Gene 786 (2021) 145624

Contents lists available at ScienceDirect

Gene

ELSEVIER journal homepage: www.elsevier.com/locate/gene

Research paper ' A

Check for

Comparative mitochondrial genomics of sponge-dwelling snapping shrimps [’
in the genus Synalpheus: Exploring differences between eusocial and

non-eusocial species and insights into phylogenetic relationships in

caridean shrimps

Caroline C. Ennis™', Nariah N. Haeffner ', Cameron D. Keyser ', Shannon T. Leonard *',

Austin C. Macdonald-Shedd =1 Avery M. Savoie »! Timothy J. Cronin “, Werner P. Veldsman b,
Phillip Barden ““", Solomon T.C. Chak “®", J. Antonio Baeza "%

& Department of Biological Sciences, 132 Long Hall, Clemson University, Clemson, SC 29634, USA

Y Simon F. S. Li Marine Science Laboratory, School of Life Sciences, The Chinese University of Hong Kong, Shatin, Hong Kong, SAR, China
¢ Department of Biological Sciences, New Jersey Institute of Technology, Newark, NJ 07102, USA

4 Division of Invertebrate Zoology, American Museum of Natural History, New York, NY 10024, USA

¢ Department of Biological Sciences, SUNY College at Old Westbury, Old Westbury, NY 11568, USA

f Smithsonian Marine Station at Fort Pierce, 701 Seaway Drive, Fort Pierce, Florida 34949, USA

8 Departamento de Biologia Marina, Facultad de Ciencias del Mar, Universidad Catdlica del Norte, Larrondo 1281, Coquimbo, Chile

ARTICLE INFO ABSTRACT

Keywords: The genus Synalpheus is a cosmopolitan clade of marine shrimps found in most tropical regions. Species in this
Sociobiology genus exhibit a range of social organizations, including pair-forming, communal breeding, and eusociality, the
Prawn

latter only known to have evolved within this genus in the marine realm. This study examines the complete

:zz:ff;avior mitochondrial genomes of seven species of Synalpheus and explores differences between eusocial and non-
R . eusocial species considering that eusociality has been shown before to affect the strength of purifying selec-
Mitophylogenomics

tion in mitochondrial protein coding genes. The AT-rich mitochondrial genomes of Synalpheus range from
15,421 bp to 15,782 bp in length and comprise, invariably, 13 protein-coding genes (PCGs), two ribosomal RNA
genes, and 22 transfer RNA genes. A 648 bp to 994 bp long intergenic space is assumed to be the D-loop.
Mitochondrial gene synteny is identical among the studied shrimps. No major differences occur between eusocial
and non-eusocial species in nucleotide composition and codon usage profiles of PCGs and in the secondary
structure of tRNA genes. Maximum likelihood phylogenetic analysis of the complete concatenated PCG com-
plement of 90 species supports the monophyly of the genus Synalpheus and its family Alpheidae. Moreover, the
monophyletic status of the caridean families Alvinocaridae, Atyidae, Thoridae, Lysmatidae, Palaemonidae, and
Pandalidae within caridean shrimps are fully or highly supported by the analysis. We therefore conclude that
mitochondrial genomes contain sufficient phylogenetic information to resolve relationships at high taxonomic
levels within the Caridea. Our analysis of mitochondrial genomes in the genus Synalpheus contributes to the
understanding of the coevolution between genomic architecture and sociality in caridean shrimps and other
marine organisms.

Abbreviations: PCG, protein coding gene.
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1. Introduction

In the order Decapoda, one of the most speciose clades in the Mul-
ticrustacea, caridean shrimps (infraorder Caridea) exhibit remarkable
morphological, physiological, ecological, and behavioral diversity (de
Grave and Fransen, 2011). Recent studies on Caridea have revealed
impressive details of how these innovations have evolved. Examples
include multiple origins of ’reciprocally altruistic’ behaviors coupled
with strong phenotypic convergence in fish-cleaning palaemonid
shrimps (Horka et al., 2018), the colonization of semi-terrestrial envi-
ronments in unison with the ability to jump when out of the water
(Abele, 1970, Baeza, 2010), the adoption of a symbiotic lifestyle
concomitantly with the evolution of social monogamy and a reduced or
reversed sexual dimorphism in body size (females larger than males)
(Baeza et al., 2016a, 2016b and references therein), alternative mating
strategies evolving in parallel with dissimilar male morphotypes (Kar-
plus and Barki, 2019, Baeza et al., 2014), and the coevolution of non-
dispersing larvae and eusociality in shrimps belonging to the genus
Synalpheus (Duffy and Macdonald, 2010, Chak et al., 2015, 2017 and
references therein). Our understanding of the evolutionary ecology of
caridean shrimps has improved remarkably over the past decades.
Nonetheless, the biology of most of the representatives in this clade
remains unknown and genomic resources are still scant, hampering the
understanding of the genomic mechanisms driving evolutionary in-
novations in this clade.

Within the Caridea, shrimps belonging to the genus Synalpheus are a
cosmopolitan genus of fully marine crustaceans in the intertidal zone
and shallow subtidal of most tropical and subtropical regions (Hultgren
et al., 2017). Most species in the genus are symbiotic with sponges and
other marine invertebrates like echinoderms and cnidarians (Hultgren
et al., 2014). Some species live in crowds (aggregations), others in small
groups, whereas some species are socially monogamous. Furthermore,
at least nine species are known to be eusocial, living in moderate to large
groups (10’s to > 100’s shrimps) within the canals of sponges (Duffy,
1996, Hultgren, et al. 2017). In these eusocial species, one or a few fe-
male “queens” monopolize reproduction, while the remaining of the
male and female “workers” forgo their own reproduction and assume
tasks related to colony/sponge defense (Duffy et al., 2002, Toth and
Duffy, 2005, Chak et al., 2015). Eusocial behavior has evolved at least
four times independently in the Caribbean Sea and at least once in the
Indo-Pacific region (Fransen et al., 2006, Chak et al., 2017). Ongoing
studies are using the genus Synalpheus as a model system to assess the
impact of eusociality on multiple socioecological traits (Chak et al.,
2020a, 2020b, 2021 and references therein). Insights into the molecular
ecology of Synalpheus will boost comparative studies aimed at under-
standing the genomic underpinnings of complex social behavior in
marine invertebrates.

The aim of this study is to describe, in detail, the complete mito-
chondrial genomes of shrimps belonging to the genus Synalpheus and
compare major features between eusocial and non-eusocial species.
Recently, a comparative study of this genus revealed lower rates of
synonymous substitutions and relaxed purifying selection in eusocial
taxa relative to non-eusocial species (Chak et al., 2021). This pattern can
be explained by a suspected longer generation times in eusocial
compared to non-eusocial shrimps (Hultgren et al., 2017) and a reduced
effective population size in eusocial species (Chak et al., 2020a, 2020b),
which is in line with patterns observed in terrestrial social insects (Chak
et al., 2021). Given that mutations are more likely to become fixed in
small populations (Ohta and Gillespie, 1996, Chak et al., 2021), we
predict that differences in mitochondrial features (i.e., duplication,
translocation, or deletion of genes) between shrimps from the genus
Synalpheus and the crustacean ground pattern should be observed in
eusocial but not in non-eusocial species. To explore the effect of sociality
on mitochondrial genome features, we examined and compared (i)
mitochondrial synteny, (ii) nucleotide composition and codon usage
profiles of protein-coding genes (PCGs), (iii) the secondary structure of

Gene 786 (2021) 145624

each identified tRNA gene, and (iv) the putative non-coding control
region (i.e., D-Loop) of species with dissimilar social systems. Lastly,
based on information provided by mitochondrial PCGs, we examined the
phylogenetic position of Synalpheus among other species in the infra-
order Caridea and explored phylogenetic relationships within the Car-
idea. This study contributes to a better understanding of the genomic
drivers of sociality in caridean shrimps and other marine organisms.

2. Methods
2.1. Sequencing of mitochondrial genomes

We assembled a total of seven mitochondrial genomes belonging to
the genus Synalpheus; four from non-eusocial species (S. carpenteri, S.
hoetjesi, S. kensleyi, and S. pandionis) and three from eusocial species
(S. chacei, S. filidigitus, and S. regalis). Details on the field collection of
each of the studied species can be found in Macdonald et al. (2006).
Genomic DNA (gDNA) for each species was extracted from a single
alcohol-preserved specimen (one or more pereiopods) using the Qiagen
DNeasy Tissue Kits (Qiagen). Extracted DNA was quantified using a
Qubit 3.0 Fluorometer with the dsDNA HS assay (ThermoFisher Scien-
tific) and visualized on 2% agarose gels. A total of ~ 1,500 ng of gDNA
per specimen was provided to Novogene (Chula Vista, CA) for low-
coverage shotgun whole genome sequencing (WGS). The gDNA was
used to prepare a library with the TruSeq™ PCR-free Library Prepara-
tion Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
protocol. The resulting adapter-ligated and Illumina-indexed libraries
were pooled together with other libraries for multiplexed sequencing on
an Illumina NovaSeq sequencer (Illumina, San Diego, CA, USA) using a
pair-end (PE) 150 bp run format. Low coverage WGS recently has been
confirmed to be an efficient and economical approach to assemble
complete mitochondrial genomes in the genus Synalpheus (Chak et al.
2020, 2021).

The amount of data generated (available in FASTQ format by the
sequencing facility) varied between 6.9 Gb (in S. hoetjesi) and 18.6 Gb
(in S. regalis). The totality of the available data was used for mito-
chondrial genome assembly in the different studied species.

2.2. Mitochondrial genome assembly of Synalpheus

The mitochondrial genome of each Synalpheus species was de novo-
assembled using the pipeline NOVOPlasty v. 1.2.3 (Dierckxsens et al.,
2016). NOVOPlasty uses a seed-and-extend algorithm that assembles
organelle genomes from WGS data, starting from a related or distant
single 'seed’ sequence and an optional ’bait’ reference mitochondrial
genome (Dierckxsens et al., 2016). For assembly, we used a previously
published fragment of the coxI gene from each studied species (Gen-
Bank accession numbers: S. carpenteri: KJ595052, S. chacei: AF230792,
S. filidigitus: AY344695, S. hoetjesi: GQ424442, S. kensleyi: KJ625039,
S. pandionis: KJ595134, S. regalis: KJ595134) as a seed and a k-mer size
ranging between 21 and 39.

2.3. Mitochondrial genome annotation and analysis

The newly assembled mitochondrial genomes were first annotated in
the MITOS and MITOS2 webservers (http://mitos.bioinf.uni-leipzig.de)
(Bernt et al., 2013) using the invertebrate genetic code. Annotation
curation, including start and stop codons corrections, were conducted
using ExPASy (https://web.expasy.org) (Artimo et al., 2012) and MEGA
X (Kumar et al., 2018). Genome visualization was conducted with
GenomeVx (http://wolfe.ucd.ie/GenomeVx/) (Conant and Wolfe,
2008).

Nucleotide composition and codon usage profiles of the PCGs were
analyzed. MEGA X was used to estimate nucleotide composition, while
codon usage was predicted using the invertebrate mitochondrial code in
the Codon Usage webserver (http://www.bioinformatics.org/sms2/
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codon_usage.html).

tRNA genes were identified and their secondary structure was pre-
dicted in the software MiTFi (Jiihling et al., 2012) as implemented in the
MITOS web server. The secondary structure of each tRNA was visualized
in the webserver Forna (http://rna.tbi.univie.ac.at/forna/) (Kerpedjiev
et al., 2015).

The RNAstructure webserver (http://rna.urmec.rochester.edu/RNAst
ructureWeb/Predictl /Predict]l.html) (Reuter and Mathews, 2010) was
used to predict the lowest free energy secondary structure of the putative
control region, with particular attention placed on the presence of stem-
loops in each species.

2.4. Comparison between eusocial and non-eusocial species

We compared mitochondrial gene synteny and homology between
eusocial and non-eusocial species using the software BRIG (Alikhan
et al., 2011). We also compared the nucleotide and codon usage of the
PCGs (all 13 concatenated genes), as well as the nucleotide usage of the
12S and 16S rRNA using a hierarchical clustering analysis with the
package pheatmap (Kolde and Kolde, 2015) in RStudio v.4.0.2 (Allaire,
2012). To additionally explore the difference in genome architecture
(other than nucleotide use, codon usage in PCGs, and AT content) be-
tween eusocial and noneusocial species, we calculated hetero-
dinucleotides (AT, AC, AG, etc.) and homodinucleotides (AA, CC, GG,
and TT) frequencies with the UCSC faCount tool (Haeussler et al., 2019).
Distributions of short oligonucleotides, including heterodinucleotides
and homodinucleotides, are expected to cluster species according to
phylogenetic relatedness (as shown in other organisms with small ge-
nomes: virus — Ahlgren et al., 2017; bacteria - Karlin et al., 1997). Thus, a
clustering among studied species that departs from expected phyloge-
netic relatedness has the potential to reveal the effect of environmental,
including social, conditions on genome architecture. A principal
component analysis (PCA) was carried out using the faCount output and
the PCA results were visualized with ggfortify in R (Tang et al., 2016).
Lastly, nucleotide distribution for each species was calculated and
visualized using the DNAvisualization web server (Lee et al., 2019).

2.5. Phylomitogenomics of caridean shrimps

We examined the phylogenetic position of the genus Synalpheus
among other species of caridean shrimps (Decapoda: Caridea). The
newly assembled mitochondrial genomes, along with the mitochondrial
genomes of the 86 other caridean species available in the GenBank
database, were used for the phylogenetic analysis conducted using the
MitoPhAST pipeline (Tan et al., 2015). Outgroups included two species
of stenopodid shrimps (Stenopus hispidus and Spongicola levigatus
[infraorder Stenopodidea]) and two species of prawns (Penaeus vanna-
mei and P. monodon [infraorder Penaeoidea]). MitoPhAST first extracts
all 13 PCG nucleotide sequences from the species available in GenBank
and any others provided by the user (i.e., Synalpheus spp.). The PCG
nucleotide sequences are then translated to amino acids, before they are
aligned using Clustal Omega (Sievers et al., 2011). Poorly aligned re-
gions are removed with trimAl (Capella-Gutierrez et al., 2009) before
the dataset is partitioned and the best fitting models of sequence evo-
lution are selected with ProtTest (Abascal et al., 2005). Finally, the
concatenated and partitioned PCG amino acid alignments are used to
perform a maximum likelihood phylogenetic tree search in the software
IQ-TREE (Nguyen et al., 2015). The robustness of the ML tree topology
was ascertained by 1000 bootstrap pseudoreplicates of the tree search.

3. Results and discussion

The NOVOPlasty software pipeline automatically assembled and
circularized the mitochondrial genomes of S. carpenteri, S. chacei, S.
kensleyi, S. pandionis, and S. regalis (Genbank accession numbers are
available in Supplementary Materials Table S1). The mitochondrial
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genomes of S. filidigitus and S. hoetjesi were assembled in two and four
overlapping contigs, respectively, and each was circularized manually in
MEGAX. Coverage of each mitochondrial genome varied between 44 x
and 155x (Supplementary Materials Table S1).

In the species examined, the complete mitochondrial genome varied
between 15,421 bp (in S. hoetjesi) and 15,782 bp (in S. filidigitus) in
length (Supplementary Materials Table S1). The studied mitochondrial
genomes were compact with few intergenic spaces and overlaps among
gene junctions (Fig. 1, and Supplementary Materials Table S2). In all
species, the mitochondrial genome comprised 13 protein-coding genes
(PCGs), two ribosomal RNA genes (rrnS [12S ribosomal RNA] and rrlL
[16S ribosomal RNA]), and 22 transfer RNA (tRNA) genes. A single, long
intergenic space ranging in length between 648 bp in Synalpheus hoetjesi
and 994 bp in Synalpheus filidigitus was assumed to be the D-loop/Con-
trol Region (Fig. 1, Supplementary Materials Table S2). Mitochondrial
gene synteny in all studied species were identical to each other and to
the previously reported congeneric shrimp S. microneptunus (Chak et al.,
2020a, 2020b). Most of the PCGs and tRNA genes were encoded on the
light strand, while only four PCGs (in order from 5’ to 3': nad5, nad4,
nad4l, and nad1l), two rRNA genes, and 8 tRNA genes (trnF, trnH, trnP,
trnL1, trnV, trnQ, trnC, and trnY) were encoded in the heavy strand
(Fig. 1, Supplementary Materials Table S2). BRIG results indicated that
S. carpenteri, S. kensleyi and S. regalis have similar control regions to
S. microneptunus (Fig. 2). Conversely, the control regions of S. pandionis
and S. hoetjesi appear to be less similar to S. microneptunus, which sup-
ports the current systematic status of Synalpheus and suggests that the
CR region might have phylogenetic informativeness in this genus.
Mitochondrial genome synteny in Synalpheus also corresponds to the
presumed Pancrustacean (Hexapoda + Crustacea) ground pattern (Tan
et al., 2017, 2019 and references therein).

Mitochondrial gene order observed in Synalpheus spp. is different
from that reported in the confamiliar taxa Alpheus and Leptalpheus for-
ceps — the only other species belonging to the family Alpheidae with a
published complete mitochondrial genome (Shen et al., 2012; Qian
et al., 2011; Zhong et al., 2019; Wang et al., 2020; Scioli et al., 2020)
(Fig. 3). In Synalpheus spp., tRNA-E is located between tRNA-S1 and
tRNA-F while in Leptalpheus forceps and Alpheus spp., tRNA-E is located
several genes ’downstream’, between the PCG cob and tRNA-S2.
Furthermore, in Alpheus lobidens, tRNA-Q is located between nad4l and
tRNA-T, while in the other studied species, tRNA-Q is located between
tRNA-I and tRNA-M. Dissimilarities in mitochondrial synteny between
A. lobidens and cofamiliar species might be explained by gene duplica-
tion, translocation, and deletion of the original duplicated gene (see
Wang et al., 2020). Furthermore, the aforementioned comparisons
suggest that mitochondrial genome synteny might potentially be useful
in revealing phylogenetic relationships among genera in the infraorder
Caridea. Gene order dissimilarity, as explored here for the genus
Alpheus, and its correlated phylogenetic informativeness, needs to be
studied in more detail in the infraorder Caridea (Fig. 3).

In all studied species, 12 out of the 13 PCGs exhibited conventional
invertebrate and Pancrustacean mitochondrial start codons (ATA, ATG,
ATC, ATT) (Supplementary Materials Table S2). In two eusocial species
(S. regalis and S. filidigitus), and in three non-eusocial species
(S. carpenteri, S. kensleyi, and S. pandionis), cox1 exhibited an alternative
putative start codon (ACG) which has been previously reported in the
eusocial species, S. microneptunus (Chak et al. 2020), as well as in other
caridean shrimps (Miller et al., 2005; Kim et al., 2015) and decapod
crustaceans (Baeza et al. 2018 and references therein). The majority of
PCGs in the species examined ended with a complete and conventional
stop codon (TAA or TAG) (Supplementary Materials Table S2). Excep-
tions included cob which terminated with an incomplete stop codon, T,
in all studied species but S. regalis and cox3 which terminated with an
incomplete stop codon, T, in all studied species but S. chacei and
S. hoetjesi. The other genes which terminated with an incomplete stop
codon T were cox2 in S. carpenteri, nad4lin S. regalis, nad2 in S. pandionis,
and nadl in S. regalis and S. pandionis. Truncated stop codons are often
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Fig. 1. Circular mitochondrial genome map of the eusocial shrimp, Synalpheus regalis, and the non-eusocial shrimp, Synalpheus carpenteri. Mitochondrial gene synteny
is identical in the studied species. The annotated maps depict 13 protein-coding genes (PCGs), two ribosomal RNA genes (rrnS: 12S ribosomal RNA and rrnL: 16S
ribosomal RNA), 22 transfer RNA (tRNA) genes, and the putative control region. The inner circle depicts GC content along the genome. Shrimp depictions modified

from McDonald et al. (2009).

observed in mitochondrial genomes of other crustaceans and are hy-
pothesized to be completed via post-transcriptional poly-adenylation
(see Baeza, 2018).

The PCGs in the mitochondrial genome of Synalpheus spp. exhibited
an AT bias with an overall base composition range of A =
27.17-36.00%, T = 34.00-38.69%, C = 16.49-19.52%, and G =
10.99-17.33%. No major dissimilarities in AT biases was observed be-
tween eusocial and non-eusocial species as indicated by a hierarchical
clustering analysis (Fig. 4). This AT bias is within the known range re-
ported for mitochondrial genomes in caridean shrimps, including the
congeneric S. microneptunus (Chak et al., 2020a, 2020b). However, the
eusocial S. microneptunus has the least AT-rich mitogenome while the
non-eusocial S. hoetjesi has the most AT-rich genome, although these
species are from different clades (Supplementary Materials, Fig. S1).
Overall, the observed similarity in AT-composition supports the current
systematic status of Synalpheus: S. pandionis and S. hoetjesi are nearest
each other, and somewhat removed from the other five species in
Fig. S1. Even as S. kensleyi and S. microneptunus are each other’s nearest
relatives in this analysis, our distribution shows that S. microneptunus
and S. carpenteri are most similar in nucleotide distribution. Further-
more, S. filidigitus, like S. microneptunus, has a sharp decrease in GC-
content at about the 14 kbp mark in its mitogenome, while the
remaining organisms do not exhibit this decrease.

The PCA analysis performed on homodinucleotides measured in all
studied species resulted in two principal components representing
87.3% (PC1 = 58.02%, PC2 = 29.28%) of the variability in our dataset.
This analysis revealed clustering of the three eusocial species (S. chacei,

S. filidigitus and S. regalis) included in our study (Fig. 5). The homo-
dinucleotide distribution of the previously reported eusocial species,
S. microneptunus, was notably separated from the cluster by the second
principal component. It is important to note that the clustering effect
was only observed when using homodinucleotides (AA, CC, GG, TT) and
that no clustering effect was seen when using all possible dinucleotide
combinations (e.g., AC, AG, AT, etc.) Dinucleotide occurrence has been
shown to not only be of biochemical importance in DNA conformation,
but to also have an association with species-specific properties such as
DNA modification, replication and repair (Kariin and Burge, 1995). As
such, dinucleotides (referred to as microsatellites when they occur in
non-interspersed repetition) can be used as markers to discriminate
between organisms. Moreover, DNA methylation at CpG dinucleotides
has been implicated in behavioral plasticity in eusocial insects (Yan
et al., 2014). This latter observation alludes to the possibility of a
functional role for dinucleotides in general, which would include those
dinucleotides occurring in mitochondrial sequences.

The most frequently used codons within the PCGs of Synalpheus spp.
were AT rich and included TTA (most frequently used codon in five
species and second most used codon in one species), TTT (most
frequently used codon in two species and second most used codon in
three species), and ATT (second most frequently used codon in one
species and third most used codon in five species). Codons with the
lowest frequency (excluding termination codons) included ACG, GCG,
and CGG, among a few other (Fig. 4).

The mitochondrial genome of Synalpheus spp. encoded tRNA genes
that ranged in length from 57 (tRNA-Ser1 in S. pandionis, S. kensleyi, and
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Fig. 2. Mitochondrial genome synteny and homology of shrimp species belonging to the genus Synalpheus. Lower homology is observed in the control region. Outer
to inner circle species order is: S. pandionis, S. hoetjesi, S. chacei, S. filidigitus, S. kensleyi, S. regalis, S. carpenteri, and S. microneptunus.

S. hoetjesi) to 70 bp (tRNA-Ser2 in S. chacei, S. kensleyi, and S. hoetjesi and
tRNA-K and in S. regalis and S. filidigitus). In the species studied here, all
tRNA genes, with the exception oftRNA-Serl, exhibited a standard
*cloverleaf’ secondary structure as predicted by MIFTI (Fig. 6). In the
tRNA-Ser1 gene, the stem and loop of the pseudouridine arm (T-arm)
was missing, in agreement to previous reports for S. microneptunus (Chak
et al., 2020a, 2020b). Complete (stem and loop) or partial (loop only)
tRNA arm deletions are known to occur in other decapod crustaceans
(Baeza, 2018 and references therein). An extra elongation factor Tu (EF-
Tu) has evolved to support interactions with tRNAs lacking the T-arm
during translation (i.e., in other invertebrates and vertebrates - Wata-
nabe et al., 2014).

In the studied species, the rmS gene varied between 792 (in
S. carpenteri) and 614 bp (in S. hoetjesi) while the rrnL gene varied be-
tween 1,364 (in S. carpenteri) and 1,380 bp (in S. pandionis) in length.
These genes were located close to each other and were found between
tRNA-L1 and the putative D-loop/CR, but separated by tRNA-V (Fig. 1).
No major differences in nucleotide usage in the rrnS and rrmlL genes were
observed between eusocial and non-eusocial species as indicated by a
hierarchical clustering analysis (Fig. 4). As shown to occur in other
crustaceans, including caridean shrimps, the two genes were highly AT
biased. The overall base composition of the rrmL gene was A =
29.71-35.26%, T = 38.59-40.42%, C = 6.85-8.27%, and G =
17.57-23.62%. In turn, the rrnS gene was A = 29.38-34.61%, T =

35.96-39.23%, C = 8.17-9.65%, and G = 19.90-23.68%.

In the studied Synalpheus spp., the intergenic region assumed to be
the D-loop/CR varied between 648 (in the noneusocial S. hoetjesi) and
994 bp (in the eusocial S. filidigitus) in length and was located between
the 12S ribosomal RNA and tRNA-I (Fig. 1). The region was heavily AT
rich with an overall base composition range of A = 36.35-46.59%, T =
32.57-40.89%, C = 11.97-19.84%, and G = 5.28-9.52%. No major
differences in nucleotide use in this putative CR was observed between
eusocial and non-eusocial species as indicated by a hierarchical clus-
tering analysis (also, see above and Fig. 4). The secondary structure
prediction analysis in RNAstructure (assuming 28 °C and other default
options) resulted in a lowest free energy configuration (change in Gibbs
free energy [AG] range = —120.7 kcal/mol in S. kensleyi - — 83.3 kcal/
mol in S. pandionis) that featured many stem-loop structures inter-
spersed along the length of the region (Suppl. Mat. Fig. S2). The CR
structures were in line with previous reports for S. microneptunus (Chak
et al,, 2020a, 2020b) and other putative control regions in other
decapod crustacean mitochondrial genomes (Baeza, 2018 and refer-
ences therein). Overall, studies characterizing the putative D-Loop/CR
in crustaceans, including shrimps, are rare, with this study being among
the few which has characterized this region in caridean shrimps.

In the ML phylogenetic analysis, the final molecular data matrix
comprised a total of 3,584 amino acid characters, of which 1,998 nu-
cleotides were parsimony informative, for a total of 86 ingroup species
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Fig. 4. Heatmap of hierarchically clustered data showing nucleotide use in protein coding genes (a), 12S rRNA DNA (b), 16S rRNA DNA (c), Control Region (d) and
the codon usage in the protein coding genes (e). Purple color indicates lower usage and orange color indicates higher usage. Color keys indicate the intensity
associated with normalized usage values. S.p = S. pandionis, S.h = S. hoetjesi, S.ch = S. chacei, S.f = S. filidigitus, S.k = S. kensleyi, S.r = S. regalis, and S.ca = S.
carpenteri. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

belonging to the infraorder Caridea and four outgroup terminals. Our
analysis recovered a monophyletic infraorder Caridea with high support
(bootstrap value [bv] = 100). We also recovered a monophyletic
Alpheidae with high support comprising the genera Alpheus, Synalpheus,
and Leptalpheus. These results are in agreement with previous phyloge-
netic studies that used either a combination of mitochondrial and nu-
clear gene fragments (Bracken et al., 2009) (Fig. 2) or complete
mitochondrial PCGs with a limited sample of caridean species (Chak
et al., 2020a, 2020b). Within Alpheidae, the ML tree also recovered
Synalpheus as a fully supported monophyletic clade sister to another well
supported clade comprised of Leptalpheus forceps and its sister,

monophyletic genus Alpheus (Fig. 2). The monophyletic status of the
families Alvinocaridae, Atyidae, Thoridae, Lysmatidae, Palaemonidae,
and Pandalidae was fully or highly supported by the analysis. Our results
suggest that mitochondrial genomes alone have enough phylogenetic
information to reveal relationships at high taxonomic levels within the
Caridea.

4. Conclusions

This study assembled and analyzed the mitochondrial genome of
both eusocial and non-eusocial shrimp species belonging to the genus
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Synalpheus. No differences between eusocial and non-eusocial species
were observed in terms of mitochondrial gene synteny, nucleotide
composition and codon usage profiles of protein-coding genes (PCGs),
the secondary structure of each identified tRNA gene, and the putative
non-coding control region (i.e., D-Loop). Only minor differences were
found when the frequency of homodinucleotides was explored. The
subtle dissimilarities in dinucleotide and GC content might reflect
minor, but relevant effects of social complexity among the studied
species. Indeed, a recent study reported lower synonymous substitution
rates and higher potential signals of relaxed purifying selection in
eusocial taxa relative to non-eusocial taxa (Chak et al., 2021). The
complete mitochondrial genomes we report here will contribute to a
better understanding of phylogenetic relationships, environmental
drivers, and consequences of sociality in caridean shrimps and other
marine organisms. Phylo-mitogenomic analyses provided support for
the monophyly of several families within Caridea. This study suggests
that entire mitochondrial genomes are useful for resolving phylogenetic
relationships at higher taxonomic levels in the Caridea.
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