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Revisiting mitogenome evolution in Medusozoa
with eight new mitochondrial genomes

Min Kang Ling,’¢* Nicholas Wei Liang Yap,?? Iffah Binte lesa,” Zhi Ting Yip," Danwei Huang,'?*
and Zheng Bin Randolph Quek'->*

SUMMARY

Mitogenomics has improved our understanding of medusozoan phylogeny. However, sequenced medu-
sozoan mitogenomes remain scarce, and Medusozoa phylogeny studies often analyze mitogenomic
sequences without incorporating mitogenome rearrangements. To better understand medusozoan evo-
lution, we analyzed Medusozoa mitogenome phylogeny by sequencing and assembling eight mitoge-
nomes from three classes (Cubozoa, Hydrozoa, and Scyphozoa). We reconstructed the mitogenome phy-
logeny using these mitogenomes and 84 other existing cnidarian mitogenomes to study mitochondrial
gene rearrangements. All reconstructed mitogenomes had 13 mitochondrial protein-coding genes and
two ribosomal genes typical for Medusozoa. Non-cubozoan mitogenomes were all linear and had typical
gene orders, while arrangement of genes in the fragmented Cubozoa (Morbakka sp.) mitogenome
differed from other Cubozoa mitogenomes. Gene order comparisons and ancestral state reconstruction
suggest minimal rearrangements within medusozoan classes except for Hydrozoa. Our findings support a
staurozoan ancestral medusozoan gene order, expand the pool of available medusozoan mitogenomes,
and enhance our understanding of medusozoan phylogenetic relationships.

INTRODUCTION

Cnidaria is an ancient and diverse group of organisms dating back to the Precambrian.'? It comprises three major clades® *—subphyla An-
thozoa (classes Octocorallia and Hexacorallia), Endocnidozoa (classes Myxozoa and Polypodiozoa), and Medusozoa (classes Cubozoa, Hy-
drozoa, Scyphozoa, and Staurozoa). The large morphological diversity and phenotypic plasticity within Medusozoa have hampered efforts
to resolve evolutionary relationships between medusozoans based solely on morphology.”? Consequently, molecular techniques have
been employed both alongside morphology” and independently®”'° to disentangle the evolutionary history of medusozoans.

Among the different molecular techniques used, including transcriptomics'""'? and nuclear phylogenomics,” mitogenomic analysis has
played an important role in improving our understanding of cnidarian, and in particular medusozoan, phylogenetic relationships. An early
hypothesis based on molecular analyses by Bridge et al.'® placed Anthozoa as sister to Medusozoa on the basis that the former has circular
mitogenomes while the latter has linear mitogenomes. Since then, numerous cnidarian studies have found further support for circular mito-
genomes in Anthozoa'*"® and linear mitogenomes in Medusozoa.'*”'? However, recent findings suggested that some anthozoans (e.g.,
Ceriantharia) may also have linear mitogenomes™ (but see Smith?").

Mitogenomics has also been used to investigate the relationships between the medusozoan classes. Studies on mitochondrial protein-
coding genes (PCGs) by Zou et al.”? recovered the monophyletic classes Cubozoa, Hydrozoa, and Staurozoa, as well as a paraphyletic Scy-
phozoa, with Staurozoa being inferred to be sister to the other medusozoan classes (Figure 1A). Similarly, Kayal et al.'® also recovered a para-
phyletic Scyphozoa alongside monophyletic classes Cubozoa, Hydrozoa, and Staurozoa using mitochondrial PCGs, although they recovered
Staurozoa and Cubozoa as sister clades instead (Figure 1B). Notably, while mitogenomics in the aforementioned studies recovered a para-
phyletic Anthozoa and placed Discomedusae as the sister group to Hydrozoa, a phylotranscriptomic reconstruction by Pratlong et al.'” sug-
gested that the paraphyly of Anthozoa in mitogenomic studies likely resulted from saturation bias. More recently, analyses by Feng et al.”* on
the PCGs of 266 complete cnidarian mitogenomes retrieved a monophyletic Anthozoa and paraphyletic Medusozoa (Figure 1C). Within Me-
dusozoa, classes Staurozoa, Hydrozoa, and Scyphozoa were each inferred to be monophyletic as well. The study grouped Hydrozoa and Scy-
phozoa as sister taxa but placed Staurozoa as the sister group to Anthozoa instead (Figure 1C). However, Feng et al.”* omitted Cubozoa from
their study due to insufficient publicly available complete cubozoan mitogenomes and did not include any Coronamedusae (Scyphozoa)
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Figure 1. Hypotheses of cnidarian phylogenetic relationships based on previous mitogenomic analyses
(A=C) (A) Zou et al.””: (B) Kayal et al.'® and (C) Feng et al.”®

mitogenomes. Mitogenomics has also narrowed the phylogenetic position of Myxozoa. Reclassified from Protista to Cnidaria in the late 20"

892425 aarly studies have inferred Myxozoa to be either part of Medusozoa or sister to the subphyla.® Since then, additional phylo-
3,11

century,
genomic studies
position as sister to Medusozoa. These various competing hypotheses proposed based on mitogenomic studies throughout the years high-
light the complexity involved in resolving the phylogenetic relationships within Medusozoa.

More recently, advancements in genomic sequencing technologies have enabled large volumes of genomic data to be produced and

analyzed, leading to a push toward phylogenomic reconstructions across the tree of life.”*~*° Consequently, proposed mitogenomic phylog-
32,33

and further reconstructions of non-linear Myxozoa mitogenomes”>*’ have provided greater support for its phylogenetic

eny hypotheses have also been more recently corroborated by nuclear phylogenomics. For instance, both nuclear®’ and mitogenomic
analyses show that Hydrozoa orders Anthoathecata and Leptothecata are paraphyletic groups and support the monophyly of subphylum
Medusozoa.

However, there have also been disagreements between mitochondrial and nuclear phylogeny reconstructions. While the paraphyly of an-
thozoans has been proposed by mitogenomics”** (but see Feng et al.””), nuclear phylogenomic reconstructions have consistently estab-
lished Anthozoa as a clade sister to all remaining cnidarians.'"** The phylogenetic position of Meduosozoa classes has also been disputed.
Almost two decades ago, scyphozoan paraphyly, with Cubozoa as a sister group to the [Discomedusae + Hydrozoa] clade (Figure ST1A) was
inferred by Dawson’ based on 5.8S and partial 28S ribosomal DNA (rDNA) sequences. Since then, other nuclear phylogenomic studies have
found different phylogenetic relationships among the medusozoan classes (Figures S1B and $1C) based on nuclear protein genes.”'" These
discrepancies arise as mitochondrial DNA (mtDNA) is known to have higher substitution saturation compared to nuclear DNA (nDNA) and
suggest that mitogenomics may not be as suitable as nDNA for inferring deep Medusozoa relationships.'? Together, these discrepancies
highlight the challenges of resolving the medusozoan phylogeny using mitogenomics alone.

Nevertheless, despite the rise of nuclear phylogenomics, the study of mitochondrial evolution remains valuable for elucidating medusozoan
phylogeny. Mitochondrial sequences generally evolve at a faster rate than nDNA.*>* While the rate of mtDNA evolution in Anthozoa is much
lower compared to other taxa’ ¢ (but see Stampar et al.*%), mtDNA evolution rates in Medusozoa remain comparable to other metazoans,””*°
so mtDNA remains useful in providing informative sites for studying Medusozoa phylogeny. Additionally, mitogenomic sequences potentially
provide greater phylogenetic resolution between organisms at lower taxonomic levels.*'*? The low recombination rates of mtDNA”® also
contribute to its utility in studying closely related taxa.** Moreover, the use of mtDNA, which has a much smaller genomic size, and genes
of a common ancestry, as well as a relatively conserved genome structure,'® provides additional characters to base phylogenetic inference,

18.2345 and mitochondrial sequence evolution.** Indeed, the smaller size of mitogenomes allows mtDNA
29,46

such as mitochondrial gene order
to serve as a cost-effective marker for conducting preliminary investigations on phylogenies compared to sequencing whole genomes.
Consequently, investigating mitochondrial evolution remains important even with recent developments in nuclear phylogenomics.

In this study, we sequenced and assembled eight medusozoan mitochondrial genomes and reconstructed a mitogenome phylogeny with 84
other existing partial and complete cnidarian mitogenomes to study gene rearrangements in medusozoan mitogenomes. Our study expands
upon the pool of medusozoan mitochondrial genomes available and enhances our understanding of medusozoan phylogenetic relationships.

RESULTS

Newly assembled mitogenomes

A total of five new complete and three new partial mitogenomes were assembled (GenBank ID: OR400200 — OR400214) comprising five
Scyphozoa (one partial, four complete), one complete Cubozoa, and two partial hydrozoan mitogenomes. The assembled scyphozoan
and hydrozoan mitogenomes were assembled as single linear molecules, whereas the cubozoan mtDNA recovered eight linear mitochondrial
chromosomes. All mitogenomes had 19 mitochondrial genes, with the exception of the two hydrozoan mitogenomes (missing orf314 and
dnaB) and Morbakka sp. (missing trnW). A list of the mitochondrial genes present in each mitogenome can be found in Table S1 while
DNA mapping figures of assembled mitogenomes can be found in Figure S2.

Phylogenetic analyses
A monophyletic Medusozoa was recovered in both the maximum likelihood (ML) and Bayesian (Bl) phylogenetic trees. As the topology of
both analyses was largely conserved (save for Hydrozoa), only the ML tree is presented in Figure 2 (the complete ML and Bl trees are provided
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Figure 2. Phylogenetic relationships among Cnidaria mitogenomes based on maximum likelihood (ML) and Bayesian (BI) analyses

(A and B) (A) Ulmaridae; (B) [Mastigiidae + Acromitus] clade. Support values correspond to the bootstrap values from the ML phylogeny (BS > 50%) and
posterior probabilities from the Bl analysis (pp > 0.8). For nodes with differences in topology, only the bootstrap values (BS > 50%) were provided.
Posterior probabilities for these nodes were denoted with a dash (—). GenBank ascension numbers of mitogenomes are provided in parentheses. Bolded
specimens indicate newly assembled mitogenomes from the current study. The degree (°) symbol denotes available mitogenome recorded as circular on
GenBank.

in Figures S3 and S4, respectively). Of the four medusozoan classes, all except Scyphozoa were monophyletic with maximum bootstrap sup-
port and posterior probability (Figure 2). For Scyphozoa, the subclass Discomedusae formed a clade (bootstrap support [BS] = 100, posterior
probability [pp] = 1) while subclass Coronamedusae (represented by Linuche unguiculata, GenBank: JN700939) was inferred to be sister to
Cubozoa (BS =51, pp = 0.98). The phylogenetic relationships between medusozoan classes were conserved in both analyses: Hydrozoa and
Discomedusae were recovered as sister clades (BS = 97, pp = 1), the [Cubozoa + Coronamedusae] clade was designated as the sister group to
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the [Hydrozoa + Discomedusae] clade (BS = 50, pp = 0.99), and Staurozoa was placed as the outgroup to the rest of the medusozoans, with
maximum bootstrap support and posterior probability.

Intra-class relationships were identical for all medusozoan classes less Hydrozoa between ML and Bl analyses with strong bootstrap
support and high posterior probability. For Staurozoa, a monophyletic suborder Myostaurida was inferred from both analyses (BS = 77,
pp = 0.97). The sole Amyostaurida analyzed in the current study (Craterolophus convolvulus, GenBank: JN700975 — JN700976) was desig-
nated as the sister taxa to the Myostaurida. Within Cubozoa, Carybdeida (BS = 99, pp = 0.98) and Chirodropida (BS = 100, pp = 1) were
recovered as monophyletic orders. For Discomedusae scyphozoans, the order Rhizostomeae was reconstructed as monophyletic (BS = 63,
pp = 99) while Semaeostomeae was inferred to be paraphyletic, with the family Ulmaridae forming a sister clade to the Rhizostomeae
(Figure 2) and the remainder of Semaeostomeae being recovered as the sister group to the [Rhizostomeae + Ulmaridae] clade (BS =
100, pp = 1).

For Hydrozoa (Figure 2; Figure S4), both ML and Bl analyses retrieved the subclass Trachylinae as monophyletic with maximum bootstrap
support and posterior probability. Additionally, most clades within Hydroidolina remained consistent across both analyses as well. Both ML
and Bl analyses recovered order Siphonophorae as monophyletic (BS = 100, pp = 1) and both Leptothecata and Anthothecata as paraphyletic.
In Leptothecata, all taxa less Nemalecium lighti (GenBank: MZ457217) formed a single clade with high bootstrap support and posterior prob-
ability (BS = 100, pp = 0.99). Meanwhile, within Anthoathecata, both ML and Bl analyses inferred monophyletic suborders Aplanulata (BS = 98,
pp = 0.99) and Capitata (BS = 99, pp = 1), alongside a paraphyletic Filifera.

Intra-suborder phylogenetic relationships within Hydroidolina were more uncertain (Figure 2; Figure S4). In the ML phylogeny reconstruc-
tion, Filifera IV members were recovered as paraphyletic, forming a clade with Filifera Ill, and together, they were sister to Leptothecata (less
Nemalecium lighti) with moderate bootstrap support (BS = 63). The remainder of Filifera (Filifera | + Il) was inferred to be sister to Aplanulata,
and the [Aplanulata + Filifera | and ] clade was sister to Capitata, although both phylogenetic relationships have low bootstrap support
(BS < 50). The siphonophores were designated as the sister group to the [Leptothecata + Anthothecata] group (less Nemalecium lighti;
BS = 51), while Nemalecium lighti was inferred to be sister to the rest of Hydroidolina, with maximum bootstrap support. In comparison,
Bl analysis recovered Filifera Ill and Filifera IV as clades (pp = 1 and 0.93, respectively). Of the remaining Anthoathecata, Aplanulata was in-
ferred to be sister to the Leptothecata Nemalecium lighti (pp = 0.99). In turn, the [Aplanulata + Nemalecium lighti] clade was inferred to be
sister to Capitata (pp = 0.84). Unlike the ML analysis, Siphonophorae was deeply nested within Hydroidolina (pp = 1) while Leptothecata (less
Nemalecium lighti) was inferred to be the first diverging group among Hydroidolina (pp = 1).

The taxonomic positions of the newly assembled mitogenomes largely corresponded to their expected taxonomic groupings (Figure 2).
However, within Rhizostomeae, both ML and Bl analysis reconstructed Phyllorhiza punctata (GenBank: OR400201) and Acromitus sp. (Gen-
Bank: OR400205) as sister taxa (BS = 100, pp = 1), with the other Phyllorhiza punctata (GenBank: OR400204) being designated as the sister taxa
to Mastigias papua (GenBank: OQ695499). The remaining Acromitus sp. (GenBank: OR400203) was inferred to be sister to Acromitus flagel-
lates (GenBank: OM457248) (BS = 100).

Medusozoan mitochondrial gene rearrangement

A total of 92 complete and partial mitogenomes (eight from the current study and 84 existing genomes from GenBank) representing 82
unique taxa were analyzed for medusozoan mitogenome PCG rearrangements. Overall, the mitochondrial gene orders in the current study
largely corroborate those previously analyzed by Kayal et al.®

Inter-class gene order for medusozoan PCGs remained highly conserved between most of the medusozoans, less Hydrozoa, while minor
rearrangements were found within classes. As most of the gene order rearrangements were consistent between the ML and Bl analyses (less
that of Nemalecium lighti), only the gene order rearrangements relative to the ML phylogeny are presented in Figure 3 (gene order rearrange-
ments for the Bl analysis are provided in Figure S5). Gene order for all but two Scyphozoa was conserved and identical to that of the four
Staurozoa examined in the current study. Of the remaining two scyphozoans, Linuche unguilata (GenBank: JN700939), the sole coronate, lacks
trnW, rnl, polB, and orf314 (although the latter three genes may still be present in Coronomedusae given that the Linuche unguilata mitoge-
nome is incomplete; see Kayal et al.'®) while Stomolophus sp. (GenBank: MK157198) lacks both polB and orf314 and has an inverted rnltrans-
located downstream of cob.

Likewise, gene order was conserved in six out of eight of the chromosomes across all Cubozoa mitogenomes, including the Morbakka sp.
reconstructed in the current study. Similar to Kayal et al.,'® we recovered single-gene chromosomes containing cob, cox1, and rnl, chromo-
somes with gene pairs nad2-nad5 and orf314-polB, and a chromosome with the gene cluster cox2-atp8-atpé-cox3. However, the remaining
two chromosomes recovered in the Morbakka sp. mitogenome comprised a single-gene chromosome containing rns and a chromosome with
gene cluster nadé-nad3-nad4L-nad1-nad4, rather than a single-gene chromosome containing nad4 and a chromosome with gene cluster rns-
nadé-nad3-nad4L-nadi1-nad4 found in all other Cubozoa mitogenome. Additionally, while trnM was recovered downstream of cox3 in the
Morbakka sp. chromosome containing gene cluster cox2-atp8-atpé-cox3, we failed to identify additional copies of trnM downstream of
cox1 and cob as previously identified in all three Alatina alata mitogenomes. With the inclusion of the Morbakka sp. mitogenome, the mito-
chondrial gene order of cubozoans across all eight chromosomes remained highly similar to that of Staurozoa and Scyphozoa save the
absence of trnW, supporting previous findings from Kayal et al.'®

Mitochondrial gene orders among Hydrozoa exhibited greater variation (Figure 3). While the gene orders for Trachylinae were identical to
Staurozoa, the gene arrangement in Hydroidolina differed from the rest of the medusozoans: within Siphonophorae, Anthoathecata, and Lep-
tothecata, there was a transposition, inversion, and duplication of cox1, along with a loss of the gene pair polB-orf314 with respect to the
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Figure 3. Comparison of gene order of Medusozoa mitochondrial genes with reference to the Maximum Likelihood (ML) phylogeny, using complete
cnidarian mitogenomes

For mitogenomes with multiple chromosomes, vertical lines denote breaks between each chromosomal fragment. Complete mitochondrial genes are indicated
in color, while pseudogenes (as indicated on GenBank) are colored but outlined with dotted lines. Missing genes are represented by uncolored boxes outlined
with dotted lines.

(A-l) Mitochondrial rearrangements indicated using black arrows: (A) Ancestral medusozoan gene order (AMGO); (B) fragmentation of mitochondrial genome,
loss of trnW; (C) loss of trnW, rnl, polB, and orf314, (D) inverse transposition of rnl and loss of polB and orf314; (E) loss of gene pair polB-orf314, and duplication,
transposition, and inversion of cox1; (F) inversion of rnl and transposition of trnW; (G) transposition of trnM; (H) fragmentation and duplication of coxT; (I) inversion
and transposition of rnl, as well as transposition of rns, cox1, atpé, and nad1. Asterisks (*) denote the phylogenetic positions of specimens assembled in current
study: Scyphozoa — Acromitus sp., Cassiopea sp., Phyllorhiza punctata; Hydrozoa — Zygocanna sp., Aequorea sp.; Cubozoa — Morbakka sp.

staurozoan gene order. This gene order was conserved across Hydroidolina, except in Aplanulata and Nemalecium lighti (GenBank:
MZ457217). Within Aplanulata, a transposition of trnW upstream of cox2 and inversion of rnl relative to the Hydroidolina gene order were
observed, while a second transposition of trnM upstream of rnl was also found specifically within Hydridae. Additionally, as noted by Kayal
et al.,'® the mitogenome of Hydra vulgaris (GenBank: HM369413 — HM369414) was derived from the fragmentation of the Hydridae gene or-
der into two similarly sized linear chromosomes. In comparison, Leptothecata Nemalecium lighti has a highly unique gene order, undergoing
an inversion of rnl as well as transposition of trnW, rnl, rns, and cox1. The inversion of rn/was inferred to have occurred independently of that in
Aplanulata in the ML analysis (Figure 3) but deemed to be synapomorphic in the Bl analysis (Figure S5). While Kayal et al.'® noted the
presence of two identical copies of cox1, one located at each end of the mitochondrial genome in non-trachyline hydrozoan species
sequenced in their study, we were unable to find the coxT psuedogene in both Hydroidolina (Aequorea sp. and Zygocanna sp.) mitogenomes
assembled here.

Ancestral state of Medusozoa gene order

Of the 92 mitogenomes used in the phylogenetic analyses, only 82 mitogenomes had all 13 PCGs and both rRNA rnl and rns. These mito-
genomes were examined in the ancestral state reconstructions of the medusozoan mitochondria gene order. Differences in the ML and Bl
topology did not involve taxa that had differing relative gene orders except Nemalecium lighti; thus, only the ancestral state reconstructions
carried out using the RAXML phylogeny are presented here (ancestral state reconstructions using the Bl phylogeny can be found in Figure S6é).
Results showed that the ancestral medusozoan gene order (AMGO) following linearization corresponded to that of the staurozoan gene order
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Figure 4. Results from the TreeRex analysis of the RAXML medusozoa phylogeny

Where applicable, inferred mitochondrial genome rearrangements are listed at the corresponding nodes. Gene order rearrangements are as follows: | —
inversion; T - transposition; iT — inverse transposition; TDRL — tandem duplication random loss. Genes undergoing rearrangements are indicated in
parentheses. Labels at nodes denote the inferred gene order for the common ancestor as listed in the ML TreeRex analysis output (Data S1).

(Figure 4), which remained conserved among all stuarozoans analyzed in the current study. Minor genome rearrangements occurred within
most of the medusozoan classes. For Scyphozoa, an inverse transposition of rnlin Stomolophus sp. (GenBank: MK157198) was inferred to have
occurred relative to the AMGO. The AMGO was conserved in all other scyphozoans.

In Hydrozoa, the AMGO was conserved among all Trachylinae while an inverse transposition of coxT downstream of cob in the AMGO
gave rise to the Hydroidolina AMGO. A further inversion of rnl in the Hydroidolina gene order gave rise to the Aplanulata gene order.
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This inversion of rnlwas determined to have occurred independently in Aplanulata and Nemalecium lightiin the ML phylogeny but inferred to
be a shared occurrence in the Bl analysis (Figure Sé). Besides the inversion of rl, further transpositions of cox1, atpé, and nad7 and a tandem
duplication random loss (TDRL) event relative to the Hydroidolina gene order were inferred in the gene order for Nemalecium lighti. Gene
order rearrangements for Cubozoa could not be determined due to the fragmented nature of cubozoan mitogenomes. Additionally, genome
duplication events, such as those common in Hydrozoa, and loss of genes (e.g., trnWin Cubozoa) were not represented in the ancestral state
reconstruction. TreeRex outputs for the RAXML and Bl phylogenies can be found in Datas S1 and S2, respectively.

DISCUSSION

The linear structure of medusozoan mitogenomes renders them difficult to sequence and assemble.’® As a result, the pool of available
medusozoan mitogenomes is smaller compared to anthozoans, which have circular mitogenomes.”* This scarcity of complete medusozoan mi-
togenomes contributes to the challenge of ensuring sufficient taxon representation when studying medusozoan phylogeny.'®?* Furthermore,
most medusozoan mitochondrial phylogenetic studies focus on studying mitochondrial sequences, with only the study by Kayal et al.'® attempting
to integrate both mitochondrial gene order and existing medusozoan phylogeny into a comprehensive hypothesis on medusozoan mitochondrial
evolution. Our study aimed to improve our understanding of medusozoan mitogenome evolution by presenting five new complete and three new
partial medusozoan mitogenomes and revisiting medusozoan mitochondrial gene order rearrangements in the context of their phylogeny.

18

Reconstructed medusozoan topology in context of existing phylogenetic hypotheses

The current study reconstructed a monophyletic Medusozoa topology similar to Zou et al.? (Figure 1B). Within Scyphozoa, a monophyletic
Rhizostomeae and a paraphyletic Semaeostomeae were recovered following the addition of five new Rhizostomeae mitogenomes (two Phyl-
lorhiza punctata, two Acromitus sp., and one Cassiopea sp.). Uimaridae remained more closely related to order Rhizostomeae than the rest of
Semaeostomeae (Figure 2), with maximum bootstrap support and posterior probability. In Hydrozoa, orders Limnomedusae and Siphono-
phorae were reconstructed as monophyletic clades, while Lepthothecata and Anthoathecata were reconstructed as paraphyletic clades (Fig-
ure 2) following addition of two newly reconstructed Leptothecata mitogenomes (Zygocanna sp. and Aequorea sp.). Filifera was also consis-
tently paraphyletic across ML and Bl analyses, forming two clades [Filifera | and Il] and [Filifera lll and IV]. However, our analyses failed to
resolve phylogenetic relationships within Hydroidolina. While ML analysis found support for Siphonophorae as the first diverging clade within
Hydroidolina (Figure 2) and recovered the clades [Leptothecata-Filifera lIl-IV] and [Aplanulata-Filifera I-l-Capitata], as per Kayal et al.,** boot-
strap supports for both clades were low (BS = 63 and 45, respectively). In comparison, Leptothecata was inferred to be the first diverging
Hydroidolina clade in the Bl analysis, with maximum posterior probability. Additionally, while the [Aplanulata-Filifera I-Il-Capitata] clade
was still recovered in the Bl analysis, the clade now includes Nemalecium lighti and is sister to Siphonophorae (Figure S4).

As Hydroidolina showed higher rates of gene order rearrangements relative to the rest of Medusozoa (Figure 3), discrepancies in the hy-
droidolinan topologies, particularly the phylogenetic position of Nemalecium lighti, may have arisen due to long-branch attraction (LBA).**
Since LBA hinders accurate phylogenetic tree reconstructions by grouping rapidly evolving taxa together based on homoplastic traits rather
than evolutionary history,”” we employed the following methods to minimize the impacts of LBA. Firstly, we used a large number of Hydro-
idolina mitogenomes (40 mitogenomes) to break up potentially long branches.”’**® Next, we cleaned all mitochondrial gene alignments using
Gblocks® (v0.91b) to remove poorly mapped regions that may affect accurate phylogenetic reconstructions.’”° Lastly, we also used
PhyloBayes (CAT-Poisson model) for our Bl analyses, since it may be better able to account for LBA artifacts.”’

Discrepancies between morphological identities and molecular phylogeny

From the reconstructed medusozoan phylogeny, one Acromitus sp. (GenBank: OR400205) was recovered alongside Mastigiidae (Figure 2)
instead of being grouped with the remaining Acromitus spp. (GenBank: OR400203 and OM457248). This discrepancy may have arisen due
to the large morphological diversity and phenotypic plasticity exhibited within and between Medusozoa species.” Furthermore, many Me-
duosozoa species exhibit ontogenetic morphological changes that contribute to the absence or presence of key morphological characters
during development, including several traits used for morphological identification (e.g., number of tentacles and statocysts).”* As two of the
specimens analyzed in the current study were juveniles (Acromitus sp. [GenBank: OR400205] and Phyllorhiza punctata [GenBank: OR400204]),
ontogenetic morphological variation may contribute to difficulties in identifying specimens via morphological characters. We caution that
sample OR400205 could indeed be a Phyllorhiza species, or comprise a hitherto unknown taxon, and that taxonomic revisions to Rhizosto-
meae are sorely needed. Indeed, previous molecular evidence has resolved the systematics of the Rhizostomeae from earlier, more subjective
morphology-based taxonomic approaches.>

Revisiting mitochondrial genome evolution in Medusozoa

The addition of eight newly reconstructed mitogenomes spanning three classes (Cubozoa, Scyphozoa, and Hydrozoa) to the list of available
medusozoan mitogenomes on GenBank allowed us to revisit medusozoan phylogenetic relationships and mitogenome evolution previously
examined by Kayal et al.'® Analyses of medusozoan gene rearrangements (Figure 3) and ancestral state reconstructions (Figure 4) using 13
PCGs and two rRNA genes both suggested that gene order within Medusozoa was highly conserved,'®?* with minimal inter-class gene order
rearrangements within Staurozoa, Cubozoa, and Scyphozoa. Furthermore, reconstructed medusozoan topology (Figure 2), Medusozoa gene
order rearrangements (Figure 3), and ancestral state reconstructions (Figure 4) all supported a staurozoan mitochondrial gene order ancestral
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to the rest of Medusozoa. This finding corroborates the staurozoan AMGO put forth by Kayal et al.'®

AMGO inferred by Feng et al.”*

At the class level, gene orders in Staurozoa, Scyphozoa, and Cubozoa were largely conserved. Gene orders of the four Staurozoa mito-
genomes analyzed in the current study were mostly identical. While polB, orf314, trnM, and nad2 were missing from some of these mitoge-
nomes, the absence of these genes was likely due to incomplete assemblies instead of evolutionary differences within staurozoan mitoge-
nomic sequences. Within Scyphozoa, the gene orders of the five new scyphozoan mitogenomes assembled in the current study followed
the staurozoan AMGO and were identical to all other existing scyphozoan mitogenomes with the exception of Stomolophus sp. Similarly,
despite cubozoans having multiple chromosomes due to fragmentation (Figure 3), gene order among Cubozoa mitogenomes, including
the newly reconstructed Morbakka sp., was largely identical to that of the AMGO save for missing trnW. All complete Cubozoa mitogenomes
thus far have also recovered eight mitochondrial chromosomes.

Nevertheless, some variations within Cubozoa were observed with regards to the gene arrangements among cubozoan mitochondrial
chromosomes. While gene orders were conserved for six out of eight cubozoan mitochondrial chromosomes, the grouping of mitochondrial
genes in the remaining two chromosomes differed between the newly assembled Morbakka sp. (rns and nadé-nad3-nad4L-nad1-nad4) and
the rest of Cubozoa (rns-nadé-nad3-nad4L-nad1-nad4 and nad4) (Figure 3). Additionally, while the Alatina alata mitogenomes all contained
three identical copies of trnM, only a single copy of trnM, located downstream of cox3, was reconstructed in the Morbakka sp. Partial mito-
genomes of remaining cubozoans analyzed in the current study were all missing both tRNA genes. While these differences could have arisen
due to errors in assembly, it is unlikely given the lack of spuriously mapped regions in the DNA mapping figure of the Morbakka sp. mitoge-
nome (Figure S2). Alternatively, these discrepancies could imply the presence of further gene rearrangements among cubozoan mitochon-
drial chromosomes, although further work on Cubozoa mitogenomes is needed to verify this hypothesis.

and contrasts against the hydrozoan

In comparison, Hydrozoa displayed the greatest variation in gene order among all the medusozoan classes, with at least six different gene
orders among the hydrozoans investigated in the current study (Figure 3). Trachylinae gene orders were identical to the staurozoan
AMGO, %% while most Hydroidolina (save Aplanulata and Nemalecium lighti) had a conserved gene order featuring the transposition, repli-
cation, and inversion of cox1 and the loss of the polB-orf314 gene pair relative to the AMGO (Figure 3). Most of the gene rearrangements in
Hydrozoa were found within Aplanulata, with non-Hydridae Aplanulata, Hydridae, and Hydra vulgaris all having different gene orders from the
rest of the subclass.'® The Hydra vulgaris mitogenome is also fragmented into two chromosomes, a feature that is suggested to have arisen
independently from mtDNA fragmentation in Cubozoa.'® Among Leptothecata, Nemalecium lighti is the only taxon positioned separately
from the rest of Leptothecata. Its unique gene order among Hydrozoa and large number of gene order rearrangements (Figure 3) relative
to the rest of Leptothecata appear to validate the concerns raised by Macher et al.** regarding its phylogenetic position within Leptothecata.
While the gene order of the remaining Leptothecata comprises two cox1,'® the absence of a second copy of cox1 in both Leptothecata mi-
togenomes reconstructed in the current study (Zygocanna sp. and Aequorea sp.) is likely an artifact of incomplete assembly rather than evolu-
tionary differences, given that copies of cox1 pseudogenes were recovered from other hydrozoans (see Kayal et al.*?).

Ancestral state analyses in our study largely support the mitogenome rearrangements described earlier, although our ML and Bl phylog-
enies differed in whether the inversion of rn/ was synapomorhic to both Aplanulata and Nemalecium lighti. However, as TreeRex is unable to
handle mitogenomic datasets without a fixed gene set,” these analyses are not able to infer duplication, deletion, and fragmentation events
within Medusozoa mitogenomes. Since the deletion of gene pair polB-orf314 and cox1 duplication are common in Hydroidolina (Figure 4),
while mtDNA fragmentation is ubiquitous in Cubozoa (and several Hydra species),'® understanding the evolution of mitogenomic arrange-
ments among the hydrozoans and cubozoans remains a challenge. Finally, the high variability in the rates of gene rearrangements within the
various medusozoan groups, particularly between non-hydroidolinan medusozoans and hydroidolinans (Figures 3 and 4), also highlights the
limitations of using only gene order for phylogenetic reconstructions.

While mitochondrial sequences and gene orders have been used to infer phylogenetic relationships,'®*?

the evolutionary implications of
mitochondrial gene order rearrangements remain understudied.”® Nevertheless, recent studies on metazoan mitochondrial gene order by
Shtolz and Mishmar®’ reported that differences in the mitochondrial gene orders of taxonomic groups that shared mtDNA gene content
(e.g., arthropods and chordates) resulted in changes in mtDNA transcription rates between different organisms. Such changes arise as mtDNA
rearrangements reshuffle regulatory elements (e.g., transcription binding sites) within the mitogenome that regulate mtDNA transcription,*®>’
contributing to changes in interactions between transcription factors and mtDNA regulatory sites that affect mitochondrial gene expression.”’
Furthermore, since the mitochondrion regulates respiration, differences in mtDNA transcription rates arising from mtDNA rearrangements”’
may in turn introduce physiological or ecological trade-offs among different taxa (see Ballard and Pichaud™), highlighting the potential impli-
56,57

cations of mitochondrial gene order rearrangements on evolutionary fitness. However, research in this area, generally for Metozoa and spe-

cific to Medusozoa, remains lacking. Further work is required to elucidate the impacts of mitochondrial gene order on Medusozoa ecology.

Limitations of mitochondrial studies in deciphering deep Medusozoa phylogeny

As mtDNA has higher substitution saturation compared to nDNA, similarities in Medusozoa mitogenomic sequences may not accurately
reflect their phylogenetic relationships, leading to a significant loss of phylogenetic information when studying deep phylogenetic relation-
ships.'? Considering that inter-class relationships within Cnidaria have largely been resolved (see Kayal et al.%), and that current studies seek to
decipher the topologies of higher taxonomic clades within medusozoan classes (e.g., Hydroidolina) (see Bentlage and Collins®’), nuclear
genes, which have lower rates of substitution than mtDNA, will be required especially when dealing with relationships at taxonomic levels
higher than subclass.*
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Nevertheless, mitogenomics can play a supplementary role alongside nuclear phylogenomics in unraveling medusozoan phylogeny.
While low rates of mtDNA in sister subphyla Anthozoa may hamper the use of mitogenomic sequences for inferring anthozoan phylogeny
at lower taxonomic levels,***" evolution rates of Medusozoa mitochondrial sequences remain comparable to those of other Metazoa.™
Consequently, mitogenomic sequences can still provide greater phylogenetic resolution at the species and genus levels,"’ complementing
the use of nuclear phylogenetics for higher-level Medusozoa relationships.

Additionally, the scarcity of complete medusozoan mitogenomes, owing to difficulties in assembling linear mitogenomes, has curtailed taxon
representation for reconstructing the medusozoan phylogeny.'®”* As Zou et al.”” highlighted, there is currently a lack of complete mitogenomes
of Coronamedusae available on GenBank; as of the study, most available coronate mitochondrial sequences on GenBank are cox sequences,
with only a handful of rn and cox3sequences and one partial mitochondrial genome (Linuche unguiculata) published by Kayal et al.”® Beyond the
coronates, several other clades of interest within Hydroidolina (Filifera |, Filifera Il, Siphonophorae, and leptothecatan family Haleciidae), as well
as Staurozoa and Cubozoa in general, are also underrepresented. The reconstruction and incorporation of additional mitogenomes from these
groups in future studies will be required to better understand phylogenetic relationships within the various Medusozoa classes.

Critically, both the structure and chromosome numbers of Myxozoa mitogenomes remain poorly characterized. Work by Yahalomi et al.?*
on Enteromyxum leeiindicated a Myxozoa mitogenome with eight circular chromosomes of roughly 23 kb each, while other findings by Take-
uchi et al.”® returned circular fragmented mitogenomes of between 15 kb and 19 kb. As both studies also highlighted the variable number of
PCGs within Myxozoa, they were excluded from the current phylogenetic analysis. Once the characteristics of Myxozoa mitogenomes are
better characterized, future studies can incorporate additional Myxozoa mitogenomes into Medusozoa phylogenetic analyses to investigate
if the current hypotheses for the phylogenetic position of Myxozoa in Cnidaria (Figures S1B and S1C) are supported by both mitogenomic
sequences and mitochondrial gene orders.

Conclusion

Despite developments in nuclear phylogeneomics, the unique characteristics of mitochondrial genomes, including the availability of mito-

18,2345 . - - . - :
82345 and mitochondrial sequence evolution™ as additional characters for phylogenetic inferences, provide a compel-

chondrial gene orders
ling case for the continued study of mitochondrial phylogenomics. As current medusozoan mitochondrial phylogenomic studies are limited
by a shortage of taxonomic representation,'®® the present study contributes to the existing database of medusozoan mitogenomes by re-
constructing and annotating an additional five complete and three partial mitochondrial genomes spanning three Medusozoa classes (Cu-
bozoa, Hydrozoa, and Scyphozoa).

Findings here have enabled us to revisit both medusozoan phylogeny and mitogenome evolution. Analysis of the newly reconstructed
mitogenomes alongside 84 existing medusozoan mitogenomes corroborates previous medusozoan phylogenies hypothesized by Zou
et al.”” Furthermore, mitogenome organizations of the newly reconstructed mitogenomes are largely consistent with gene orders of existing
medusozoans, and patterns of mitochondrial gene rearrangements in the context of the phylogeny support a hypothesis of medusozoan mi-
togenome evolution largely consistent with that of Kayal et al.'® As our present findings are limited by the current lack of complete mitoge-
nomes from some key taxa (e.g., Coronamedusae, Staurozoa, Cubozoa, Hydroidolina, and Myxozoa), future studies ought to examine mito-
genomes from these groups to better improve our understanding of medusozoan mitogenome evolution.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Aequorea sp. This study ZRC.CNLI.1440

Phyllorhiza punctata This study ZRC.CNI.1437

Zygocanna sp. This study ZRC.CNI.1433

Acromitus sp. This study ZRC.CNI.1396

Phyllorhiza punctata This study ZRC.CNI.1439

Acromitus sp. This study ZRC.CNI.1436

Cassiopea sp. This study ZRC.CNI.3022 - ZRC.CNI.3023

Morbakka sp. This study ZRC.CNI.1418

Critical commercial assays

E.Z.N.A.® Mollusc DNA Kit Omega Bio-Tek D3373

Genomic DNA Clean & Concentrator — 25 Zymo Research D4065

KAPA HyperPrep Kit KAPA Biosystems KK8502

Deposited data

Raw reads of Medusozoa samples
Aequorea sp. mitogenome
Phyllorhiza punctata mitogenome
Zygocanna sp. mitogenome
Acromitus sp. mitogenome
Phyllorhiza punctata mitogenome
Acromitus sp. mitogenome
Cassiopea sp. mitogenome
Morbakka sp. mitogenome

84 publicly available Cnidaria

mitogenome sequences

This study
This study
This study
This study
This study
This study
This study
This study
This study
NCBI GenBank

NCBI SRA BioProject PRINA934731
GenBank: OR400200

GenBank: OR400201

GenBank: OR400202

GenBank: OR400203

GenBank: OR400204

GenBank: OR400205

GenBank: OR400206

GenBank: OR400207 — OR400214
Refer to Tables S2 and S3

Software and algorithms

fastp v0.23.2

SPAdes v3.15.4

BLAST v2.90

NOVOplasty v4.3.1
minimap2 v2.17-r941
Samtools v1.13

Geneious Prime v2022.0.1
Inverted Repeats Finder v3.08
IUPACpal

MITObim v1.9

MITOS2

Infernal cmscan v1.1.2
tRNAscan-SE v2.0

MAFFT v7.453

TranslatorX

Chen et al., 20187°
Bankevich et al., 2012”"
Camacho et al., 20097%
Dierckxsens et al., 20177°
Li, 20187*

Danecek et al., 20217°
Kearse et al., 20127¢
Warburton et al., 2004”7
Alamro et al., 20217%
Hahn et al., 20137

Bernt et al., 2013%
Nawrocki & Eddy, 2013%"
Chan et al., 2021°?

Katoh & Standley, 201 384
Abascal et al., 2010%¢

https://github.com/OpenGene/fastp
https://cab.spbu.ru/software/spades/
https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/
https://github.com/ndierckx/NOVOPlasty
https://github.com/Ih3/minimap2
https://www.htslib.org/
https://www.geneious.com/
https://tandem.bu.edu/irf/home
https://sourceforge.net/projects/iupacpal/
https://github.com/chrishah/MITObim
http://mitos2.bioinf.uni-leipzig.de/index.py
http://eddylab.org/infernal/
http://lowelab.ucsc.edu/tRNAscan-SE/
https://mafft.cbre.jp/alignment/server/index.html

http://translatorx.co.uk/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Gblocks v0.91b Talavera & Castresana, 2007 http://phylogeny.lirmm.fr/phylo_cgi/
one_task.cgi?task_type=gblocks

ModelTest-NG v0.2.0 Darriba et al., 2019%7 https://github.com/ddarriba/modeltest

RAXML-NG v0.8.1 Kozlov et al., 2019%¢ https://github.com/amkozlov/raxml-ng

PhyloBayes v3.3e Lartillot et al., 2009°" https://github.com/bayesiancook/phylobayes

Tracer v1.7.1 Rambaut et al., 2018%” http://beast.community/tracer

TreeRex v1.85 Bemnt et al., 20087 https://siks.informatik.uni-leipzig.de/185-0-TreeREx.html

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Min Kang Ling (minkangling@u.
nus.edu).

Materials availability

This study did not generate new unique reagents. Specimens used in this study were deposited in the Lee Kong Chian Natural History
Museum. Catalog numbers of the specimens are provided in the Supplementary Materials (Table S2).

Data and code availability

Raw reads used for mitogenome assembly have been deposited at NCBI SRA under BioProject PRINA934731. The mitogenomes assembled
in this study have been deposited into GenBank under accession numbers OR400200 — OR400214. Additionally, this paper also analyses ex-
isting, publicly available mitogenomes provided on GenBank (refer to key resources table for accession numbers). Gene orders for TreeRex
analyses have been provided under Data S3. ML and Bltrees used for TreeRex analyses have been provided under Datas S4 and S5 respec-
tively, while TreeRex outputs for ML and Blanalyses have been provided under Datas ST and S2 respectively.

All original code used for this study has been provided as a pipeline under File S1.

Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS
Specimen collection and identification
Eight specimens comprising Cubozoa, Hydrozoa and Scyphozoa were collected at seven sites in the coastal waters of Singapore. Tissue
samples subsampled from the specimens were cryo-preserved in 100% ethanol at-175°C in the Lee Kong Chian Natural History Museum prior
to DNA extraction and sequencing, while whole specimens were stored in formalin. A list of the sampling localities and storage details for
specimens used in the current study can be found in Table S2.

Taxonomic identities of the specimens were determined based on morphology. Formalin-preserved specimens were examined while sus-
pended in freshwater for the duration of observation. Medusozoans were identified following the taxonomic descriptions by Mayer,®”
Kramp,é’?’ Cornelius,®* Bouillon et al.,> Calder,®® as well as Bentlage and Lewis.’

DNA sequencing and mitogenome assembly

DNA extraction and library preparation were conducted following Quek et al.*® Briefly, genomic DNA (gDNA) was extracted using E.Z.N.A.
Mollusc DNA Kit (Omega Bio-tek) with a modified elution step. The first elute of 50 uL was discarded to remove smaller fragments. The re-
maining high quality gDNA was retained and cleaned using Zymo Genomic DNA Clean and Concentrator. Purified gDNA was sonicated to a
mode fragment length of 200 bp using Bioruptor Pico (Diagenode), and dual-indexed libraries were prepared using KAPA HyperPrep Kit
(KK8502; KAPA Biosystems) according to manufacturer's recommendations. A final double-size selection was conducted to narrow fragment
size distribution prior to library amplification (six cycles). All cnidarian libraries were then pooled with six other samples of sponges®” in equi-
molar amounts and sequenced on a single HiSeq 4000 lane (150 x 150 bp).

Raw reads for Scyphozoa and Hydrozoa specimens were trimmed using fastp’® (v0.23.2) under default settings to remove adapters and
low-quality reads. Trimmed reads were then de novo assembled using different k-mer values (21, 33, 55, 77, 99 and 127) by SPAdes’’
(v3.15.4). To identify mitochondrial sequences from our assemblies, assembled contigs were compared to reference mitochondrial sequences
from GenBank (Table S3) using BLASTNR’? (v2.90) (e-value = 1079). Subsequently, each SPAdes-assembled contig was directly extended with
untrimmed reads using NOVOplasty’® (v4.3.1) (k-mer = 127). To validate the mitogenome assemblies, we mapped the untrimmed paired
reads for each sample against the assembled mitochondrial chromosomes using minimap2’* (v2.17-r941) at default settings. Thereafter, Sam-
tools’® (v1.13) was used to process mapped files (-b -F 4 -q 30) and filter out low quality reads (MAPQ < q30). Mapped assemblies were
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visualised in Geneious Prime’® (v2022.0.1) to identify potential misassemblies (Figure S2). Additionally, the Inverted Repeats Finder’” (v3.08)
webserver (default settings) and IUPACpaI78 (-m =20, -M = 1000, -g = [contig length — 40]) were used to identify and annotate inverted tandem
repeats (ITRs) present in reconstructed mitogenomes. Mappings were visually inspected and spuriously extended regions were manually
removed. After trimming, all reconstructed mitochondrial chromosomes were inspected for circularisation using circules.py from
MITObim’” (v1.9).

Initial annotation of the assembled mitochondrial chromosomes was carried out using the MITOS2%° webserver (RefSeq89 Metazoa, trans-
lation code 4). Thereafter, Infernal cmscan®’ (v1.1.2) was used to validate MITOS2 ribosomal RNA (rRNA) annotations and recover rRNA genes
not annotated by MITOS2. Similarly, the tRNAscan-SE®? (v2.0) webserver was used to validate the MITOS?2 transfer RNA (tRNA) annotations,
and recover tRNA genes not annotated by MITOS2. As the annotation of mitochondrial genes may erroneously be extended or truncated,®
we aligned the above annotations against existing medusozoan mitochondrial gene sequences obtained from GenBank (Table S3) using
MAFFT® (v7.453) (-auto) and visually inspected the alignments on Geneious Prime’® (v2022.0.1) to verify the accuracy of the annotations.
Where necessary, the mitochondrial genes were then manually reannotated.

Separately, as the Cubozoa mitochondrial genome (Morbakka sp.; GenBank: OR400207 — OR400214) consisted of multiple chromosomes,
we took a different approach to identify sequences of mitochondrial origin. Raw reads were trimmed using fastp’® (v0.23.2) and de novo
assembled by SPAdes’" (v3.15.4) as described previously. As ribosomal and mitochondrial genes are typically enriched®™ and are expected
to have high coverage, we removed assembled contigs with an average k-mer coverage <10 from the assembly. To identify the Morbakka sp.
mitochondrial chromosomes, we translated the assembled contigs and carried out a BLASTx'? (v2.9.0) search of the assembled contigs
against translated sequences of existing cubozoan mitochondrial PCGs from GenBank under default settings. Once the mitochondrial con-
tigs were identified, the corresponding nucleotide sequences were extended with NOVOplasty’® (v4.3.1) and annotated for ITRs as described
above for non-Cubozoa mitogenomes. As the initial BLASTx search only recovered six out of the eight expected Morbakka sp. chromosomes,
we carried out BLASTn’? (v2.9.0) searches using the Morbakka sp. ITRs to identify the remaining two chromosomes from the assembled con-
tigs. These two chromosomes were extended using NOVOplasty’® (v4.3.1) and annotated for ITRs as described above. Subsequently, the
eight Morbakka sp. chromosomes were mapped and annotated as described previously for non-cubozoan mitogenomes.

Phylogenetic analyses

Phylogeny reconstruction was performed with Anthozoa as the outgroup. Nucleotide sequences of 84 previously published Cnidaria mito-
chondrial genomes (partial and complete) were first downloaded from GenBank (Table S4) and the following mitochondrial gene sequences
extracted: ATP synthase FO subunit 6 and 8 (atpé and atp8), cytochrome b (cob), cytochrome ¢ oxidase subunit | — Il (cox1 — 3), NADH de-
hydrogenase subunit 1-6 and 4L (nad1 - 6 and nad4l), 16S ribosomal RNA (rnl), 12S ribosomal RNA (rns), methionine tRNA (trnM), tryptophan
tRNA (trnW), DNA polymerase beta (polB) and open reading frame 314 (orf314). Coding sequences of the 13 PCGs, polB and orf314 were
aligned in the TranslatorX®® webserver using genetic code translation table 4, with protein alignment and trimming performed using
MAFFT® (v7.453) and Gblocks® (v0.91b) (default settings) respectively to obtain a nucleotide alignment. For rnl, rns, trnM and trnW, nucle-
otide sequence alignment was carried out using MAFFT®* (v7.453) (L-INS-i) and cleaned with the Gblocks®” (v0.91b) webserver (settings as per
the TranslatorX webserver defaults). To determine the appropriate evolutionary models for analyses, we ran ModelTest-NG®” (v0.2.0) for each
of the mitochondrial gene alignments (Table S5). The nucleotide alignments were then concatenated into a single matrix for phylogeny re-
constructions, consisting of 92 nucleotide sequences spanning across 82 distinct taxa.

A maximum likelihood (ML) phylogeny was inferred using RAXML-NG® (v0.8.1), partitioned by gene models as determined above, with 50
random and 50 maximum parsimony starting trees, and 1000 bootstrap pseudoreplicates to determine node support. Bayesian analysis (Bl)
was carried out in PhyloBayes®' (v3.3e) using default settings across two independent runs. Each run comprised one MCMC chain with 39800
cycles (10,731,594 generations) per chain, with sampling carried out once every 100 generations. Convergence between runs were deter-
mined using the bpcomp (maxdiff <0.1) and tracecomp commands (maximum discrepancy <0.1, minimum effective size >100), and visually
inspected with Tracer® (v1.7.1). A majority rule consensus tree was obtained using the bpcomp command after discarding one-fifth of the
total length of each chain (7960 cycles) as burn-in.

Ancestral state reconstruction

Ancestral state reconstruction of the medusozoan mitogenomes was carried out using TreeRex” (v1.85) as per Tyagi et al.”” As several Me-
dusozoa clades have missing genes (e.g., polB and orf314 for most Hydrozoa, and trnW for Cubozoa), ancestral state reconstruction was con-
ducted using the relative order of the 13 mitochondrial PCGs (atpé, atp8, cob, cox1-3, nad1-6 and nad4L) and the genes for both ribosomal
subunits (rnl and rns). Mitogenomes missing any of the above genes were omitted from the TreeRex analyses (Table S4). Thereafter, the mito-
chondrial gene orders of each of the remaining 82 mitogenomes were compiled into a single dataset (Data S3). Where applicable, cox1 pseu-
dogenes present in the mitogenomes of several taxa were identified using their GenBank records and removed from the dataset. For taxa
with mitogenomes comprising multiple chromosomes (Cubozoa and Hydra vulgaris), chromosomes were arranged such that the gene order
corresponded to that of the most closely related taxa based on the phylogenetic analysis. Subsequently, TreeREx analysis was conducted
using the default settings (-s -w -W -0 -m = 0). Replicate analyses were carried out using the trees inferred from the RAXML and Blphylogenies
as reference (Datas S4 and S5). The pipeline for mitogenome assembly, phylogenetic analyses and ancestral reconstruction is provided in
File S1.
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