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Abstract: Stomatopoda, commonly known as mantis shrimps, are notable for their enlarged second
maxillipeds encompassing the raptorial claw. The form of the claw can be used to divide them
into two basic groups: smashers and spearers. Previous phylogenetic studies of Stomatopoda have
focused on morphology or a few genes, though there have been whole mitochondrial genomes
published for 15 members of Stomatopoda. However, the sampling has been somewhat limited with
key taxa not included. Here, nine additional stomatopod mitochondrial genomes were generated and
combined with the other available mitogenomes for a phylogenetic analysis. We used the 13 protein
coding genes, as well as 125 rRNA, 16S rRNA genes, and included nuclear 185 rRNA gene sequences.
Different rooting options were used for the analyses: (1) single and multiple outgroups from various
eumalocostracan relatives and (2) a stomatopod-only dataset, with Hemisquilla californiensis used to
root the topologies, based on the current hypothesis that Hemisquilla is the sister group to the rest
of Stomatopoda. The eumalocostracan-rooted analyses all showed H. californiensis nested within
Stomatopoda, raising doubts as to previous hypotheses as to its placement. Allowing for the rooting
difference, the H. californiensis outgroup datasets had the same tree topology as the eumalocostracan
outgroup datasets with slight variation at poorly supported nodes. Of the major taxonomic groupings
sampled to date, Squilloidea was generally found to be monophyletic while Gonodactyloidea was
not. The position of H. californiensis was found inside its superfamily, Gonodactyloidea, and grouped
in a weakly supported clade containing Odontodactylus havanensis and Lysiosquillina maculata for the
eumalocostracan-rooted datasets. An ancestral state reconstruction was performed on the raptorial
claw form and provides support that spearing is the ancestral state for extant Stomatopoda, with
smashing evolving subsequently one or more times.

Keywords: mitochondrial genome; molecular phylogeny; gene order

1. Introduction

Mantis shrimps (Stomatopoda Latreille, 1817) [1] are marine crustaceans well known
for their feeding mechanism and complex eyes. Stomatopods construct or occupy bur-
rows and mainly occur in tropical and subtropical regions [2]. These marine carnivores
capture prey by spearing or smashing depending on their distinctive second maxilliped
appendages, the raptorial claws [3] (Figure 1). Smashers strike with the heel of the dactyl
(calcified tip of the claw shaped like a club) after energy is loaded in a saddle spring
mechanism [4]. This allows the claw to strike hard-shelled prey. Spearers are ambush
predators with elongated serrated raptorial claws enhanced for soft-bodied prey [5]. In
addition to their claws, mantis shrimps are of research interest for their complex visual
system due to their compound eyes with around 12-16 photoreceptors, capable of seeing
ultraviolet, linear, and circular polarized light [6,7]. Stomatopods have many important
roles including used as food, as bioindicators of pollution, and their role as predators in
marine ecosystems [8-13].
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Figure 1. Photographs of Stomatopoda showing the range of raptorial claws. (A) ‘Intermediate” claw form: Hemisquilla

californiensis from California. (B) Smasher: Odontodactylus scyllarus from New Guinea (not used in this study). (C) Spearer:
Squilla biformis from off Pacific Costa Rica.

Within Stomatopoda, the suborder Unipeltata Latreille, 1825 [14] contains all extant
stomatopods, while the other two suborders are for extinct taxa, Palaeostomatopodea and
Archaeostomatopodea [15,16]. Unipeltata contains 7 superfamilies, 17 families, and over
100 genera, and nearly 500 accepted species [17,18]: Squilloidea Latreille, 1802 [19]; Gon-
odactyloidea Giesbrecht, 1910 [20]; Lysiosquilloidea Giesbrecht, 1910 [20]; Bathysquilloidea
Manning, 1967 [21]; Eurysquilloidea Manning, 1977 [22]; Erythrosquilloidea Manning &
Bruce, 1984 [23]; and Parasquilloidea Manning, 1995 [24]. Most mantis shrimp species are
contained within Squilloidea, Gonodactyloidea, and Lysioquilloidea [25].

One of the more speciose superfamilies, Gonodactyloidea, contains the only four
families of smashers out of all the superfamilies, as well as some taxa with spearers. The
rest of the stomatopod superfamilies consist only of spearers. Gonodactyloidea has been
found to be non-monophyletic in previous molecular studies, owing mainly to the position
of the ‘intermediate’ raptorial claw family, Hemisquillidae Manning, 1980 [26]. Morpho-
logical data supports Hemisquillidae as a member of Gonodactyloidea [3,17]; however,
previous molecular phylogenetic studies that combined mitochondrial and nuclear genes
have recovered it as a sister group to all other superfamilies [18,25,27]. Pseudosquillidae
Manning, 1977 [22], one of the families of spearers in Gonodactyloidea, also has an unclear
position. Some molecular phylogenetic results show Pseudosquillidae to be outside of the
rest of the superfamilies, including Gonodactyloidea [25,27], while Van Der Wal et al. [18]
showed Pseudosquillidae within Gonodactyloidea. To date, no studies have resolved the
potential non-monophyly of Gonodactyloidea regarding the positions of Hemisquillidae
and Pseudosquillidae.

Inferring the evolutionary history of smashers and spearers and whether smash-
ers and spearers diverged early [17,25], or whether smashers evolved from a lineage of
spearers [3,28] continues to be a topic of study. The results of morphology-based phylogeny
by Ahyong and Harling [17] led them to suggest an early divergence of spearing and
smashing clades, yet the position of Hemisquillidae and Pseudosquillidae complicates this
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hypothesis. The molecular phylogenies of Ahyong and Jarman [25] and Porter et al. [27]
show a single origin of smashing forms, though the positions of Hemisquillidae and Pseu-
dosquillidae suggest spearing may be plesiomorphic for Stomatopoda. The results of the
most recent broadscale phylogenetic analysis by Van Der Wal et al. [18] show smashers
nested deeply among spearers with a reversal to spearing in Pseudosquillidae. However,
they lacked support for key nodes concerning the origin for smashing and spearing nodes
in their phylogeny, meaning the evolution of the raptorial claws is still in question [18].
As next-generation sequencing (NGS) technology, such as genome skimming (shal-
low, low pass sequencing), becomes more accessible, studies using whole mitochondrial
genomes in their phylogenies have had better resolution and support compared to those
of analyses with partial mitogenomic data [29-32]. To date, 15 complete mitogenomes of
Stomatopoda have been published, though phylogenetic studies [33-36] have used only
a proportion of these. The study by Yang et al. [36] used the most, with 13 stomatopod
mitogenomes and rooted their analysis with Penaeidae Rafinesque, 1815 [37] (Decapoda).
They showed a grade of spearing forms relative to a clade of smashers within Gonodacty-
loidea and overall support values were better than those shown in Van Der Wal et al. [18].
However, more taxon sampling is needed and particularly important is the absence to date
of mitogenomic data for Hemisquillidae. Here, we present nine newly sequenced mantis
shrimp mitochondrial genomes, including a member of Hemisquillidae. We combine this
data with the 15 other available stomatopod mitogenomes and available nuclear 185 rRNA
gene data to assess the phylogeny of Stomatopoda and the placement of Hemisquillidae.

2. Materials and Methods
2.1. Sampling

Samples were collected from the field or from commercial aquarium suppliers (Table 1).
Voucher specimens were fixed and preserved in 50% ethanol and deposited at the Scripps
Institution of Oceanography, Benthic Invertebrate Collection, La Jolla, California, USA.
Identification was determined by morphology based on the keys of Manning [38] for
SIO-BIC C14383 Mesacturoides brevisquamatus Paulson, 1875 [39], and Ahyong [40] for SIO-
BIC C12730 Gonodactylus sp. and SIO-BIC C12514 Gonodactylellus sp. Mitochondrial COI
sequences were also used in assessing the identification of some specimens.

2.2. DNA Extraction and Sequencing

DNA was extracted from claws, pleopods, and/or pereiopods using the Zymo Quick-
DNA Miniprep plus kit, following the manufacturer’s protocol. A fragment of the mi-
tochondrial COI gene was amplified using LCO1490(f) and HCO2198(r) primers [41].
Samples were prepared with 8.5 pL of water, 12.5 uL of Apex 2X Taq RED Master Mix DNA
polymerase (Genesee Scientific), 1 uL each of forward and reverse primers, and 2.0 pL of
extracted DNA from specimens. The Eppendorf thermocycler was used to carry out the
rest of the PCR with the temperature settings at: 94 °C/3 min.; (94 °C/30 s, 47 °C/45 s,
72°C/1min, 94°C/30s,52 °C/455s,72 °C/1 min) x35 cycles, 72 °C/5 min. Products were
purified with 2 puL of ExoSAP-IT and run in a thermocycler with the settings: 37 °C/20 min
and 80 °C/15 min. Sanger sequencing was completed by Eurofins Genomics (Louisville,
KY, USA). COI sequences obtained from Sanger sequencing for six of the nine taxa studied
here are provided in Table 1 with separate accession numbers.

2.3. Mitochondrial Genome Assembly and Annotation

Extracted DNA was prepared and sequenced by Novogene (Sacramento, CA, USA)
using genome skimming, generating 2 Gb worth of reads. Data statistics were checked with
SegKit v.0.13.2 [42] and the raw reads were trimmed with Trimmomatic v. 0.39 [43]. The
mitochondrial genomes were assembled with Mitofinder v. 1.4 [44] using the Trimmomatic
output files. Parameters chosen were Megahit metagenomic assembler v. 1.2.9 [45] and
tRNAs were annotated with Arwen v.1.2.3 [46]. The Mitofinder contigs were checked with
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MITOS [47] web server under the mitochondrial code for invertebrates and the annotations
were manually edited in Geneious v 11.1.5 [48] if necessary to reflect accurate positions.

Table 1. Collection information, vouchers, GenBank accession numbers (COI, mitogenome, 185 rRNA), and mitogenome
length. New COI sequences and mitogenomes are in bold.

COI Accession Mitogenome 18S rRNA

SIO-BIC . . : Mitogenome
Taxon Catalog Number Locality Number 1’-\1\?51%51%2:1 Al\ﬁf;i%g: Length
Gonodactyloidea
Hemisquillidae
Hemisquilla californiensis . :
Stephenson, 1967 [49] C14449 California MZ742104 MW867302 HM138876 16,030
Odontodactylidae
Odontodactylus havanensis .
Bigelow, 1893 [50] C14408 Florida MW867300 HM138884 16,035
Gonodactylidae
Neogonodactylus oerstedii -
Hansen, 1895 [51] C14405 Florida MW867303 HM138882 16,327
Neogonodactylus bredini .
Manning, 1969 [52] C14428 Florida MZ742108 MW3867301 HM138881 16,342
Gonodactylus smithii Pocock, 1893 _ MW574903 HM138873 16.260
53 ¢
Gonodactylus chiragra Fabricius,
1781 [54] - DQ191682 HM138870 16,279
Gonodactylaceus randalli Manning,
1978 [55] - MW019425 - 15,907
Gonodactylus sp. C12730 Red Sea MZ742105 MW867306 - 16,032
Gonodactylellus sp. C12514 Red Sea MZ742107 MW867308 - 16,011
Takuidae
Mesacturoides brevisquamatus C14383 Red Sea MZ742109 MW867304 - 16,151
Taku spinosocarinatus Fukuda, 1909
[56] - MT672285 HM138899 15,960
Pseudosquillidae
Pseudosquilla ciliata Fabricius, 1787 14,621
[57] - AY947836 HM138888 (incomp.)
Protosquillidae
Chorisquilla orientalis Hwang et al., B B
2018 [58] MT672286 15,880
Squilloidea
Squillidae
Oratosquilla oratoria De Haan, 1844 _ GQ292769 B 15783
Squilla mantis L{nnaeus, 1758 [60] - AY639936 GQ328958 15,994
Squilla empusa Say, 1818 [61] - DQ191684 HM138897 15,828
Squilla bif "”{’g;l&gel"w' 1891 C13808 Costa Rica MW867305 - 15,688
Squilloides leptosquilla Brooks, 1886 B KR095170 ~ 16,376
63 ¢
Harpiosquilla harpax De Haan, 1844 B AY699271 B 15.714
Lophosquilla costata De Haan, 1844 _ MT276143 B 15771
[59] ’
Alima pacifica Ahyong, 2001 [40] C12719 Red Sea MZ742106 MW867307 HM138858 15,678
Dictyosquilla foveolata _ ~
Wood Mason, 1895 [64] MW864094 15,733
Lysiosquilloidea
Lysiosquillidae
Lysiosquillina maculata Fabricius, _
1793 [65] DQ191683 HM138878 16,325
Parasquilloidea
Parasquillidae
Faughnia haani Holthuis, 1959 [66] - MW632159 - 16,089
Outgroups
Euphausiacea
Euphausia paci{ica Hansen, 1911 B EUS587005 AY141010 16,898
67] ¢
Mysida
Neomysis japonica Nakazawa, 1910 _ KRO06340 B 17 652
[68] ’
Isopoda
Cymothoa indica Schioedte & _ MH396438 _ 14.475

Meinert, 1884 [69]




Diversity 2021, 13, 647

50f17

2.4. Phylogenetic Analyses

Recent phylogenomic studies of Malacostraca have confirmed Stomatopoda as part of
Eumalocostraca. It may either be the sister group to all other Eumalocostraca, or nested
within [70,71]. Based on these studies, we chose as outgroups three other members of
Eumalocostraca with relatively close phylogenetic proximity to Stomatopoda: Euphausia
pacifica (Euphausiacea), Cymothoa indica (Isopoda), and Neomysis japonica (Mysida). These
were aligned and analyzed with the stomatopod data. Further supplemental analyses were
conducted using Euphausia pacifica, Cymothoa indica, and Neomysis japonica as individual
outgroups. Stomatopod-only analyses were also performed with Hemisquilla californien-
sis chosen to root the trees, since previous works [18,25,27] placed Hemisquilla Hansen,
1895 [51] as a sister group to the rest of Stomatopoda. Datasets included the 13 mito-
chondrial protein coding genes plus the 125 rRNA and 16S rRNA genes, and nuclear 185
rRNA gene. The analyses were conducted with nucleotide-only sequences or as amino acid
sequences of the 13 protein coding genes and nucleotide sequences of the 3 rRNA genes:
(1) Eumalocostraca outgroups, nucleotide only (EumalNuc); (2) Eumalocostraca outgroups,
amino acids and rRNAs (EumalAA); (3) Hemisquilla californiensis outgroup, nucleotide only
(HemiNuc); and (4) Hemisquilla californiensis outgroup, amino acids and rRNAs (HemiAA);
(5) Euphausia pacifica, Cymothoa indica, and Neomysis japonica as individual outgroups, amino
acids, and rRNA genes (Supplementary Materials Figure S1). The 13 protein coding genes
were translated to amino acids to mitigate saturation effects from the third codon position.
The fraction of parsimony informative characters out of total characters for each dataset
is shown in Supplementary Materials Table S1. The NADH6 nucleotide and amino acid
data for Chorisquilla orientalis were excluded owing to poor alignment caused by possible
contamination. To remove a four base pair insertion, 194 nucleotides were also removed
starting at position 941 and on from the cytochrome b gene alignment of Chorisquilla ori-
entalis. Gblocks v. 0.91b [72] was used to remove poorly aligned regions of the 3 rRNA
genes with the least stringent settings. Sequences were aligned with MAFFT v. 7.475 [73]
under the G-INSI-i method with 1000 iterations, with all three outgroups, each of the three
outgroups separately or with members of Stomatopoda only.

Three phylogenetic analyses were performed on each dataset: maximum likelihood
(ML), maximum parsimony (MP), and Bayesian inference (BI). The ML analyses were
performed in the RaXML v. 2.0.5 [74] interface using RAXML-NG v. 1.0.1 [75]. Gene
sequences were concatenated in RAXML-NG and partitioned with variations of the substi-
tution models determined by ModelTest-NG v. 0.1.6 [76] (Supplementary Materials Table
52). The program parameters were set to ML + thorough bootstrap + consensus with 10
ML searches and 1,000 bootstrap pseudoreplicates for each dataset. Mesquite v. 3.61 [77]
was used to concatenate the mixed amino acid and nucleotide datasets for the MP and
Bl analyses. For the MP analysis, heuristic searches of concatenated datasets were run in
PAUP* v. 4.0a168 [78] with TBR branch swapping and 100 random addition replicates.
Bootstrap values were gathered via 1000 pseudoreplicates. The BI analysis was conducted
in MrBayes v. 3.2.7a [79]. The GTR + I + G model was applied for the nucleotide partitions
except for GTR + G for the ND4L and 125 nucleotide partitions in the eumalocostracan
outgroup analyses based on the models chosen with ModelTest-NG from the ML analyses.
The WAG model was chosen for amino acid partitions in MrBayes. Parameters set for
posterior distributions were under the Markov chain Monte Carlo (MCMC) sampling
for multiple runs of 20,000,000 generations and 4 chains, with trees sampled every 1000
generations. The first 10% of the sampled trees were cut away as burn-in after examination
of the likelihood scores using Tracer [80].

Approximately Unbiased (AU) tests [81] were performed to assess if one placement of
Hemisquilla californiensis was significantly better than another in the phylogenetic results. A
constraint tree was made with H. californiensis positioned as the sister to a clade of the rest
of the stomatopods (as a polytomy), with the eumalocostracan outgroups. The best ML
constrained tree topology was generated in RAXML-NG under the same settings as the
best unconstrained tree. Whether the best unconstrained tree was significantly better than
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the best constrained tree for the EumalAA and EumalNuc datasets was assessed via the
AU test using the default settings in IQ tree v. 1.6.12 [82,83], partitioned as for the original
ML analyses. Likelihood-based and most parsimonious ancestral reconstructions of the
raptorial claw were mapped onto the Eumalocostrata outgroup EumalAA and EumalNuc
ML tree topologies in Mesquite. For the likelihood ancestral state reconstruction, the Mk1
probability model was used. To assess variation in the ancestral state reconstruction owing
to alternative tree topologies, 18,000 post-burnin trees from the EumalAA BI analysis were
traced under the Mk1 probability model on the EumalAA ML tree topology using the
‘Trace Character Over Trees” option in Mesquite. Raptorial claws are classified as spearers
or smashers based on the shape of the dactyl. The states are as follows: 0: spearers, 1:
smashers, and 2: no claw for the outgroup. Hemisquilla californiensis was scored as 0/1
(assigned either of these states, depending on the transformation used) since it is regarded
as an intermediate form [3,84].

3. Results

The newly sequenced mitogenomes ranged in total length from 15,678 base pairs
(Alima pacifica) to 16,342 base pairs (Neogonodactylus bredini). The usual 13 protein-coding, 2
rRNA and 22 tRNA genes were all present (Figure 2), and the length variation range fell
within the range previously found in the complete mitogenomes of other Stomatopoda
(Table 1). Most differences can be attributed to variation in the control region. For instance,
in Alima pacifica, the control region was found to be 755 base pairs in length while in
Neogonodactylus bredini, it was 1,407 base pairs long and this accounted for nearly all the
length difference between the mitogenomes. There was otherwise minor variation in the
rRNA and tRNA gene lengths. Gene order and direction were conserved among newly
sequenced stomatopod genomes and all the available GenBank sequences for stomatopods
(Figure 2).
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Figure 2. Gene order arrangement of the mitochondrial genome for all stomatopod species used in this study. Blue boxes

represent protein coding genes, orange boxes are rRNA genes, and green boxes are tRNA genes. The NAD1, NAD4, NADAL,

NADS, rrnL, and rrnS genes were in the reverse direction and the rest were in the forward direction.

Figures 3 and 4 show the phylogenetic results produced from the analyses based on
the four datasets, two with three outgroup taxa (Figure 3) and two with Stomatopoda
only and rooted with Hemisquilla (Figure 4). The nucleotide datasets had similar tree
topologies to their respective mixed amino acid and nucleotide datasets, albeit the mixed
datasets had lower support than the nucleotide only datasets (Figures 3 and 4). Variations
between datasets were due to a few nodes that had low support. The ML and BI trees were
congruent in tree topology for the nucleotide only datasets but showed a few differing
nodes in the mixed datasets. Incongruence with the ML, BI, and MP analyses occurred at
the low supported nodes (Figures 3 and 4). Most differences between trees were from the
MP analyses compared to the others. The root position was stable with the three outgroup
analyses compared to rooting with individual outgroups (Figures 3 and S1).

There were recurring patterns in all the dataset analyses: Squilloidea was mono-
phyletic and well supported as a spearing clade for three analyses (Figures 3A and 4), with
the exception being the ML and BI analyses with the EumalAA dataset (Figures 3B and S1),
where it formed a grade. There was high support for a clade of smashers within Gon-
odactyloidea containing members of Gonodactylidae Giesbrecht, 1910 [20], Protosquillidae
Manning, 1980 [26], and Takuidae Manning, 1980 [26]. Gonodactyloidea, however, was
non-monophyletic for all analyses (Figures 3, 4 and S1). In the Eumalocostraca-rooted
analyses, Lysiosquilloidea and Parasquilloidea terminals nested inside Gonodactyloidea
(Figures 3 and S1) and in the Hemisquilla-rooted analyses, Gonodactyloidea was also
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paraphyletic (Figure 4). A clade containing Hemisquilla californiensis, Odontodactylus hava-
nensis, and Lysiosquillina maculata was recovered for all Eumalocostraca outgroup analyses
(Figures 3 and S1) and it was grouped with the remaining Gonodactyloidea. In the H.
californiensis outgroup analyses, the tree topology was essentially the same as those rooted
with Eumalocostraca. However, the alternative rooting resulted in H. californiensis, O. hava-
nensis, and L. maculata forming a grade with respect to the rest of Stomatopoda (Figure 4).
The nested position of H. californiensis within Stomatopoda, as shown in Figure 3, was
tested against the constrained tree with H. californiensis as the sister group to Stomatopoda,
as in Figure 4, using AU tests. The unconstrained ML tree was significantly better in the
EumalNuc dataset (p = 0.0001), though for the EumalAA dataset, the two topologies were
not significantly different (p = 0.128).
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Figure 3. Stomatopoda phylogeny based on the concatenated mitochondrial genes and 18S rRNA sequences; rooted with

Euphausia pacifica, Cymothoa indica, and Neomysis japonica (not shown in main figures, they are indicated in the dotted boxes).

Newly sequenced taxa are in bold. Each superfamily is coded by the color of the taxon name. Superfamily abbreviations

are G: Gonodactyloidea, L: Lysiosquilloidea, S: Squilloidea, P: Parasquilloidea. Asterisks (*) after the taxon name denote

smashers. Values at the nodes represent the bootstrap values of ML and MP and the posterior probability of Bl in the format

(ML/BI/MP). Values not listed were below 50 for bootstrap or below 0.70 for posterior probabilities. Hyphens (-) represent

nodes not recovered by the MP or Bl analyses. Branch lengths relative to the outgroups are shown in the dotted boxes to the

right of each main figure. (A) Maximum likelihood tree from the nucleotide dataset (EumalNuc). (B) Maximum likelihood
tree from the mixed amino acid and nucleotide dataset (EumalAA).
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The EumalNuc and EumalAA ML tree topologies (Figure 3) were each used for
illustrating the ancestral state reconstruction of raptorial claws in Stomatopoda since
the tree topologies varied slightly. The Mk1 likelihood ancestral state reconstruction
found a proportional likelihood greater that 0.95 for spearers at the ancestral node for
Stomatopoda (Figures 5A and 6A). Smashing would appear to have evolved twice at least
within Gonodactyloidea. There were three most parsimonious reconstructions (MPRs) for
this character in the EumalNuc ML tree, resulting in several scenarios for the raptorial
claw evolution, though in all cases spearing was plesiomorphic for Stomatopoda: (1)
two origins of smashing, one for O. havanensis and the other for the clade of smashers in
Gonodactyloidea, with H. californiensis optimized as a spearer (Figure 5B); (2) one origin of
smashing with a reversal to spearing for Lysiosquillina maculata (Figure 5C); and (3) two
origins of smashing, one in the clade of Hemisquilla californiensis + Odontodactylus havanensis),
and for the clade of smashers in Gonodactyloidea, with H. californiensis optimized as a
smasher (Figure 5D). The EumalAA ML tree topology showed a single MPR that essentially
matched the scenario in Figure 5B, with two origins of smashing from spearing. One
origin was for O. havanensis and the other for the clade of smashers in Gonodactyloidea,
with H. californiensis optimized as a spearer. Exploration of the effect of suboptimal tree
topologies on the ancestral state reconstruction for raptorial claws is summarized in Figure
6C. Here 18,000 post-burnin trees from the EumalAA BI analysis were traced under the
Mk1 probability model on the EumalAA ML tree topology (Figure 4A) using the Trace
Character Over Trees option in Mesquite. There was some incongruity between the Bl
analysis and the ML tree, largely in the nodes of Squilloidea (Figure 4A). This is reflected
in the summary tree, where two nodes were often absent in the 18,000 post-burnin trees.
However, the overall implications for the ancestral state reconstruction of raptorial claws in
Stomatopoda were consistent across the 18,000 post-burnin trees (Figure 6C). This supports
the transformations shown in Figures 5A and 6A and suggests an ancestral state of spearing
for Stomatopoda with one to three transformations to smashing.



Diversity 2021, 13, 647

10 of 17

y . Mesacturoides brevisquamatus
by Gonodactylellus sp.
-~ ) Gonodactylaceus randalli
oY 2 Gonodactylus smithii
N 3 P Gonodactylus chiragra

(

-
B
"

Cymothoa indica
Neomysis japonica
Euphausia pacifica
Neogonodactylus bredini
Neogonodactylus oerstedii
Taku spinosocarinatus

Gonodactylus sp.
Chorisquilla orientalis

@ Hemisquilla californiensis

deonmdactyfus havanensis

O Lysiosquillina maculata

O Pseudosquilla ciliata

O Faughnia haani

. {0 Oratosquilla oratoria
O Lophosquilla costata
O Dictyosquilla foveolata

O Alima pacifica

= Cymothoa indica

= Neomysis japonica

w Euphausia pacifica

= Neogonodactylus bredini

e Neogonodactylus oerstedii

e Taku spinosocarinatus

e Mesacturoides brevisquamatus
m Gonodactylellus sp.

e Gonodactylaceus randalli

w Gonodactylus smithii

e Gonodactylus chiragra

m Gonodactylus sp.

e Chorisquilla orientalis

a Hemisquilla californiensis

e Odontodactylus havanensis
o Lysiosquillina maculata

o Pseudosquilla ciliata

o Faughnia haani

o Oratosquilla oratoria

N Lophosaquilla costata

o Dictyosquilla foveolata

a Alima pacifica

0
Ne O Squilla biformis E g’ il o Squilla biformis
(X O Squilla mantis O Hemisquilla californiensis o Squilla mantis
S M No claw

g

O Squilla empusa

O Harpiosquilla harpax

Squilla empusa

Harpiosquilla harpax

O Squilloides leptosquilla

= Cymothoa indica
= Neomysis japonica
C = Euphausia pacifica
s Neogonodactylus bredini
= Neogonodactylus oerstedii
s Taku spinosocarinatus

s Mesacturoides brevisquamatus

= Gonodactylellus sp.

= Gonodactylaceus randalli
= Gonodactylus smithii

= Gonodactylus chiragra

= Gonodactylus sp.

= Chorisquilla orientalis

= Hemisquilla californiensis
= Odontodactylus havanensis
o [ysiosquillina maculata

o Pseudosquilla ciliata

o Faughnia haani

= Oratosquilla oratoria

o Lophosquilla costata

= Dictyosquilla foveolata

o Alima pacifica

o Squilla biformis

= Squilla mantis

o Squilla empusa

o Harpiosquilla harpax

o Squilloides leptosquilla

<7

]

Squilloides leptosquilla

= Cymothoa indica

= Neomysis japonica

= Euphausia pacifica

s Neogonodactylus bredini

= Neogonodactylus oerstedii

= Taku spinosocarinatus

e Mesacturoides brevisquamatus
= Gonodactyleilus sp.

= Gonodactylaceus randalli

= Gonodactylus smithii

= Gonodactylus chiragra

= Gonodactylus sp.

= Chorisquilla orientalis

@ Hemisquilla californiensis

= Odontodactylus havanensis

o Lysiosquillina maculata

o Pseudosquilla ciliata

o Faughnia haani

o Oratosquilla oratoria

7 Na Lophosquilla costata

o Dictyosquilla foveolata

/\D Alima pacifica

o Squilla biformis
{Na Squilla mantis
/\D Squilla empusa
o Harpiosquilla harpax

o Squilloides leptosquilla

Figure 5. Ancestral state reconstruction, using Mesquite, of the raptorial claws mapped onto the Eumalocostraca outgroup
maximum likelihood tree for the EumalNuc dataset. (A) Maximum likelihood reconstruction. Asterisks represent nodes
with proportional likelihood estimations of >95%. Other scores for the ingroup are provided in order of most likely states
and separated with a forward slash. (B-D) The three most parsimonious reconstructions. Coloring of terminal names as in
Figures 2 and 3. Hemisquilla californiensis was coded as either spearer or smasher.
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Figure 6. Ancestral state reconstruction, using Mesquite, of the raptorial claws mapped onto the Eumalocostraca outgroup

maximum likelihood tree for the EumalAA dataset. (A) Maximum likelihood reconstruction. Asterisks represent nodes
with proportional likelihood estimations of >95%. Other scores for the ingroup are provided in order of most likely states
and separated with a forward slash. (B) The single most parsimonious reconstruction for this topology. Coloring of terminal
names as in Figures 2 and 3. Hemisquilla californiensis was coded as either spearer or smasher. (C) “Trace Character Over
Trees’ summary of ancestral state reconstructions over 18,000 post-burnin trees from the EumalAA BI analysis, traced under

the Mk1 probability model on the EumalAA ML tree topology.
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4. Discussion

This study provided the first mitogenome phylogenetic analyses of Stomatopoda
containing Hemisquilla californiensis, a member of Hemisquillidae, which has been proposed
to have an ‘intermediate” claw form [3,84]. Furthermore, eight other new stomatopod
mitochondrial genomes were also sequenced. Hemisquillidae has been inferred to be the
sister group to all other extant stomatopods in recent molecular phylogenetic analyses,
and this has led to proposals that its claw form represents the ancestral state [18,27], yet
support for this hypothesis appears to be weak (see below). However, all the analyses
shown here that were rooted with other Eumalocostraca recovered H. californiensis nested
within a paraphyletic Gonodactyloidea (Figures 3 and S1). The results shown in Figure 3
are somewhat like the findings of Barber and Erdmann [85], where Hemisquillidae grouped
with Odontodactylidae Manning, 1980 [26], although they only used one mitochondrial
gene in that study. The results of our study were significantly better (AU test results) with
the EumalNuc dataset (Figure 3A) than the phylogenetic hypotheses of the two most recent
comprehensive previous studies [18,27]. However, the EumalAA ML result (Figure 3B)
was not significantly better. Additionally, several key nodes in both analyses summarized
in Figure 3 showed low support, suggesting that mitochondrial genomes do not have the
phylogenetic signal to resolve the overall phylogeny of Stomatopoda.

Other results found here also conflicted with recent molecular phylogenetics anal-
yses of Stomatopoda in other ways. For instance, the Eumalocostraca-rooted ML analy-
ses (Figures 3 and S1) resulted in a near monophyletic Gonodactyloidea, except for Ly-
siosquillina Manning, 1995 [24] or Lysiosquillina and Faughnia haani. In the EumalNuc
analyses, Pseudosquilla Dana, 1852 [86], the only member of Pseudosquillidae in this
study, was the sister group to Lysiosquillina plus all the other terminals of Gonodacty-
loidea (Figure 3A). In the amino acid analyses, it had a similar position, though Faugh-
nia haani (Parasquillidae) also made Gonodactyloidea paraphyletic. These results con-
trasted with some previous studies [25,27], where Pseudosquillidae was quite distant
from the smashing members of Gonodactyloidea. It also differed from the results of
Van Der Wal et al. [18], where Pseudosquillidae, a group of spearing stomatopods, was
nested within the smashing forms of Gonodactyloidea, implying a reversal from smash-
ing to spearing. In contrast, our results showed a highly supported clade of smashing
taxa comprising members of the families Gonodactylidae, Takuidae, and Protosquillidae
(Figures 3,4 and S1). A clade of spearing taxa, Squilloidea, was recovered consistently
as well supported in the nucleotide analyses (Figures 3A and 4), congruent with other
studies [18,33-36]. However, the various Eumalocostraca-rooted mixed amino acid nu-
cleotide analyses recovered Squilloidea as a grade (Figures 3B and S1) and the position of
Squilloides leptosquilla deserves further investigation.

The previous studies that conflict with the results shown here [18,25,27] were the most
comprehensive molecular phylogenetic analyses of Stomatopoda until now, but each relied
on only a few mitochondrial genes and the nuclear genes 185 rRNA and 28S rRNA, far
less data than was used here. The study by Porter et al. [27] showed support values based
on approximate likelihood ration tests instead of the bootstrap and posterior probability
support values used in other studies on Stomatopoda and in this study. This makes direct
comparisons of support difficult. However, the datasets used in Porter et al. [27] and Van
der Wal et al. [18] were similar in terms of the genes used and taxon sampling. The values
shown by Porter et al. [27] were inferred by those authors to reflect high support, but they
contrast markedly with Van der Wal et al. [18], where most major nodes showed very low
bootstrap and posterior probability values.

One of the charismatic features of mantis shrimps is the raptorial claws that are used
to informally group species into smashers and spearers based on morphology and the
way they strike. The evolution and diversification of this raptorial claw form has been
a subject of much discussion. Our ancestral state reconstruction of the raptorial claw
evolution in Stomatopoda using the Eumalocostraca-rooted datasets (Figures 5 and 6)
showed unequivocally that spearing is the ancestral state for extant Stomatopoda. This
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corroborates the views of Caldwell [28] and Ahyong [3] but contrasts markedly with to
the findings of Ahyong and Harling [17] and Van Der Wal et al. [18]. The position of
Hemisquilla californiensis within Gonodactyloidea (Figures 3 and 5) contradicts theories of
a Hemisquilla-like ancestor having an ‘intermediate’ claw form [18]. Hemisquillidae can
strike with either a closed and open dactyl [25,87] and so either spear or smash their prey.
The most parsimonious reconstructions of this character transformation allow for some
lability in the evolution of smashing and spearing (Figures 5B-D and 6B) and it is not clear
what the original state for the ancestor for Hemisquillidae was. Spearing and smashing are
more of a continuum and not binary states and deVries et al. [88] and deVries [89] confirm
spearers and smashers can eat hard- and soft-bodied prey and have a more generalist diet
than thought before.

5. Conclusions

This study added nine complete mitochondrial genomes to the 15 available stomato-
pod mitogenomes, bringing the total to 24. The new mitogenomes came from the large
superfamilies Gonodactyloidea and Squilloidea, and Hemisquilla californiensis, which is in
the key taxon Hemisquillidae. The gene order and direction were found to be highly con-
served across Stomatopoda and followed the Crustacea ancestral state gene order [90,91].
The new sequences were combined with available mantis shrimp mitogenomes and 185
nuclear gene data to allow for further assessment of the phylogeny of Stomatopoda.
When non-stomatopod outgroups were used, in combination and singly, Hemisquilli-
dae was found in a relatively derived position instead of being the sister group to all
Stomatopoda, as proposed in previous molecular studies. The tree topologies were iden-
tical with Stomatopoda-only analyses, which were done here to allow for rooting with
Hemisquillidae. The results suggest that the placement of Hemisquillidae as the sister
group to Stomatopoda can be seriously questioned. From the outgroup-rooted phyloge-
nies, the ancestral state was inferred to be spearing with several scenarios for the origin
or even loss of smashing. Despite showing better support than in previous molecular
systematics analysis of Stomatopoda, the results showed several poorly supported nodes.
Mitochondrial genomes therefore, do not appear to provide the signal required for the
overall phylogeny of Stomatopoda, but will likely be useful for more restricted analyses
within the clade.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13120647/s1, Table S1: Fraction of parsimony informative characters out of the total characters
for each gene, Table S2: Models used for each gene in the datasets for maximum likelihood analyses.
Figure S1: Maximum likelihood tree topologies from the mixed amino acid and nucleotide dataset
analyzed with three different outgroups from Eumalocostraca.
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