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ABSTRACT

The striped soldier shrimp, Plesionika edwardsii (Brandt, 1851) is a pandalid with economic value in the Mediterranean region. We have
sequenced and assembled its complete mitochondrial genome, which is 15,956 bp in length and contains the same 37 genes found in most
metazoan mitochondrial genomes. Its gene order and nucleotide content are similar to most of the caridean mitochondrial genomes. In the com-
parative analysis, however, we detected in other species changes in the gene order that could be mediated by the recombination of transfer RNA
genes, as well as AT skew shifts that could indicate changes in the origins of replication. All protein-coding genes of the mitochondrial genome
of P. edwardsii seem to be under purifying selection, although the differences in Ka:Ks ratios suggest a disparity in the mutational constraints
of some genes. This genome also presents a 1,118 bp-long non-coding sequence that encompass the control region. We have been able to find
a previously described conserved sequence block in this region and assess that it forms a stem-loop structure in different species of Pandalidae,
which is a shared feature with the conserved sequence blocks described in the family Alvinocarididae. We also detected microsatellites in the
control region of P. edwardsii and in other species of Pandalidae and minisatellites in Lysmata vittata (Stimpson, 1860) that can account for
around 20% of the additional non-coding region of this species. The phylogenetic relationships of P. edwardsii with other pandalids were assessed
by two analyses: one based on the complete mitochondrial sequences and another based only on the protein-coding genes. Our study, thus,
contributes to the genomic resources available for P. edwardsii and expands the current biological knowledge about the mitochondrial genomes
of other caridean species.
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INTRODUCTION repeated and non-coding sequences. (Boore, 1999; Curole &

The mitochondrial genome (mitogenome) of animals is formed Kocher, 1999; Gissi et al. 2008).

by a single circular DNA duplex of typically ~16 kb in size. It Decapod crustaceans (crabs, crayfishes, lobsters, and shrimps)

includes the same set of 37 genes in most cases: 13 protein-cod- include many species of commercial importance. The infraorder

ing genes (PCGs), 22 transfer RNAs (tRNAs), and two ribo- Caridea is the second largest taxon within the order Decapoda,
) ) . . o1

somal RNAs (rRNAs), as well as a control region (CR) (Boore, accounting for over 3,400 species and 36 families (De Grave &

1999). Mitogenomes are of great interest for studying phyloge- Fransen, 2011; Liao e.t al, 2.‘017) - The shrimps of this infraor-
netic relationships due to the conservation of its genes, the lack der populate all aquatic habitats, from deep sea to fresh waters,

or low level of recombination (Elson & Lightowlers, 2006), a which makes them of key imp ortance for evolut19nary blOIOSY
higher evolutionary rate than the nuclear genome, and regions '(Sun et al, 2020). The genomic resources available for this
with different rates of evolution. Furthermore, they present infraorder, hov.vever, are StI.H scarce and particularly the number
genome-level features that can be useful when comparing dif- o.fcomplete mitogenomes is hmlte'd (Sun etal., 2020). iny 195
ferent species, such as gene order and gene rearrangements, and different caridean species with their mitogenome are available in
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the Genbank database to date. Furthermore, the distribution of
these data between families is imbalanced, with the family Aty-
idae accounting for 26 of these species, 19 species of the family
Palaemonidae, 16 Apleidae species, 12 Alvinocarididae species,
10 Hippolytidae species, 10 Pandalidae species, and 12 species
of other 6 families. The genus Plesionika (Bate, 1888) stands out
as the largest in Pandalidae, comprising 93 species, primarily
deep-sea shrimps that mainly populate tropical and subtrop-
ical waters (Ahamed et al., 2017). Plesionika sindoi (Rathbun,
1906) is currently the only species of the genus with a complete
mitogenome available in the GenBank database (MH714453).
The mitochondrial DNA markers COI and 16S rRNA had been
used to establish the phylogenetic relationships between the
species of this genus (Silva et al., 2013; Chakraborty et al., 201S;
Chakraborty & Kuberan, 2021). These markers have been useful
to determine that Plesionika may not be monophyletic, as some
shallow-water species seem to be paraphyletic to the deep-wa-
ter species (Silva ef al.,, 2013). A wider availability of complete
mitogenomes could help decipher the phylogeny of Plesionika
by providing multiple loci with different evolution rates.

The soldier striped shrimp Plesionika edwardsii (Brandt,
1851) is a cosmopolitan species found in temperate waters
between 50 and 680 m of depth (Chan & Yu, 1991), more com-
monly between 200 and 400 m (Abell$ et al., 1988; Chan & Yu,
1991; Fanelli & Cartes, 2004; Santos et al., 2021). The carapace
length in this species ranges 7.06-33.28 mm, with females gen-
erally larger than males (Garcia-Rodriguez et al., 2000; Gonzélez
et al., 2016; Triay-Portella et al., 2017; Santos et al., 2021). Ple-
sionika edwardsii feeds on euphausiids, polychaetes, and mesope-
lagic fishes (Fanelli & Cartes, 2004). It has a broad reproductive
period as ovigerous females can be found throughout the year
and can spawn multiple times during the reproductive season
(Colloca, 2002; Triay-Portella ef al., 2017). Some authors point
to a peak in the presence of ovigerous females, but the time of
the year of this peak seems to change depending on the location
(Martins & Hargreaves, 1991; Santana et al., 1997; Garcia-Ro-
driguez et al., 2000; Colloca, 2002; Gonzalez et al., 2016;). Ple-
sionika edwardsii is included in the FAO catalogue of species
of interest to fisheries (Holthuis, 1980), and its fishing is com-
mon along Mediterranean coasts (Holthuis, 1980; Gonzélez et
al., 1992). Despite its economic value, however, this species is
still lacking on genomic resources that could help establish the
health of its populations and increase our knowledge about its
life history.

The aim of our study is to describe the mitogenome of P
edwardsii and conduct a comparative study between this genome
and the previously published mitogenomes of caridean shrimps.
We assembled the mitogenome from a sequencing of the total
genomic DNA, annotated it, and compared its gene order with
the published data of other caridean species. We examined its
base composition and the features of its PCGs, as well as the
selective constraints of these genes. The characteristics of the
non-coding RNA genes were also studied and we analysed
the sequence conservation and secondary structure of the con-
trol region of this and other pandalid species. We also established
the phylogenetic position of P. edwardsii in relation to previously
described pandalid species. The description of the mitogenome
of P. edwardsii could be the first step in increasing the genomic
data available for this species, increasing our knowledge of its

biology and help elucidate the taxonomy of the genus and the
family.

MATERIALS AND METHODS

Sample collection and sequencing

Specimens of P. edwardsii were collected near the coast of
Motril, southern Spain and kept in ice on the fishing boat after
capture. DNA was extracted immediately after the arrival of
the samples at port. For this, a sample of muscle tissue of a sin-
gle individual was homogenised by grinding on liquid nitro-
gen and genomic DNA was extracted with the Quick-DNA™
Miniprep Plus Kit (D4069, Zymo Research, Irvine, CA, USA)
using the solid tissue protocol. DNA quality was assessed by
a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA,
USA) and 1% (w/v) agarose gel. High-quality DNA librar-
ies were prepared using the Illumina TruSeq PCR-Free kit
(Illumina, San Diego, CA, USA). A paired-end protocol was
used to run the library on an Illumina HiSeq 2000 sequencer
(Illumina), which was performed by Macrogen (Seoul,
Korea).

Assembly and annotation of mitochondrial genome

The mitogenome assembly, annotation, and analysis were per-
formed following some of the recommendations found in Baeza
(2022). De novo mitogenome assembly was achieved using the
pipeline GetOrganelle v1.7.6.1 (Jin ef al,, 2020), with k-mer
sizes of 21, 45, 65, 85, and 105, and the entire mitogenome of
Plesionika sindoi (accession MH714453) as a seed. The assem-
bled genome was annotated using MITOS (http://mitos.bio-
infuni-leipzig.de/index.py) (Bernt et al., 2013) and MITOS2
(http://mitos2.bioinfuni-leipzig.de/index.py) (Donath et al,
2019) selecting the invertebrate genetic code which includes
the tRNA genes annotations derived from the MiTFi pipeline
(Jiihling et al., 2012). For manual curation, the annotated start
and stop codons were corrected using Geneious Prime 2022.0.2
(https:/ /www.geneious.com/ ) with the translated sequence
obtained from Expasy Translate Tool (https://web.expasy.org/
translate/).

Analysis of mitochondrial genome
We wused GenomeVx (http://wolfeucd.ie/GenomeVx/)
(Conant & Wolfe, 2008) to construct a visual representation
of the genome. Mitogenomes of the species that belong to the
infraorder Caridea were retrieved from the GenBank database,
as well as the mitogenome of Stenopus scutellatus Rankin, 1898
(infraorder Stenopodidea), which was used as an outgroup. We
only used the annotated genomes in the subsequent analysis,
comprising a total of 113 genomes (Supplementary material
Table S1). We recovered the gene order in the different carid-
ean species from the GenBank files using MitoPhAST v3.0
(Tan et al., 2015). We used Mauve v3.0 (Darling ef al., 2004) to
aligned the different mitogenomes, detect conserved genomic
regions, and analyse their rearrangements. Nucleotide compo-
sition of the genomes and genes were obtained with Geneious.
GC and AT skew were calculated according to Perna & Kocher
(1995): AT skew=(A-T)/(A+T); GC skew=(G-C)/(G+C).
GC and AT skew graphs were produced using the commandline
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client for Genskew (Genskew_cc) (https://genskew.csb.uni-
vie.ac.at/).

For PCGs, codon usage was calculated using Codon Usage
(https://www.bioinformatics.org/sms2/codon_usage.html)
and the codon usage bias was estimated with the relative syn-
onymous codon usage (RSCU), which was calculated using
MEGAI11 (Tamura et al, 2021). The Ka:Ks ratio compares
the nonsynonymous (Ka) and synonymous (Ks) substitutions
rates and indicates whether a region is under purifying selec-
tion (Ka:Ks < 1), diversifying selection (Ka:Ks > 1), or neutral
mutation (Ka:Ks = 1). We calculated the Ka:Ks ratio using the
software KaKs calculator 2.0 (Zhang et al., 2006), comparing the
mitogenomes of P. edwardsii with that of P. sindoi. The second-
ary structure of the annotated tRNAs was graphically visualised
using ViennaRNA Web Services forna (http://www.iennarna.
at/forna/) (Kerpedjiev et al.,, 2015).

The analysis of the putative control region was focused on the
detection of repeats sequences, the visualization of its secondary
structure and the evaluation of previously described conserved
sequences. We detected microsatellites using the Microsatel-
lite repeats finder (http://insilico.ehu.es/mini_tools/micro-
satellites/) and larger repeats were detected using the Tandem
Repeats Finder (https://tandem.bu.edu/trf/trf.html) (Benson,
1999). We predicted the secondary structure of the CRs using
Mfold  (http://www.mfold.org/mfold/applications/dna-fold-
ing-form.php); when there were more than one possible second-
ary structure the one with the lowest free energy was used for
further analysis. We used Geneious to align the control regions
of the different species under analysis and create dot plot graph-
ics. RNAalifold (http://rna.tbi.univie.ac.at/ cgi-bin/RNAWeb-
Suite/ RNAalifold.cgi) was used to visualise the number of
compatible and incompatible pairs in the secondary structure of
the alignment of the conserved sequence block.

Mitochondrial phylogenetic tree

The phylogenetic position of P. edwardsii in the family
Pandalidae was assessed by constructing two phylogenetic trees
using the assembled mitogenome and eight other Pandalidae
mitogenomes, using two species as outgroup: Macrobrachium
lanchesteri De Man, 1911 (Palaemonidae, accession F]797435)
and S. scutellatus (Stenopodidea, accession OM140691). We
constructed a first phylogenetic tree using the maximum-like-
lihood method with the complete mitogenomes based on a
Clustal Omega alignment and the GTR + I + G evolutionary
model as the best DNA model proposed by MEGAL11, with
a bootstrap of 1,000 pseudoreplicates. These results were
compared with the phylogenetic tree resulting of concatenat-
ing the 13 PCGs and aligning them with MitoPhAST v3.0.
Briefly, MitoPhAST extracted the 13 PCGs of the GenBank
files provided and the amino acid sequences were aligned
using TranslatorX (Abascal et al., 2010), ambiguously-aligned
regions were trimmed with Gblocks (Castresana, 2000), and
the clean alignments were concatenated with FASconCAT-G
(Kiick & Longo, 2014). The concatenated PCG amino acid
alignments were used to construct a maximum-likelihood
phylogenetic tree using IQ-TREE (Nguyen et al.,, 2015). We
calculated 1,000 bootstrap pseudoreplicates to evaluate the
robustness of the tree topology.

RESULTS AND DISCUSSION

The Ilumina sequencing resulted in 19 million pairs of reads,
comprising a total of 5.8 Gigabases of DNA. This data is available
in the Sequence Read Archive (SRA) repository from NCBI
(BioProject PRJNA894443, BioSample SAMN31455524, run
accession number SRR22046692).

General features: structure, organization and composition
The complete mitogenome of P. edwardsii was 15,956 bp in
length and our assembly had an average coverage of 148.7x
(GenBank accession number OP087601). The mitogenome
size of this species was similar to that of P. sindoi (15,908 bp)
and in the range of other Pandalidae mitogenomes sequences
deposited in the GenBank database (Bitias brevis (Rathbun,
1906) 15,891; Pandalus prensor (Stimpson, 1860) 17,194 bp).
Similarly to other crustacean mitogenomes, the P. edwardsii
mitogenome had an A+T bias, with a percentage of A = 33.4%,
T =31.8%, C =21.1% and G = 13.6%. It included 13 PCGs, 2
rRNA genes (rrnS and rrnL), and 22 tRNA genes. The positive
strand encoded most of the genes; the negative strand encoded
four PCGs (nad$, nad4, nad4l, and nad1l) and eight tRNA genes
(trnF, trnH, trnP, trnL1, trnV, trnQ, trnC, and trnY), as well as
both of the rRNA genes (Fig. 1). Gene overlaps were recorded
in seven genes, overlapping between 1 and 40 bp, whereas inter-
genic spaces were present in 18 gene junctions ranging between
1 and 30 bp, apart from the region that was assumed to be the
control region (CR) (Table 1).

Gene order

The gene order observed in P. edwardsii is shown in Figure 1 and
Table 1. The pattern is identical to the ancestral crustacean pat-
tern (Hickerson & Cunningham, 2000), which is shared by most
of the species of Caridea, including entire families that maintain
the ancestral pattern (ie. Alvinocarididae and Atyidae). Most
of the changes in the mitochondrial architecture that we have
found in Caridea affect to the number and position of tRNA
genes, which correlates with previous observations in different
phyla (Gissi ef al., 2008). Some of these changes in tRNA genes
position are conserved in multiple species of the same genus. We
nevertheless detected that there are two species, Thor amboin-
ensis (De Man, 1888) and Hymenocera picta (Dana, 1852), with
PCGs rearrangements in comparison with the ancestral pattern
shared by P. edwardsii. Both species present rearrangements that
comprise the same PCGs (nad6 and cob), as well as the neigh-
bouring tRNA genes, trnT and trnS, and they have translocated
to locations with other adjoining tRNA genes (Fig. 2). The
trnP gene seemed to have translocated as part of this block in
H. picta but it had translocated separately in T. amboinensis. The
translocation found in T. amboinensis had been described (Zhu
et al,, 2021), but the translocation of this same genomic region
in another species makes us presume that this is the region
being translocated and not the surrounding sequences. These
rearrangements are consistent with the tandem-duplication/
random loss model, and agree with the findings of Han et al.
(2022) that breakpoints for recombination have a tendency to
occur between tRNA genes, which show a high gene transloca-
tion rates (Tyagi et al.,, 2020). It is possible that these transloca-
tions have only occurred in one individual and not in the entire

€20z Aieniga4 g UO Jasn seioualy) se| ap BLOISIH - BpeURIS) 8p pepIsIaAlun Aq 6Z08169/S500BNI v/ /e[onie/qol/woo dno olwapeoe//:sdiy Woll papeojumoc]


https://genskew.csb.univie.ac.at/
https://genskew.csb.univie.ac.at/
https://www.bioinformatics.org/sms2/codon_usage.html
http://www.viennarna.at/forna/
http://www.viennarna.at/forna/
http://insilico.ehu.es/mini_tools/microsatellites/
http://insilico.ehu.es/mini_tools/microsatellites/
https://tandem.bu.edu/trf/trf.html
http://www.mfold.org/mfold/applications/dna-folding-form.php
http://www.mfold.org/mfold/applications/dna-folding-form.php
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAalifold.cgi

4 « JIMENEZ-RUIZET AL.: PLESIONIKA EDWARDSII MITOGENOME

Plesionika edwardsii
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Figure 1. Visual representation of the circular mitochondrial genome of Plesionika edwardsii depicting its 13 protein-coding and 22 transfer-
RNA genes (trnX) with their anticodons, 2 ribosomal RNA genes (7S and rrnL), and the putative control region (CR). The outer circle genes
are encoded by the positive strand; the inner circle genes are encoded by the negative strand.

species considering that the mitochondrial assembly, at least in
T. amboinensis, comes from the sequencing of a single individual
(Wang et al.,, 2020) and these changes are not shared with other
species of the same monophyletic group. Future studies should
further analyse these possibilities.

GC and AT-skew

The mitogenome of P. edwardsii presented a total GC skew
of —0.215431765 and an AT skew of 0.023729465, both of

which are close to the mean value of the Caridea mitogenomes
(GC skew -0.2682 + 0.0596; AT skew 0.0558 + 0.0442)
(Supplementary material Table S1). The distribution of the
GC and AT skew along the genome was similar to that of other
species of Pandalidae. While the GC skew decreases reaching a
minimum in the CR, the AT skew presents a minimum between
the nad3 and nad$S genes and another partial minimum between
the cob and nadl genes. Although it has been described that the
origin of replication of the H-strand (OH) and the origin of the
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Table 1. Genomic features of the mitochondrial genome of Plesionika edwardsii.

Name Type Start Stop Strand Length (bp) Start Stop Anticodon Intergenic space
cox1 Coding 1 1533 + 1533 CGA TAA -5
trnl2(tta) tRNA 1529 1594 + 66 TAA

cox2 Coding 1602 2289 + 688 ATG T(AA) 0
trnK(aaa) tRNA 2290 2356 + 67 TTT 2
trnD(gac) tRNA 2359 2425 + 67 GTC 0
atp8 Coding 2426 2584 + 159 ATC TAA -7
atp6 Coding 2578 3252 + 675 ATG TAA -1
cox3 Coding 3252 4040 + 789 ATG TAA 6
trG(gga) tRNA 4047 4112 + 66 TCC 0
nad3 Coding 4113 4466 + 354 ATA TAA 2
trnA(gca) tRNA 4469 4533 + 65 TGC 0
trnR(cga) tRNA 4534 4599 + 66 TCG 2
trnN(aac) tRNA 4602 4666 + 65 GTT 0
trnS1(aga) tRNA 4667 4733 + 67 TCT 0
trnE(gaa) tRNA 4734 4803 + 70 TTC 3
trnF(ttc) tRNA 4807 4872 - 66 GAA 2
nad$ tRNA 4875 6590 - 1716 ATT TAA 12
trnH(cac) tRNA 6603 6669 - 67 GTG 0
nad4 Coding 6670 8008 - 1339 ATG T(AA) -7
nad4l Coding 8002 8298 - 297 ATG TAA

trnT(aca) tRNA 8301 8368 + 68 TGT 0
trnP(cca) tRNA 8369 8435 - 67 TGG 2
nadé Coding 8438 8953 + S16 ATT TAA -1
cob Coding 8953 10087 + 1135 ATG T(AA) 0
trnS2(tca) tRNA 10088 10159 + 72 TGA 20
nad1 Coding 10180 11121 - 942 ATT TAA 30
trnL1(cta) tRNA 11152 11218 - 67 TAG -40
rrnl rRNA 11179 12515 - 1337 25
trnV(gta) tRNA 12541 12605 - 65 TAC 1
rrnS tRNA 12607 13405 - 799 0
CR 13406 14523 + 1118

trnl(atc) tRNA 14524 14590 + 67 GAT 15
trnQ(caa) tRNA 14606 14673 - 68 TTG

trnM(atg) tRNA 14676 14742 + 67 CAT 0
nad2 Coding 14743 15744 + 1002 ATT TAA 4
trnW(tga) tRNA 15749 15817 + 69 TCA -1
trnC(tgc) tRNA 15817 15884 - 68 GCA 0
trnY (tac) tRNA 15885 15949 - 65 GTA

L-strand (OL) are both found in the CR in the ancestral arthro-
pod organization (Jakovli¢ et al,, 2021), our data may point to
the location of the OL. Between the nad3 and nad$ genes there
is a stem-loop secondary structure that comprises the trnN and
trnS1 genes and could be acting as the OL (Supplementary mate-
rial Fig. S2A). It is noteworthy that the stem includes the part of
the trnS1 gene that should form a D-loop and could explain the
loss of this feature to accommodate its function as an origin of
replication (Supplementary material Fig. S2B). Even if the OL
of this species is located in the CR, these tRNAs and the ones
found between the cob and nadl genes could be acting as alter-
native OLs, a feature of mitochondrial tRNA genes that has been
previously hypothesized (Seligmann, 2010). Shifts in skew plots
are nevertheless not ideal indicators of the position and direction

of the origin of replication (Jakovli¢ et al.,, 2021), so supplemen-
tary evidences would be needed to assess this possibility.

We detected some species that have an inverted AT skew value
in contrast to the skew data found in P. edwardsii and most carid-
ean species: Crangon hakodatei (Rathbun, 1902), Palaemon ele-
gans Rathke, 1836 (except for the MT340088 assembly in which
there are multiple gaps), Palaemon serenus (Heller, 1862), Palae-
mon varians (Leach, 1814), Rhynchocinetes durbanensis (Gor-
don, 1936), T. amboinensis and all the available mitogenomes of
Lysmata (L. vittata (Stimpson, 1860), L. amboinensis (De Man,
1888), L. debelius (Bruce, 1983), and L. boggessi (Rhyne & Lin,
2006)). This change in the sign of the AT skew had previously
been described in T. amboinensis, L. vittata, L. amboinensis, L.
debelius, and L. boggessi (Zhu et al., 2021). One of the biggest
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Figure 2. Mauve alignment of syntenic blocks (coloured) of the mitochondrial genomes of Hymenocera picta, Plesionika edwardsii, and Thor
amboinensis. Whereas P. edwardsii maintains the ancestral gene organization, H. picta and T. amboinensis genomes show a translocation of the

same genomic region.

differences in the AT skew distribution between these mitoge-
nomes and the rest of Caridea is that, except for T. amboinen-
sis, they all have a maximum of the AT skew between nad4l and
nad6 and the AT skew is lower than in other species between
nad6 and cox1. The changes in sign of the GC and AT skew val-
ues can be related to changes in the replication order of the mito-
chondrial DNA strands, as these changes produce an inversion
in the mutational pressure of each strand (Jakovli¢ et al.,, 2021).
We would expect, however, that such a change would produce
modifications in other parameters, such as an alternated codon
usage bias which does not seem to be reflected in the published
data (Zhu et al., 2021).

The different AT skew found in T. amboinensis could be
caused by a change in the mutational pressure of the translo-
cated genes or the shifting in the position or the strand of the
origins of replication (Jakovli¢ ef al., 2021). Our data suggested
a change in the position of the OL, as the region of minimal AT
skew in this species is located downstream to the translocated
block and includes a hairpin structure (Supplementary mate-
rial Fig. S2). This hairpin structure differed from those found in
other carideans in that it did not include part of the trnS1 gene,
which actually presented a D-arm in T. amboinensis. We would
expect a change in the mutational pressure of the genes in the
case of a shifting in the OL. When comparing the GC and AT
skew of each gene between P. edwardsii and T. amboinensis, we
found that there is a change of sign in the GC skew of the cox1
gene in T. amboinensis. This last species also showed a change in
the magnitude of the GC skew of the genes cob, cox2, cox3, nad2
and nad3, having all increased their GC skew in comparison with
P. edwardsii. The changes in the skewness of these genes might
not be correlated with a change in the OL. Shen et al. (2012), for
example, described an AT skew shift in cox2 without an apparent
change in the origin of replication in Alpheus japonicus (Miers,

1879). Further analysis should determine if there has been a
change in the OL and how it may be affecting distal genes, such
as coxI, more than nad6, which is one of the translocated genes
and its GC skew seems to remain unchanged.

Protein—coding genes

All PCGs of the P. edwardsii mitogenome started with an ATN
start codon, with the exception of coxI. It is possible that this
gene starts with the alternative start codon CGA that MITOS
annotates in this species and that has been previously reported
in other crustaceans (Baeza, 2018), including another pandalids
(Sun et al., 2020) and several lepidopterans. The use of alterna-
tive codons nevertheless hinders the proper characterization
of this gene using only bioinformatics tools. Ten of the PCGs
ended with a TAA codon, whereas three of them (cob, cox2
and nad4) ended with a truncated stop codon T-- that can be
poly-adenylated to form a functional TAA codon, as demon-
strated in another crustacean, a species of Armallidillum, a terres-
trial isopod (Doublet et al., 2015) as well as having been widely
described in metazoans. None of the PCGs found in this genome
used the TAG stop codon.

The most frequently used codons in PCGs were TTA (Leu,
252 times used, 6.78% of total), TI'T (Phe, N = 202, 5.43%),
and ATT (Ile, N = 193, 5.19%), followed by ATA (Met), CTT
(Leu), and GCT (Ala), all of them separately comprising
~3% of the total. According to codon usage, leucine was the
most frequent amino acid in the mitochondrial proteins of P.
edwardsii, accounting for 16.25% of all amino acids, followed
by serine and phenylalanine. The least frequently used codons
that encode amino acids were CGC (Arg, N = 4, 0.06%),
CCG (Pro, N = 8, 0.05%), TGC (Cys, N = 11, 0.28%), and
CGG (Arg, N = 11, 0.17%). The least frequent amino acids
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being cysteine and arginine. In general, the codons NNU and
NNA had a RSCU value higher than 1 (Table 2), pointing to
a bias for A+T nucleotides in the third position of codons, a
phenomenon already described in other species of pandalids
(Sun et al.,, 2020). The mitogenome of P. edwardsii had a ratio
of G+C/A+T-rich codons of 0.64, lower than previously anal-
ysed mitogenomes of pandalids that ranged between 0.67 and
0.69 (Sun et al, 2020), but still reflecting the preference for
A+T-rich codons, which correlates with the high AT content
of these genomes.

All mitochondrial PCGs Ka:Ks ratios ranged between
0.00581321 and 0.0421711, as shown in Figure 3, with nad2
and nad6 showing the highest ratios (0.0421711 and 0.0368343,
respectively) and atp6, cob, cox1, and nadl showing the lowest
ratios (all between 0.00581321 and 0.00630791). These ratios
indicated that all PCGs were under purifying selection with
the greatest ratios indicating less mutation constraints on these
genes. Nad6 is one of the three fast-evolving mitochondrial
genes (atp8, nad4l, and nad6) (Jakovli¢ et al.,, 2021), and there-

fore its ratio correlates with a weaker purifying selection. The
highest ratios in our results were still lower than previous results
of the comparison of two species of Pandalus (Cronin et al,
2022), which correlates with our observations that the mitoge-
nomes of this last genus seem to have undergone more changes
than Plesionika, with a greater variability of its genomic features.
In general, the NADH dehydrogenase subunits seem to be under
weaker purifying selection in this family as both our results and
those of the genus Pandalus (Cronin et al., 2022), point to these
genes having higher Ka:Ks ratios.

Transfer RNA and ribosomal RNA genes
MITOS annotated the complete set of 22 tRNA genes found
in most metazoans in the mitogenome of P. edwardsii. The total
length of the tRNAs was 1,475 bp, which correlates with other
caridean shrimps. These tRNA genes ranged from 65 bp (trnN
and trnY) to 72 bp (trnS2) in length. All the genes could be fold
into a standard tRNA secondary structure with the exception of

Table 2. Codon usage and relative synonymous codon usage summary of the protein-coding genes in the mitochondrial genome of Plesionika

edwardsii.
AA Codon N /1000 Fraction RSCU AA Codon N /1000 Fraction RSCU
Ala GCG 26 6.99 0.10 0.4111 Pro CCG 8 2.15 0.05 0.2177
GCA 55 14.79 0.22 0.8696 CCA 29 7.8 0.2 0.7891
GCT 115 30.93 0.45 1.8182 CCT 82 22.05 0.56 2.2313
GCC 57 15.33 0.23 0.9012 CcCC 28 7.53 0.19 0.7619
Cys TGT 29 7.8 0.72 1.4500 Gln CAG 14 3.77 0.19 0.3889
TGC 11 2.96 0.28 0.5500 CAA 58 15.6 0.81 1.6111
Asp GAT 54 14.52 0.74 1.4795 Arg CGG 11 2.96 0.17 0.6984
GAC 19 S5.11 0.26 0.5205 CGA 31 8.34 0.49 1.9683
Glu GAG 28 7.53 0.38 0.7568 CGT 17 4.57 0.27 1.0794
GAA 46 12.37 0.62 1.2432 CGC 4 1.08 0.06 0.2540
Phe TTT 202 54.33 0.66 1.3160 Ser AGG 39 10.49 0.11 0.8619
TTC 105 28.24 0.34 0.6840 AGA 52 13.99 0.14 1.1492
Gly GGG 71 19.1 0.28 1.1270 AGT 34 9.14 0.09 0.7514
GGA 83 22.32 0.33 1.3175 AGC 14 3.77 0.04 0.3094
GGT 67 18.02 0.27 1.0635 TCG 24 6.46 0.07 0.5304
GGC 31 8.34 0.12 0.4921 TCA 66 17.75 0.18 1.4586
His CAT 40 10.76 0.49 0.9877 TCT 106 28.51 0.29 2.3425
CAC 41 11.03 0.51 1.0123 TCC 27 7.26 0.07 0.5967
Ile ATT 193 51.91 0.72 1.4349 Thr ACG 21 5.65 0.1 0.4038
ATC 76 20.44 0.28 0.5651 ACA 72 19.37 0.35 1.3846
Lys AAG 23 6.19 0.28 0.5542 ACT 85 22.86 0.41 1.6346
AAA 60 16.14 0.72 1.4458 ACC 30 8.07 0.14 0.5769
Leu TTG 63 16.94 0.10 0.6258 Val GTG 42 11.3 0.16 0.6364
TTA 252 67.78 0.42 2.5033 GTA 91 24.48 0.34 1.3788
CTG 32 8.61 0.05 0.3179 GTT 103 27.7 0.39 1.5606
CTA 78 20.98 0.13 0.7748 GTC 28 7.53 0.11 0.4242
CTT 132 35.5 0.22 1.3113 Trp TGG 22 5.92 0.22 0.4490
CTC 47 12.64 0.08 0.4669 TGA 76 20.44 0.78 1.5510
Met ATG 56 15.06 0.29 0.5743 Tyr TAT 83 22.32 0.63 1.2672
ATA 139 37.39 0.71 1.4256 TAC 48 12.91 0.37 0.7328
Asn AAT 83 22.32 0.63 1.2576 Stop TAG 0 0 0.00 0.0000
AAC 49 13.18 0.37 0.7424 TAA 10 2.69 1.00 2.0000
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Figure 3. Analysis of the selective pressure of the different protein-
coding genes of the mitochondrial genome of Plesionika edwardsii,
values of Ka (number of nonsynonymous substitutions per
nonsynonymous site) /Ks (number of synonymous substitutions per
synonymous site) of each protein-coding gene, calculated comparing
the mitochondrial genomes of P. edwardsii and Plesionika sindoi.

trnS1, which is missing the DHU-arm (Supplementary material
Fig. S$3), a common feature in metazoan mitogenomes that has
been described in other species of Pandalidae (Sun et al., 2020;
Cronin et al., 2022). These tRNAs carried the same anticodons
as previously described in Pandalus platyceros Brandt, 1851
(Cronin et al.,, 2022).

The rrnS and rrnL genes identified had similar lengths to those
of other previously described carideans sequences, with 799 bp
and 1337 bp, respectively. They both had higher A+T content
than G+C, with the rrnS gene having A+T = 63.6% and G+C =
36.4% and the rrnL gene having A+T =70.8% and G+C =29.2%.

Non-coding region

The 1,118 bp-long region without any gene annotations found
between the rrnS gene and the trnl gene was assumed to be the
control region (CR) as its location corresponds with the loca-
tion of the CR in other carideans. Its length was within the
range of the CR of other available Pandalidae mitogenomes
(Pandalus prensor 599 bp, Parapandalus sp. SS-2019 1,229 bp),
although somewhat larger than the one found in Plesionika sindoi
(1,069 bp). It is an A+T rich region, with a base composition of
A =40.6%, T = 34.9%, C = 14.3%, and G = 10.2%. According
to the microsatellite analysis of this region there are 12 sim-
ple sequence repeats with similar sequences to those found in
Macrobrachium nipponense De Haan, 1849 (Ma et al., 2011), P
platyceros (Cronin et al,, 2022), and Synalpheus microneptunus
Hultgren, Macdonald & Duffy, 2011 (Chak ef al.,, 2020), mostly
repetitions of AT and A (Supplementary material Fig. $4).

According to (Sun et al., 2020), the control region of four
pandalids (B. brevis, Chlorotocus crassicornis (Costa, 1871), Het-
erocarpus ensifer (Milne-Edwards, 1881), and Pandalus borealis
(Kroyer, 1838)) presented a conserved sequence block (CSB)
that could be implicated in the replication of these species. The
presence of a CSB in a noncoding region has been used as loca-
tion marker of the origin of replication in another metazoan lin-
age (Ghiselli et al., 2013). We therefore analysed the presence of
this block in P. edwardsii by constructing an alignment with other
Panadalidae species (B. brevis, C. crassicornis, H. ensifer, P. borea-
lis, P. prensor, Pandalus japonicuss (Balss, 1914), Parapandalus sp.

88-2019, and P. sindoi), excluding Pandalus hypsinotus (Brandt,
1851) as no similar sequence was found in this species. In our
analysis, the consensus sequence of the CRs included a 104 bp
sequence with a 94.2% similarity to the previously described
CSB. While this block remains the most conserved part of the
CR, in our analysis the similarity is 35.8%, lower than previously
described (69.23%), but still has a much higher similarity than
the complete CR (12.7%). The sequence found in P. edwardsii
was one of the most distant to those of other species, only sur-
passed by the one found in P. japonicus. We found that in the
secondary structure of this block there is a stem-loop structure
that is maintained in different Pandalidae species, even in the
two species with the lower similarity. The relative location of this
structure also seems to be conserved. These species have other
stem-loop structures in this region but their localization is more
variable. It is noteworthy that in the case of P. edwardsii, although
the sequence is less similar, the SNPs in relation to the consensus
of one side of the stem are compensated with contrary SNPs in
the other side of the stem, showing a possible evolution pres-
sure to maintain this structure. We tested this possibility with
the software RNAalifold, which points to the presence of com-
patible and incompatible pairs in the secondary structure of an
alignment. We found that most of the nucleotides that form the
stem are also the most conserved ones with some instances of
compensatory mutations (Fig. 4).

The CR seemed to have changed by the larger presence of
microsatellite repeats in P. hypsinotus, where it contained a larger
loop formed by 66 repeats of the dinucleotide TA. The location
of this loop, however, did not correlate with the one formed by
the CSB, although this could be due to the presence of a 60 bp
region comprised of TG repeats and a 160 bp region comprised
of TGTA repeats that may have switched its location. We did not
find other pandalid species in which the microsatellite repeats
found in the CR form a stem-loop structure, although the loop
formed by the CSB has some regions of poly-A and poly-T (<
Sbp).

For comparison, we tested the CR of species of Alvinocari-
didae with mitogenomes available. Sun et al. (2018) compared
seven species of Alvinocarididae and detected two CSBs in the
CR, both of which showed more similarity that the CSB we ana-
lysed in Pandalidae (CSB1 87.0% sequence identity and CSB2
74% sequence identity). Both of these CSBs are also larger
than the 104 bp CSB described in Pandalidae. In our analysis
we included six assemblies of five species, making a total of 13
mitogenomes of this family: Alvinocaris chelys (Komai & Chan,
2010), A. kexueae (Wang & Sha, 2017), A. longirostris (Kikuchi
& Ohta, 1995), Chorocaris paulexa (Martin & Shank, 2005),
Manuscaris liui (Wang & Sha, 2016), Mirocaris indica (Komai
et al, 2006), Nautilocaris saintlaurentae (Komai & Segonzac,
2004), Opaepele loihi (Williams & Dobbs, 1995), Rimicaris exoc-
ulata (Williams & Rona, 1986), R. kairei (Watabe & Hashimoto,
2002), R. variabilis (Komai & Tsuchida, 2015) (MH714460,
MN419306), and Shinkaicaris leurokolos (Kikuchi & Hashimoto,
2000). The CSB1 showed a 56.2% sequence identity and the
CSB2 a 47.9% sequence identity, less identity percentage than
previously described. We investigated if these two CSBs could
also form hairpin structures, both did and they showed high
conservation of the stem and some instances of compensatory
mutations. We could find these secondary structures in the CR
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Figure 4. Secondary structure of the consensus sequence of the alignment of the conserved block region found in the control region of Bitias
brevis, Chlorotocus crassicornis, Heterocarpus ensifer, Plesionika edwardsii, Plesionika sindoi, Pandalus japonicus, Pandalus prensor, and Parapandalus
sp. 8§§-2019, predicted by RNAalifold and showing the number of types of pairs and incompatibilities found in the alignment.

of all the species analysed. These hairpins were formed mainly
by poly-A and poly-T. The relative location of these hairpins was
nevertheless different to the one found in Pandalidae. The hair-
pin in Alvinocarididae shows a more central location inside the
CR, whereas the one found in Pandalidae was located near the 3’
end of the region.

We wanted to investigate if a similar feature of a CSB that
formed a stem-loop structure was also present in the caridean
species that have more than one CR. Moreover, if the canon-
ical CR common to most caridean species and the additional
CRs shared any conserved sequence that could point to the
origin of the additional CRs. In L. vittata, for example, three
CRs had been described, one found between rrnS and trnl
(CR1), that corresponded with the one found in the rest of
Caridea and two regions found between coxl and cox2 and
divided by the trnL gene (CR2 and CR3 respectively) (Chen
et al., 2021; Zhu et al.,, 2021). When comparing the CR2 and
CR3 regions between the assembly from a specimen from the
Fujian province, China (MT478132) (Zhu et al., 2021) and
the assembly from a specimen from the Guandong province
(MW285083) (Chen et al, 2021), however, we found that
the CR2 and CR3 could be aligned as a continuous sequence

(Supplementary material Fig. SSA). We therefore took into
account CR2 and CR3, as well as the trnL2 that was separating
them, as a single region (CR2+CR3 region). When comparing
the two assemblies we found that the similarity of the CR1 was
99.7%, whereas the similarity of the CR2 and CR3 was 84.3%.
In the Fujian assembly 25.8% of the CR2+CR3 region was
formed by tandem repeats, with the longest period size being
227 bp. In the Guandong assembly there were less tandem
repeats in this region, accounting for 20.1% of the CR2+CR3
region and 113 bp being the longest period size. This was due
to indels in this region that affected mainly the tandem repeats
(Supplementary material Fig. SSB). These repeats could have
actually hindered the assembly of this region causing the dif-
ference in length between the two assemblies. The alignment
between the CR1 and the CR2+CR3 resulted in a 55.5% sim-
ilarity in the Guandong assembly and a 56.7% similarity in
the Fujian assembly, there did not seem to be any particular
region with high similarity and in fact most of the similarities
seemed to come down to poly-A, poly-T and AT repeats. The
CRI1 of L. vittata had a stem-loop structure towards the 3" end
of the region, in accordance with what we have described in
other species of this infraorder. The CR2+CR3 region, on the

€20z Aieniga4 g UO Jasn seioualy) se| ap BLOISIH - BpeURIS) 8p pepIsIaAlun Aq 6Z08169/S500BNI v/ /e[onie/qol/woo dno olwapeoe//:sdiy Woll papeojumoc]


http://academic.oup.com/jcb/article-lookup/doi/10.1093/jcbiol/ruac055#supplementary-data
http://academic.oup.com/jcb/article-lookup/doi/10.1093/jcbiol/ruac055#supplementary-data

10 < JIMENEZ-RUIZ ET AL.: PLESIONIKA EDWARDSII MITOGENOME

Plesionika edwardsii

A

P

529 Pi ika
Bitias brevis
Parapandalus sp. $5-2019
Heterocarpus ensifer

e Chlorotocus crassicornis

Pandalus hypsinotus

58.3

100 Pandalus japonicus

Pandalus prensor

Macrobrachium lanchesteri

Stenopus scutellatus

0.2

Plesionika edwardsii

100 Plesionika sindoi

Bitias brevis

Parapandalus sp. 55-2019

Heterocarpus ensifer

— Chlorotocus crassicornis
Pandalus hypsinotus

100 Pandalus japonicus

Pandalus prensor

Macrobrachium lanchesteri

Stenopus scutellatus
0.09

Figure S. Phylogenetic trees of the mitochondrial genomes of the
pandalid species with annotated sequences in the GenBank database
using Macrobrachium lanchesteri (family Palaemonidae) and Stenopus
scutellatus (infraorder Stenopodidea), both with 1,000 bootstrap
pseudoreplicates, as outgroups. Phylogenetic tree derived from a
maximum-likelihood analysis over an alignment of the complete
mitochondrial genomes (A). Phylogenetic tree derived from a
maximum-likelihood analysis of the amino acid alignment of 13
concatenated protein-coding genes (B).

other hand, had both a stem-loop structure near the 5" end and
another one near the 3" end.

None of the tandem repeats found in L. vittata were found in
any of the CR2 of other Lysmata species. The similarity between
CR1 and CR2 was low in all of the other Lysmata species. The
CR2 alignment between species was not able to detect con-
served regions. In the case of CR1 alignment, excluding L. vit-
tata, which was the most distant, there was a conserved region
that could form a stem-loop structure, just as we have described
in other families.

Phylogenetic analysis

Cronin et al. (2022)described the phylogenetic relationships
of the mitogenomes from the species of Caridea available in
the Genbank database. As a result, we focused on the phy-
logenetic position of the newly assembled mitogenome of

P edwardsii in relation to the available mitogenomes of other
species of Pandalidae. We constructed two different phylogenetic
trees, one with the entire mitogenomes of the selected species and
another one with the concatenated PCGs (Fig. S). The topology
of both trees was identical, with P. edwardsii and P. sindoi forming
a monophyletic group that groups with B. brevis, C. crassicornis,
H. ensifer, and Parapandalus sp. SS-2019, with Pandalus being
more distant to the rest of the species of Pandalidae.

Our analyses show that the mitogenome of P. edwardsii shares
similar features with other species of Caridea. This new resource,
paired with an increase in the available genomic data of Plesion-
ika, could nonetheless help clarify the taxonomy of this genus, as
well as, improve our understanding of the biology of P. edwardsii,
important for its conservation and the management of its fisher-
ies. Our study also highlights the need to further investigate the
already available data of crustacean mitogenomes to increase our
understanding of their genetic characteristics.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Crustacean
Biology online.

S1 Table. GC and AT skew value of the selected caridean
mitogenomes.

S2 Figure. Analysis of the regions with minimal AT skew in
the mitogenomes of Plesionika edwardsii and Thor amboinensis.

S3 Figure. Secondary structure of the tRNA genes of the
mitogenome of Plesionika edwardsii.

S4 Figure. Secondary structure and highlighted sequences of
the control region of Plesionika edwardsii.

SS Figure. Analysis of the control region of two assemblies of
Lysmata vittata.
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