;12 BraGO
-
40 E Portunoidea Portunidae Charyhdis japonica (A. Milne-Edwards, 1861) FJ460517 01.07.2010 P;10 BraGO
41 Portunoidea Portunidae Portunus pelagicus (Linnaeus, 1758) KM977882 14.01.2015 P;15 BraGO
42 Portunoidea Portunidae Portunus sanguinolentus (Herbst, 1783) KT438509 19.10.2015 P;16 BraGO
43 Portunoidea Portunidae Portunus trituberculatus (Miers, 1876) AB093006 12.07.2003 P37 BraGO
44 Portunoidea Portunidae Scylla olivacea (Herbst, 1796) FI827760 31.03.2009 U;20 BraGO
45 Portunoidea Portunidae Scylla paramamosain Estampador, 1949 F1827761 31.03.2009 P;13 BraGO
46 Portunoidea Portunidae Scylla serrata (Forskal, 1775) FJ827758 31.03.2009 U;20 BraGO
47 Portunoidea Portunidae Scylla tranquebarica (Fabricius, 1798) FI827759 31.03.2009 U;20 BraGO
48 Portunoidea Portunidae Thalamita crenata Riippell, 1830 LK391945 20.07.2014 P;30 BraGO
49 Xanthoidea Xanthidae Leptodius sanguineus (H. Milne Edwards, 1834) KT896744 07.04.2016 P;28 BraGO
50 Leucosioidea Leucosiidae Pyrhila pisum (De Haan, 1841) KU343210 23.04.2016 U;18 BraGO
! Grapsoidea Sesarmidac Sesarma neglectum de Man, 1887 KX156954  31.10.2016 P; 43 SesGO
! Potamoidea Potamidae Huananpotamon lichuanense Dai, Zhou & Peng, 1995 KX639824 02.10.2016 U; 44 HuaGO

P, published reference; U, Unpublished; GO, Gene order

Species taxonomy based on various sources. In particular, for marine taxa the nomenclature is that found in the WoRMS data base (World Register of Marine Species)
WOoRMS Editorial Board (2016). World Register of Marine Species. Available from http://www.marinespecies.org at VLIZ. Accessed 2016-09-23. doi:10.14284/170
*#% GO not presented here; BraGO, Brachyuran basic GO; DamGO, Damithrax spinosissimus GO;

GO, Dynomene pilumnoides GO; GeoGO, Geothelphusa dehaani GO; HuaGO,

Huananpotamon lichuanense GO, MajGO, Maja genus GO; MaVaGO, Macrophthalmidae + Varunidae GO; SesGO, Sesarmidae GO; SinGO, Sinopotamon xiushuiense GO; XenGO, Xenograpsus

testudinatus GO.

', this mtDNA became available too late to be incorporated in all the analyses. It was considered only in some analyses (see main text). Thor, Thoracothremata.
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Maja crispata; 16592 bp; MajGO

( start end size start end size N
cox1 1 1534 1534 ATG T(aa) isp (trnQ-trnC) 7638 7829 192
trnL2 1535 1598 64 taa trnC 7830 7891 62 gca
isp (trnL2-cox2) 1599 1604 6 trnY 7892 7955 65 gta
cox2 1605 2292 688 ATG T(aa) isp (trnY-trnH) 7956 8062 107
trnK 2293 2359 67 ttt trnH 8063 8130 68 atg
trnD 2360 2425 66 gtc isp (trnH-trnF) 8131 8132 2
atp8 2426 2584 159 GTG TAA trnF 8133 8197 65 gaa
atp6 2578 3251 674 ATT TA(a) nad5 8198 9931 1734 ATG TAA
cox3 3252 4041 790 ATG T(aa) isp (nad5-nad4) 9932 9935 4
trnG 4042 4105 64 tcc nad4 9936 11309 1374 ATG TAG
nad3 4106 4459 354 ATT TAA nad4L 11303 11602 300 ATG TAA
isp (nad3-trnA) 4460 4463 4 isp (nad4L-trnP) 11603 11635 33
trnA 4464 4528 65 tgc trnP 11636 11702 67 tag
isp (trnA-trnR) 4529 4531 3 isp (trnP-nad1) 11703 11809 107
trnR 4532 4594 63 tcg nad1 11810 12763 954 ATT TAG
trnN 4595 4661 67 gtt isp (nad1-trnL1) 12764 12768 5
isp (trnN-trnS1) 4662 4663 2 trnL1 12769 12834 66 tag
trnS1 4664 4729 66 tct rrnL 12835 14113 1279
trnE 4730 4794 65 ttc trnV 14114 14185 72 tac
isp (trnE-trnT) 4795 4829 35 rrnS 14186 14989 804
trnT 4830 4893 64  tgt CoRe 14990 15321 332
isp (trnT-nad6) 4894 4933 40 trnl 15322 15386 65 gat
nad6 4934 5442 509 ATC TA(a) isp (trnl-trnM) 15387 15405 19
cob 5443 6577 1135 ATG T(aa) trnM 15406 15471 67 cat
trnS2 6578 6642 65 tga nad2 15472 16478 1007 ATG TA(a)
isp (trnS2-trnQ) 6643 7568 926 trnW 16479 16546 68 tca
\ trnQ 7569 7637 69 ttg isp (trnW-cox1) 16547 16592 46 )
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4 start end size start end size N
cox1 1 1536 1536 ATG TAA trnQ 7563 7631 69 ttg
isp (cox1-trnL2) 1537 1538 2 isp (trnQ-trnC) 7632 7822 191
trnL2 1539 1602 64 taa trnC 7823 7883 61 gca
isp (trnL2-cox2) 1603 1608 6 trnY 7883 7948 66 gta
cox2 1609 2296 688 ATG T(aa) isp (trnY-trnH) 7949 8072 124
trnK 2297 2363 67 ttt trnH 8073 8140 68 gtg
trnD 2364 2428 65  gtc isp (trnH-trnF) 8141 8142 2
atp8 2439 2587 159 GTG TAA trnF 8143 8207 65 gaa
atp6 2581 3254 674 ATT TA(a) nad5 8208 9941 1734 ATG TAA
cox3 3255 4044 790 ATG T(aa) isp (nad5-nad4) 9942 9951 10
trnG 4045 4108 64 tcc nad4 9952 11319 1368 ATG TAG
nad3 4109 4462 354 ATT TAA nad4L 11313 11612 300 ATG TAA
isp (nad3-trnA) 4463 4466 4 isp (nad4L-trnP) 11613 11644 32
trnA 4467 4530 64  tgc trnP 11645 11712 68  tgg
isp (trnA-trnR) 4531 4533 3 isp (trnP-nad1) 11713 11820 108
trnR 4534 4597 64  tcg nad1 11821 12777 957 ATG TAG
trnN 4598 4664 67 gtt isp (nad1-trnL1) 12778 12779 2
isp (trnN-trnS1) 4665 4666 2 trnL1 12780 12845 66  tag
trnS1 4667 4732 66 tct rrnL 12846 14127 1282
isp (trnS1-trnE) 4733 4733 1 trnV 14128 14199 72 tac
trnE 4734 4798 65 ttc mnS 14200 15002 803
isp (trnE-trnT) 4799 4833 35 CR 15003 15339 337
trnT 4834 4896 63 tgt trnl 15340 15404 65 gat
isp (trnT-nad6) 4897 4936 40 isp (trnl-trnM) 15405 15435 31
nadé 4937 5445 509 ATC TA(a) trnM 15436 15503 68 cat
cob 5446 6580 1135 ATG T(aa) nad2 15504 16510 1007 ATG TA(a)
trnS2 6581 6645 65 tga trnW 16511 16578 68 tca
\ isp (trnS2-trnQ) 6646 7562 917 isp (trnW-cox1) 16579 16598 20 )

Maja squinado; 16598 bp; MajGO

Figure S1. The mitochondrial genomes of Maja crispata and Maja squinado.

The MajGO gene order is depicted and linearized starting from cox1. Graphical representation of the mtDNAs and nomenclature of genes as in Figure 1. Isp, intergenic spacer; start, start of the
genomic element; end, end of the genomic element; size, size of the genomic element. Start and stop are referred to the a-strand placement. For protein-coding genes, the start codon is provided in
blue and the stop codon in red (with incomplete stop codons written in parentheses). The anticodon is provided (purple) for every tRNA (e.g., tga for {rnS2). A blue circle marks an intergenic spacer
associated to a genomic rearrangement (see main text). A black circle marks an intergenic spacer supposed to be the result of a DNA slippage, during the genome replication’. A circle marks an
overlap between adjacent genes.

The mtDNAs of Maja crispata and Maja squinado

In this study, the complete mtDNAs of the spider crabs M. crispata and M. squinado were sequenced and annotated. The final assembly of M. crispata was 16,592 bp long and contained 24,734 reads.
Additional statistics for M. crispata mtDNA were: base coverage = 100%; mismatch = 0%; average coverage depth = 147.25; maximum coverage depth =409. The final assembly of M. squinado was
16,598 bp long and contained 20,432 reads. The other statistics for M. squinado assembly were: base coverage = 100%; mismatch = 0%; average coverage depth = 121.50; and the maximum
coverage depth was 227. The mtDNAs of M. crispata and M. squinado contain the full set of 37 genes found in metazoan mtDNAs (Fig. S1).

Both mtDNAs present intergenic spacers (isp in Fig. S1). These latter range from 1 base (trnS1-trnE, M. squinado) to 926 bases (trnS2-trnQ, M. squinado). The trnS2-trnQ intergenic spaces exhibit the
largest size (Fig. S1). The newly determined mtDNAs share the same gene order MajGO, which is different from any other animal GO so far sequenced (Fig. S1). In MajGO, all the genes located on the
B-strand form a single block, placed between trnE and CoRe. The A+T contents, the G+C contents, the AT-skews and GC-skews, as well as the codon usages of M. crispata and M. squinado mtDNAs
fall within the ranges computed for the Brachyura mtDNAs (Supplementary Figs S2-S4). The 22 tRNAs are capable to produce the typical cloverleaf secondary structures (Supplementary Figs S5-
S6). The rrL and rrnS genes are also capable to fold in the secondary structures characterizing these genes. The rrnS and rrL structures were determined through a homology modelling process,
using as templates the several structures already available for crustacean and more in general for Arthropoda (e.g. Salvato et al.’; Babbucci et al.”). The detailed description of these structures will be
presented in a paper dealing with the evolution of rrnSs and rrnLs of crustacean Decapoda, which is in preparation in our laboratory.

1. Salvato, P., Simonato, M., Battisti, A., & Negrisolo, E. The complete mitochondrial genome of the bag-shelter moth Ochrogaster lunifer (Lepidoptera, Notodontidae). BMC Genomics 9, 331;
10.1186/1471-2164-9-331 (2008).

2. Babbucci, M., Basso, A., Patarnello, T., & Negrisolo E. Is It an ant or a butterfly? Convergent evolution in the mitochondrial gene order of Hymenoptera and Lepidoptera. Genome Biol. Evol. 6,
326-3343; doi:10.1093/gbe/evu265 (2014).
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1 Dynomene pilumnoides Alcock, 1900 14  Sesarmops sinensis (H. Milne Edwards, 1834) 27 Maja squinado (Herbst, 1788) 40 Charybdis japonica (A. Milne-Edwards, 1861)
2 Homola orientalis Henderson, 1888 15  Cyclograpsus granulosus H. Milne Edwards, 1853 28  Damithrax spinosissimus (Lamarck, 1818) 41 Portunus pelagicus (Linnaeus, 1758)
3 Homologenus malayensis lhle, 1912 16  Eriocheir hepuensis Dai, 1991 29  Chionoecetes pacificus Sakai, 1978 42 Portunus trituberculatus (Miers, 1876)
4 Moloha majora (Kubo, 1936) 17  Eriocheir japonica (De Haan, 1835) 30 Austinograea alayseae Hessler & Martin, 1989 43 Portunus sanguinolentus (Herbst, 1783)
5  Lyreidus brevifrons Sakai, 1937 18  Eriocheir sinensis H. Milne Edwards, 1853 31 Austinograea rodriguezensis Tsuchida & Hashimoto, 2002 44 Scylla olivacea (Herbst, 1796)
6  Ranina ranina (Linnaeus, 1758) 19  Helice tientsinensis Rathbun, 1931 32 Gandalfus puia McLay, 2007 45 Scylla paramamosain Estampador, 1949
7 Umalia orientalis (Sakai, 1963) 20 Xenograpsus testudinatus N. K. Ng, Huang & Ho, 2000 33 Gandalfus yunohana (Takeda, Hashimoto & Ohta, 2000) 46  Scylla serrata (Forskal, 1775)
8  Geothelphusa dehaani (White, 1847) 21 llyoplax deschampsi (Rathbun, 1913) 34  Ashtoret lunaris (Forskal, 1775) 47  Scylla tranquebarica (Fabricius, 1798)
9 Sinopotamon xiushuiense Dai, Zhou & Peng, 1995 22  Macrophthalmus japonicus (De Haan, 1835) 35  Myomenippe fornasinii (Bianconi, 1851) 48  Thalamita crenata Ruppell, 1830
10  Grapsus tenuicrustatus (Herbst, 1783) 23 Mictyris longicarpus Latreille, 1806 36 Pseudocarcinus gigas (Lamarck, 1818) 49  Leptodius sanguineus (H. Milne Edwards, 1834)
11 Pachygrapsus crassipes Randall, 1840 24 Ocypode ceratophthalmus (Pallas, 1772) 37 Chaceon granulatus (Sakai, 1978) 50  Pyrhila pisum (De Haan, 1841)
12 Metopaulias depressus Rathbun, 1896 25  Ocypode cordimanus Latreille, 1818 38 Callinectes sapidus Rathbun, 1896
13  Parasesarma tripectinis (Shen, 1940) 26  Maja crispata Risso, 1827 39 Charybdis feriata (Linnaeus, 1758)

Figure S2. AT-skew vs. A+T% in the 50 Brachyuram mtDNAs.
The values were calculated on the a-strand of the mtDNA genomes. The X axis provides the AT-skew values, while the Y axis provides the A+T% values.
BraGO, Brachyuran basic GO; DamGO, Damithrax spinosissimus GO;
MaVaGO, Macrophthalmidae + Varunidae GO; SesGO, Sesarmidae GO; SinGO, Sinopotamon xiushuiense GO; XenGO, Xenograpsus testudinatus GO.

GO, Dynomene pilumnoides GO; GeoGO, Geothelphusa dehaani GO; MajGO, Maja genus GO;
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1 Dynomene pilumnoides Alcock, 1900 14 Sesarmops sinensis (H. Milne Edwards, 1834) 27 Maja squinado (Herbst, 1788) 40  Charybdis japonica (A. Milne-Edwards, 1861)
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4 Moloha majora (Kubo, 1936) 17  Eriocheir japonica (De Haan, 1835) 30 Austinograea alayseae Hessler & Martin, 1989 43 Portunus sanguinolentus (Herbst, 1783)
5  Lyreidus brevifrons Sakai, 1937 18  Eriocheir sinensis H. Milne Edwards, 1853 31 Austinograea rodriguezensis Tsuchida & Hashimoto, 2002 44 Scylla olivacea (Herbst, 1796)
6  Ranina ranina (Linnaeus, 1758) 19  Helice tientsinensis Rathbun, 1931 32 Gandalfus puia McLay, 2007 45  Scylla paramamosain Estampador, 1949
7 Umalia orientalis (Sakai, 1963) 20 Xenograpsus testudinatus N. K. Ng, Huang & Ho, 2000 33  Gandalfus yunohana (Takeda, Hashimoto & Ohta, 2000) 46  Scylla serrata (Forskal, 1775)
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9  Sinopotamon xiushuiense Dai, Zhou & Peng, 1995 22 Macrophthalmus japonicus (De Haan, 1835) 35 Myomenippe fornasinii (Bianconi, 1851) 48 Thalamita crenata Ruppell, 1830
10  Grapsus tenuicrustatus (Herbst, 1783) 23 Mictyris longicarpus Latreille, 1806 36 Pseudocarcinus gigas (Lamarck, 1818) 49  Leptodius sanguineus (H. Milne Edwards, 1834)
11 Pachygrapsus crassipes Randall, 1840 24  Ocypode ceratophthalmus (Pallas, 1772) 37 Chaceon granulatus (Sakai, 1978) 50  Pyrhila pisum (De Haan, 1841)
12 Metopaulias depressus Rathbun, 1896 25  Ocypode cordimanus Latreille, 1818 38 Callinectes sapidus Rathbun, 1896
13  Parasesarma tripectinis (Shen, 1940) 26  Maja crispata Risso, 1827 39 Charybdis feriata (Linnaeus, 1758)

Figure S3. GC-skew vs. G+C% in the 50 Brachyuram mtDNAs.
The values were calculated on the a-strand of the mtDNAgenomes. The X axis provides the GC-skew values, while the Y axis provides the G+C% values.
BraGO, Brachyuran basic GO; DamGO, Damithrax spinosissimus GO;
MaVaGO, Macrophthalmidae + Varunidae GO; SesGO, Sesarmidae GO; SinGO, Sinopotamon xiushuiense GO; XenGO, Xenograpsus testudinatus GO.

GO, Dynomene pilumnoides GO; GeoGO, Geothelphusa dehaani GO; MajGO, Maja genus GO;
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CDS.tot, the total number of codons. CDspT, codons per thousand codons. Codon families are provided in the inset above the graphic. The average value and the standard deviation, computed for the 50

Figure S4. Codon distribution in Brachyuran mtDNAs.
Brachyuran mtDNAs, are provided for each codon family.

BraGO, Brachyuran basic GO; DamGO, Damithrax spinosissimus GO; DynGO, Dynomene pilumnoides GO; GeoGO, Geothelphusa dehaani GO; MajGO, Maja genus GO; MaVaGO, Macrophthalmidae +

Varunidae GO; SesGO, Sesarmidae GO; SinGO, Sinopotamon xiushuiense GO; XenGO, Xenograpsus testudinatus GO.
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Figure S5. Secondary structure of Maja tRNAs and level of conservation (trnA-trnK).

Secondary structures are based on the tRNA sequences of Maja crispata. A substitution occurring in the same position for the tRNAs of
Maja squinado is marked with a light-brown arrow. An unusual pairing/mismatch in the secondary structure is marked with a red arrow.
Astandard pairing is figured with adash (-), while the G T pairing is figured wit a dot.
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Figure S6. Secondary structure of Maja tRNAs and level of conservation (trnL1-trnV).
Secondary structures are based on the tRNA sequences of Maja crispata. A substitution occurring in the same position for the tRNAs of
Maja squinado is marked with a light-brown arrow. An unusual pairing/mismatch in the secondary structure is marked with a red arrow.
Astandard pairing is figured with a dash (-), while the G T pairing is figured wit a dot.
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C, consistency value: The fraction of leafs not considered: for binary
trees it is 0.33 for the case of 3 leaf subtrees, and 0.5 for the case of 4
leaf subtrees. P, parsimony value, i.e. how much better the solution was
then a possible alternative only given if the solution is based on
parsimony.
(from TreeREx web site: http://pacosy.informatik.uni-leipzig.de/185-0-TreeREx.html).
1-consistent node according to TreeREXx recontstruction
. (see main text for further details)
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Figure S7. Evolution of GOs in Brachyura: the TreeREx outputs.
The GO assigned at each node by TreeREXx is presented together with the associated score (consistent, 1-consistent, fallback node). Green square, consistent node. Orange square,
1-consistent node. Red square, fallback node. The different colours reflect the level of uncertainty that characterises the reconstruction of the GO. The red squares indicate the highest
level of uncertainty with respect to alternative GOs, while orange and particularly green squares point to more reliable GO reconstructions. (See main text for details).
The genes that changed their position relative to PanGO, through a transposition event, are shown with a yellow background. The passively-shifted genes are figured with their original
background. The genes involved in a repositioning, which cannot be identified unambiguously as the result of a transposition or a passive shift, are figured with a light blue background. In
this latter case, the common intervals, encompassing two or more genes, shared by the re-arranged GO with PanGO, are highlighted with an upper light blue bar.
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Figure S8. Pairwise-alignments of genes involved in genomic rearrangements and the associated intergenic spacers.

The pairwise-alignments were performed with the ClustalW program, available at the PRABI/Rhone-Alpes Bioinformatics Center (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa _automat.pl?page=/NPSA/npsa_server.html). Successively, the alignments were manually improved through visual
inspection. rc_sequence_name = reverse complement sequence of a gene encoded in the -strand

Figure S8.a
MajGO
Intergenic spacer: ISP_trnT_nad6 (see Figure 5, main text)
10 20 30 40 50 60 69
| 1 | |
Maja_crispata_ISP_trnT_nadé  -------—-- 2(oAGAETTCTRTRTIETARETCUCCAAA AcChCTGel--—------—-----—-

rc_Maja_crispata_{dgig

Maja_squinado_ISP_trnT_nad6
rc_Maja_squinado_[dgig

TCAGAGAAAGANEACIRICHIALICL TLEAACIKS - SOYNAGL - EYFA T T TACCIT TTTAAACTATTCCCTG

10 20 50

| | |
--------- TGRS - - -1 LA - L8 TR TG T AGIACC TRIGGf -~~~ -~ -~ ~~--—-
TCAGAGAAAGANEACIRISNIAT Ol TIZYACIES - SONNAGIRIAA T A TT TG T TLT TAAAACTATTCCCTG

30 40

Intergenic spacer: ISP_trnS2_trnQ (see Figure 5, main text)

Maja_crispata_ISP_trnS2_trnQ
rc_Maja_crispata_[Z7i5

10 20 30 40 50

TTTATATAT'IrTATATACTAmTﬁTT WWAETETAWCTTATAMTAEATAETTECHGWAATTTA
LIACIA- GWA.C-ECWW ------ ATy ACE e AT AL AT ClIC e CARAATAC VY

60 70 80 90 100

210 220 230 240 250 260 270 280 290 300
1 1 1 I 1 1 I
Maja_squinado_ISP_trnS2_trnQ  TATGGACACATIFAGIRIIACACACT T AT HAITAAGIRIACAL ATTAALTET T CAG TEEAATAA TN AGTAT TATIVACAAS TCTATGCAAGT
rc Maja_squinado (@il ~ —--mm-—o A TACT TATACKISS AAAAST S TAR T TRIEA®TACALCORTAAABCTIGG TR ATATAALIC TCRSARAAA A ORI,
150 160 170 180 190 200 210 220 230
1 1 I 1 1 I 1 | |
Maja_crispata_ISP_trnS2_trnQ TTTCENIALTCCTTACAACAACAINERIAT TEAL CLYGIRRIARRIC /A CASCATAGANA TECAGACATCAV TIRR] -YASCTALGIRICT
rc_Maja_crispata_{Zgill ---TENYG- - ARAAIREICEATTTEVLCEAIAARTTTIT TTTCRARACETAZRANSCE A AR THAASTTTRAAECHMIACTTIIE
580 590 600 610 620 eso 640 eso 660
| l 1 |
Maja_squinado_ISP_trnS2_trnQ GTGTATcmmeAﬂTTmAﬁ CUACHIATAATTTTTT T m— msmcmcmnﬁcmemmﬁcwmc
rc_Maja_squinado @@l = ------- LICAVIGIEYY - ICGANRI- IGE - 16 - AN R ARRRI CAACGIZIAL CCLYYNIEE TIAACIRITEAACIIE TEC - [RRIG------
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| I 1 | |
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1 | 1 1 1 1 | |
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Maja_squinado_{igl] = -------- ACTATAALGRCCTEAIIAZRAGEG TAECT TR TeRR GATLIEACCTAAIICATE TAAMIRCTTRTACT TARTAS TARerttday
Intergenic spacer: ISP_trnQ_trnC (see Figure 5, main text)
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------------------ NN RN LT TSAAACIEZAS - ECC T TRIMMIEC T T TECASANIGIENASTCLARI- DAENITE - L2
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Intergenic spacer: ISP_nad4L_trnP (see Figure 5, main text)
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Figure S8.b
MajGO
Intergenic spacer: ISP_trnP_nad1 (see Figure 5, main text)
10 20 100
|
Maja_crispata_ISP_trnP_nadl GACTATATTACE uCﬁAAqumTTCMIjAEAﬁ mA&TC an&TﬂcmﬁlﬁAuATmleAATTTTAAACTTTCATAGT
Maja_crispata [f@ic2 ~ --------—o ATRTATUTAGT TR TRATTTALSRAACATRGTE TeTTiE ARRANACAE AZAZE AASAT TT T I AT AA TVl
10 20 30 40 50 60 70 80 90 100
I 1 I 1 1 I | | | I
Maja_squinado_ISP_trnP_nadl  TGACTAATAT TR/ M| TEATH AR TAT T T AT CARI TTTAGH TAACCE A TAT A A T IAATATATIF I TAATTTTGAACTTTTATGAT
Maja_squinado_[f@iEZ ~ --------—o CATTATTTLGUTTATRR TR AT TG T CRT TR AL TEIRAARGAALACAAALIAT TREell TALTT AA T8 ey
160 170 180 190 200 210 220 230 240 250
1 1 1 1 1 1 | 1 |
Maja_crispata_ISP_trnP_nadl  --GZCTAJA-[REAC-ICCHS---2ET -~ IAASA - IRRERISA - --LSAIEZC- - TAREA - ISASCONIA - -8 ---- LA TATTIE
Maja_crispata_[JEE[ LA T TTALL AT TUTCTHEEAGELRTARTCEN TTTATTCAIRIACETALSCTIS TTTACTCRAACEAAATIRRRIICAIRRRICACe T TACAT]
260 270 280 290 300
| | 1 |
Maja_crispata_ISP_trnP_nadl ——AmAmlj—m-mGﬁ N -----------—-
Maja_crispata_[EE[ LUATAETTASTTTTAASCTTETCARTASTUTTATT T TR RN
130 140 150 160 170 180 190 2oo 210 220
| 1 | 1 | 1 1
Maja_squinado_ISP_trnP_nadl  -TGACHAGTA- BATTTIGATTATCATYTATE WﬁeﬁmeAAACTAAAﬁAmAmAWTmechﬁcmm
Maja_squinado_ET[E GGATUTACACIENAL ATTTTGATT [[CATRTATCTTATUTETRATTTT TR TR CAATAMI e TRTTUATHCATTEATETASSS THTTEALCTT]
230 240
1 1
Maja_squinado_ISP_trnP_nadl  TTA-TEATNMARMT----
Maja_squinado_[fEG[E CARACEAANRITIRRICTTTT

Intergenic spacer: ISP_trnl_trnM (see Figure 5, main text)

10 20 30 40 50 60
| | | | | |
Maja_crispata_ISP_trnl_trnM  —-——————————, VIAGT TRIARSAREIEC T TRESSGATRAAAA!
rc_Maja_crispata_[Tge) TTATCTGCAACGGRSIRIACACCAT TASIRI TAAAGNICIYYYACTTTCTGTGCGCTATACACCAACAAATA
10 20 30 40 50 60
| | | | |
Maja_squinado_ISP_trnl_trnM  AANITITANSTTRA- - XS CEFACIATIRRIAT
rc_Maja_squinado_(Tg0] T CLGC S GGG T TR A T IACIIREYAAGATCAAAACTTTCTGTGCGCTATACACCAACAAATA

rc = reverse complement sequence of a gene encoded in the B-strand

Intergenic spacer: ISP_trnW_cox1 (see Figure 5, main text)

10 20 30 40 50 60

| | | | | |
Maja_crispata_ISP_trnW_coxl  TNNINACGRGCUCUCIATAACERAIENT TCIICATTCIECSeCT]-——————————————————-
rc_Maja_crispata_[Tgi CIY N Y AAAAGATIIACT - TEIRRIIIAGAIRITACAALS T®EGCII TAAACCTCAGCCATCTTATC

10 20 30 40 50 60

| | | |

Maja_squinado_ISP_trnW_cox1  TNNFNAC- MC ﬁcm:cc-m

rc_Maja_squinado_{Tg C NI AA NS TAITEAS TTGIRITGTAGATTTACAATCTACCGCTTAAAACCTCAGCCATTTTATC

DamGO

Intergenic spacer: ISP_trnQ_ trnC (see Figure 5, main text)

10 20 30 40 50 60
| | | | | 1
Damithrax_spinosissimus_ISP_trnQ_trnC  ———————————————— TATIAAAITIRAGCCTiEEAA®
Damithrax_spinosissimus_[Tgal AGGATTTTAAGTTAT T TANAC THAANEEO) TCYAAGEIRRICAAAAAAAGAT TATTTTAAATCCTA

Intergenic spacer: ISP_trnl_trnM (see Figure 5, main text)

10 20 30 40 50 60
| | | | | I
Damithrax_spinosissimus_ISP_trnl_trnM  ----- CCLGGIETGRRICATTCUTTEIAT
Dami thrax_spinosissimus_[Igi) TTATTTALTALCGANRRIALCCAIIACTITAAAAAATCAAAGTTTTTCGTGCCCCTACACCAATAAATA

HuaGO

Intergenic spacer: ISP_trnV_trnQ (see Figure 6, main text)
4o 5o so

Huananpotamon_lichuanense_ISP_trnV_trnQ  ——-----——- MC ATATTA AATAT Tn—
Huananpotamon_lichuanense_[E ATAATGAAATIAA NNV TIVNVNRIARG
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Figure S8.c
GeoGO
Intergenic spacer: ISP_trnL2_trnL1 (see Figure 6, main text)

50

TTAAEAWT TANITAL A.CdGMWTAﬁW mTHCTTA

70 80 90

AAA

Geothelphusa_dehaani_ISP_trnL2_trnLlc

Geothelphusa_dehaani_[gi%El

R R N R A A R

470 480 490 500 510 520 530 540

| | | | | | |

Geothelphusa_dehaani_ISP_trnL2_trnLlc  AAACACI C TT TET A TUA A CiCC I /AICC T CATC 'GTCCCIATAAT GT " AA
Geothelphusa_dehaani_[" "2 —————- - IAC ACGIAIIC T TET-[ G TT A - A= eT i -—-GC, A-11C-
470 480 490 500 510 520 530 540

Geothelphusa_dehaani_ISP_trnL2_trnLlc
Geothelphusa_dehaani_{dfi%E

| | | | | | | |
Y Y CACTACT T TLRIATACLISIAU T TATETAITATAAARSCC TAAAT R AIITCLNICAAIICCC TEN NN RIAAAGTHAALYS
B CTACT T TINCAT AL e T TATIAT ALY TAAALBCCTAAAT [RIAI TGRS AANSCCC TR ele/ A AGTRAALS

Intergenic spacer: ISP_cox1_cox2 (see Figure 6, main text)

Geothelphusa_dehaani_ISP_cox1_cox2
Huananpotamon_lichuanense_[Tgj¥a

10

| | | | | | |
g A LVACATAIAA TG TATISIRNEC T T ALYAC T TASRAAGARIT TATRYIT TCT T TTAGAA Rl

20 30 40 50 60 70

LG AATIEACAEARAATRGTA TR CT TR AWM CTRT TAIIEAAGARTTATISTTCTTTTAEAA Sy

Si1nGo
Intergenic spacer: ISP_trnS2_nad1 (see Figure 6, main text)

120 130 140 150 160 170 180 190

| | | | | |
Sinopotamon_xiushuiense_ISP_trns2_nadl HGECCWCWCWCA-WTﬁAACﬂCATMTTTcmCTMAHCWAWW
Sinopotamon_xiushuiense_[IgiA AT T TASHT TRALTAALRRIATAAARACAAATIET I T) (e M A A A A T AAAAAINCAAACALTS TRTARTA
Intergenic spacer: ISP_trnL1_trnM (see Figure 6, main text)
360 370 380 390 400 410 420 430 440

SATREA

AT R T TR A L T TR TCTL A AR G AT T AT STARRTTATA
~SAARGCAA--[NEEG- -~ NRMIGCHCCA TN - CHAITICI - LENANIGEVATE -CLENA-- CLEITII- - GIAEAACIRG

Sinopotamon_xiushuiense_ISP_trL1_trnM
Sinopotamon_xiushuiense_[Zf

XenGO

Intergenic spacer: ISP_trnS2_trnH (see Figure 7, main text)

390 400 410 420 430 440 450 460

| | | | | | |
P || ALV GAUCAA AT AAGUIAATCAAIACTAALT T AT TR T A\ AT AAG T TAAIACJIRCCp

Xenograpsus_testudinatus_ISP_trnS2_trnH

rc_Xenograpsus_testudinatus_[{EGH

Xenograpsus_testudinatus_ISP_trnS2_trnH
rc_Xenograpsus_testudinatus_{EGE

Xenograpsus_testudinatus_ISP_trnS2_trnH
rc_Xenograpsus_testudinatus_{EGH

facC
ICTTL LA AL ACVAATTATAA IS AATCAARARTAAG TTIEATATTISATIIE A AWTISTAAAR TTARAAECICCLBY

470

| | | | | | | |
T TAZETTTATTT TSN -~ MAARERA - BTCATTRATACIE]- - TR TTTRATIERANETA
CIEATIEICACRAAAG IS IR A 6C TN CIREAC T T TGAA BTG TIRIGEGCRECAGICOIERICTIESCT

480 490 500 510 520 530 540

550 560

|
AT TINC- - ----
ﬂAmGﬁGmTAT_CAATT

Intergenic spacer: ISP_trnP_nad1l (see Figure 7, main text)

640 650 660 670 680 690 700
| | | | | | |
Xenograpsus_testudinatus_ISP_trnP_nadl = HALEAAS T Cl--ATEATATATTT A LA CCTE - IAAITA- -
Xenograpsus_testudinatus_| GG ALGALAT G ALGTIICCATITCEACCCAAT] AAACETINICGIICGG C
710 720 730
| | |
Xenograpsus_testudinatus_ISP_trnP_nadl - ---[ 1/ AA AIICTIIC ———
Xenograpsus_testudinatus_| TAGTTAATT TUAGIT TTAA
Intergenic spacer: ISP_trnE_trnT (see Figure 7, main text)
10 20 30 40 50 60 70 80 90

| | |
Xenograpsus_testudinatus_ISP_trnE_trnT MTMG CTCTTA] MCMATMTNTTTAAETHCT ARAAAT ATARCT-TTTRASATTRSECI TR
rc_Xenograpsus_testudinatus_{EGE [CCANTACINITAAINTCTCTTAZAAARTAAIKGAT TACEAT (o [e CEANIAATAIIAAAT TIAATAAHCAITY XSS AACLYNCACCY T(®A|
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Figure S8.d
SesGO
Intergenic spacer: ISP_trnQ_trnl (see Figure 7, main text)
20 30 40 50 70 80 90 100
| | 1
Sesarma_neglectum_ISP_trnQ_trnl  CIYNFANEITAATE TATEANIT CATﬂAﬁAV.‘TATﬂTNTAT AATTTRT] CATTTTCACA
Sesarma_neglectum_[Tgil] BAATALIAGTREe TREAT T TIAALGEAT SO TI TCASEE TACAS GCIC————H GTAATTTTT] ——C TATA TR--———---
80 90 100 110 120 130 140 150
| | | | | |
Metopaulias_depressus_ISP_trnQ_trnl  [NACRIAAGAT-IARCAINATAT TRAACHRATAIRIAACRTIATIA TTM—AAWAAC
Metopaulias_depressus_{Tgill JAAIIATAET ceeTeAImITAARAREAECATACTET T ERRATACTHECAANCATERTAT TREES TEETUTTIACETS TATT
130 140 150 160 170 180 190
| | | | | | |
Sesarmops_sinensis_KR336554_ISP_trnQ_trnl  ATAANITAUTTTHATHATYNATARATAATIATINICART Til- AT TIYSRRRRRICCASCAAR CCCT
Sesarmops_sinensis_KR336554_[dgil] AT T O T T TAAAACEAITNCS T TIEATINC A TNATI®AT ETAATT TTT TS CUALALRE S
DynGO
Intergenic spacer: ISP_trnl_trnM (see Figure 8, main text)
10 20 30 40 50 60
| | |
Dynomene_pi lumnoides_ISP_trnl_trnM  ——---—- n————mT——nTTﬁTCCECMAM——W ——————————————
rc_Dynomene_pi lumnoides_[Tgi0)] ATATACGLIYNIGGAAIRIGEACCACCHCT TNAANNICYNACCIRITICGTGCTTTCTACAC

Intergenic spacer: ISP_trnL1_trnQ (see Figure 8, main text)

230 240 250 260 270 280 290 300
| | | | | | | |
Dynomene_pi lumnoides_ISP_trnL1_trnQ  AUTAAGTVNIRTATEANIACAANTAT NRIVNIACATICATRATH TAT I TAECICEIAT TAINEA - - IACAERIAAAGAT
rc_Dynomene_pi lumnoides_[fiNY] B AR AATAACARCEAT LIICARCRATTAATECRU TCARARE TLARTEAGITECTLIN I TATAEE TANAT T TR ey
340 350 360 370 380 390 400 410
| | | | | | 1
Dynomene_pi lumnoides_ISP_trnL1_trnQ PATATIZAT T@@GMTATAAWTAWC@T@CEA@C@T TIRZIYYACAEAGTARTCIRITCACAACAGTAA
Dynomene_pi lumnoides_{Tgill AATAT/ET R CTIEAIAAAAA EERIETACR TR TLCITACACCTRAASE T TATAAARECLIC O A e TTAIAN AL IAREESS
MaVaGO
Intergenic spacer: ISP_nad4L_nad6 (see Figure, 8 main text)
10 20 30 40 50 60 70 80
| | | | | | | |
Cyclograpsus_granulosus_ISP_nad4lL_nadé  TASRRRIANAGRRIAGT TNACCAARTN YT RIEE TIRITIACTEE TEIGCCTGCAACTIRRIEC THAGIIAAAGAG
Cyclograpsus_granulosus_{Zgilj G T T TTOATACTTTASESAAAIEECCAAAACATTCCT®TT ETAY COAT.Y NI YN IANTTTC I TAAACTREEEE
60 70 80 90 100 110 120 130 140
| | | | | | | | |
Macrophthalmus_japonicus_ISP_nad4L_nadé  ACAAATATAIRRRRIATAAAGAAAGIRRIYACCTANNAACTTTTTAYNRIEEIALICA- YA AV -V NIAA TCCAIRRRIYNACTTIAA
Macrophthalmus_japonicus_[Tgil| ETTTTTATA CTTTAASERSAAARESEEES ACATTGG T TIEIAAACCIEAAGAIIAAATIC AN TT T TAAALYSTES

Intergenic spacer: ISP_trnP_nad1l (see Figure 8, main text)

10 20 30 40 50
| | | |
Cyclograpsus_granulosus_ISP_trnP_nadl  ----—-----—- ACUATTIUCETTATTANS IS TR ACT R AT T
Cyclograpsus_granulosus_[{EG[E ATTTTTATATTGASANRICE TIRIARACTIRICIHEMI TCATIRRI TN ARIAC
10 20 30
| | |
Helice_tientsinensis_ISP_trnP_nadl =  --—————- AGTTAACEITTCCTTRICTINTEAT]
Helice_tientsinensis_fEG[E NI RRRRICTTAACYNTTCCTTIRICTUTUAT]
190 200 210
| | |
Eriocheir_hepuensis_ISP_trnP_nadl ----- AGTTTRATTLACTCTANATTEEEE
Eriocheir_hepuensis_[JEL[ ATATT SRR TARICA-UTIATARIGCGTC

Intergenic spacer: ISP_rrnL_rrnS (see Figure 8, main text)

10 20 30 40 50 60 70

| | | | | | |
Macrophthalmus_japonicus_ISP_rrnL_rnnS AT 1YY LRI TAAC T AGU TAISATLRITAS TTTALZYT TEEEEE—
Macrophthalmus_japoni cus_[Igny TCAAAGCAAACCGACTTGCACGGTAMRICT TCTEAATGIZANeL CACAIAC TINIACIAAATGC TIIACTTTG
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MajGO, Maja crispata, Maja squinado
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Figure S9. The evolutionary pathways generating the MajGO modelled by tandem duplication nonrandom loss (TDNRL) models.

The rearrangement in the GO of Maja species is investigated, and depicted with respect to BraGO. TD/NRL tandem duplication/ non random loss event.
The genomic and genetic nomenclature, as well as the colour scheme, are the same as in Figure 1. The genes that changed their position relative to
BraGO, through a transposition event, are shown with a yellow background. The passively-shifted genes are figured with their original background. Ablue
circle marks an intergenic spacer presentin a position associated to genomic rearrangement (see Figure 5, main text).

Text associated to Figure S9.

The MajGO arrangement can be explained by the tandem duplication nonrandom loss (TDNRL) models (Fig. S9). Two TDNRLs models exhist'*. The model first was developed
by Lavrov et al." to explain the arrangement of two Diplopoda. In these millipedes most of the genes located in the same strand are contiguous, thus generating a strand-biased
arrangement1. More recently, a second TDNRL model was presented by Beckenbach’ to explain the genomic arrangement of the winter crane fly Paracladura trichoptera,
which exhibits a GO with a stand-biased distribution of the genes, different however than that described for millipedes. Both models implied the duplication of the complete
mtDNA. This process generates a dimeric molecule where the monomers are covalently linked head to tail (Lavrov et al.") or head to head (Beckenbach?®). For reason of space
only the TDNRL model of Beckenbach®is presented in Figure 5 of main text.

The model of Lavrov et al." implies the occurrence of a single, bidirectional, transcription promotor located in the CoRe, while the model of Beckenbach’ assumes the presence
of multiple transcription promotors located on both strands and associated with block of genes.

Both TDNRLs imply that, after the complete duplication of the mtDNA, the transcriptional promotor/s, which are located in the same strand, are lost/inactivated in the first
monomer and the same process occurs in the opposite strand of the second monomer.

Thus, the genes, located in the strand deprived of their promotors, cannot be transcribed. This effect rapidly transforms the genes in pseudogenes, which are lost at the end.
The final rearrangement is thus strand-biased and non random. However, no-biased transposition/inversion can also occur. The model of Lavrov et al." explicitly predicts the
presence of a second intergenic large spacer (indeed the duplication of the CoRe), while the model of Beckenbach’ does not make any assumption on the presence/absence of
intergenic spacers. Finally, none of the two TDNRL models denies the possibility that intergenic spacers are present in positions different than CoRe as the effect of the TDNRL
process.

In Maja species, intergenic spacers of variable size (Supplementary Figs. S1, S9) are present in all the positions associated with genomic rearrangements. However, the

presence of these spacers does not allow to decide what model (TDRL or TDNRL) describes better the evolutionary pathway that generated the Maja GO. Indeed the presence
ofthese spacers is consistent with both models.

References

1. Lavrov, D.V. Boore, J.L., & Brown, W.M. Complete mtDNA sequences of two millipedes suggest a new model for mitochondrial gene rearrangements: duplication and
nonrandom loss. Mol. Biol. Evol.19, 163—169 (2002).

2.Beckenbach, A.T. Mitochondrial genome sequences of Nematocera (Lower Diptera): evidence of rearrangement following a complete genome duplication in a Winter Crane
Fly. Genome Biol. Evol. 4,89-101; doi:10.1093/gbe/evr131 (2012).



Basso et al. The highly rearranged mitochondrial genomes of the crabs Maja crispata and Maja squinado (Majidae) and gene order evolution in Brachyura. Supplementary Information.
GeoGO, Geothelphusa dehaani
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GeoGO, Geothelphusa dehaani
duplication random loss, mechanism producing the observed re-arrangement; D1-D2, gene duplication events; tRNA-R, tRNA remoulding

The rearrangements in the GOs of Potamid species are investigated and depicted with respect to BraGO. T1, transposition event; tdlr,
event; GL, gene loss event. The genomic and genetic nomenclature, as well as the colour scheme, are the same as in Figure 1 of main text.

Figure S$10. Alternative transformational pathways for GeoGO.
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