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ABSTRACT

Ostracoda is a diverse group of tiny crustaceans. Although more than 9330 extant species
have been described, whole-mitogenomic data were available for only five species. Here we
present a complete mitogenomic sequence for an additional species, the parthenogenetic
podocopan ostracod Heterocypris spadix. The mitogenome is 15,205 bp long and contains the
typical animal mitogenomic complement of 13 protein coding, two ribosomal RNA, and 22
transfer RNA genes. In a mitogenome-based phylogenetic tree, Myodocopa and Podocopa
were each monophyletic. Gene order in Podocopa was much more similar to the
pancrustacean ground pattern than was gene order in Myodocopa. Gene order was invariant
in the three myodocopan species examined, all in the family Cypridinidae. Within Podocopa,
two species from different families (Fabaeformiscandona kushiroensis, Candonidae; H.
spadix, Cyprididae) were identical in gene order and differed from the pancrustacean ground
pattern by only a single recombination. In Cyprididae, however, Cypridopsis vidua differed
from H. spadix by five rearrangements. These conflicting patterns—apparent gene-order
conservation within (Cypridinidae) and between families (Cyprididae and Candonidae), but
marked divergence within a family (Cyprididae)—suggest that the evolution of gene order in

ostracods was more complex than that expected from the cypridinid data.

Keywords: Cypridoidea — high-throughput DNA sequencing — mitochondrion — Podocopida —

phylogeny — seed shrimp



1. Introduction

Ostracoda is a group of tiny crustaceans, typically less than a few millimeters in
length, with more than 9330 extant species described to date (Tran Van et al., 2021).
Although most species inhabit marine environments ranging from coastal interstitial habitats
to hadal bottoms (e.g., Danielopol and Hartmann, 1986; Brand&o et al., 2019), ostracods also
inhabit brackish, freshwater, and terrestrial environments (Pinto et al., 2005; Karanovic,
2012). Ostracoda comprises two main subgroups, Myodocopa and Podocopa
(Rodriguez-Lazaro and Ruiz-Mufioz, 2012). The sister relationships of two subgroups, i.e.,
the monophyly of Ostracoda is still under debate (Oakley et al., 2013; Schon and Martens,
2016; Schwentner et al., 2018; Lozano-Fernandez et al., 2019).

The mitochondrial genome (“mitogenome”) contains a wealth of phylogenetic
information and can be sequenced from specimens in various states of preservation (e.g.,
ethanol- or formalin-fixed). Mitogenomic data are particularly useful for resolving taxonomic
problems and reconstructing phylogeny in groups like Ostracoda, whose taxonomy is difficult
due to the small size of the animals, with few morphological characters available for species
delineation (Schon and Martens, 2016) and existence of species complexes (e.qg.,
Heterocypris salina; Meisch, 2000). Relevant data, however, remain limited for ostracods;
currently, annotated mitogenomic sequences for only five species are available in public
databases (INSDC, International Nucleotide Sequence Database Collaboration;
http://www.insdc.org/; last accessed on 5 March 2021) (Table 1).

In this study, we sequenced and annotated the mitogenome from the parthenogenetic
podocopan ostracod Heterocypris spadix Munakata et al., 2021 and reconstructed a
phylogeny, based on available mitogenomic sequences from ostracods on the public
databases. This allowed us to examine and briefly discuss evolutionary patterns in

mitochondrial gene order among known ostracod mitogenomes in a phylogenetic context.



2. Material and methods

DNA was extracted from a mass sample containing 187 ethanol-fixed H. spadix
individuals that hatched in an aquarium and were the descendants of individuals collected
from the type locality (for details, see Munakata et al., 2021), by using a Nucleospin Tissue
XS kit (TaKaRa Bio, Japan). Whole-genome shotgun sequencing (2 x 200 bp) was performed
on a DNBSEQ-G400 platform (MGI Tech, China) at Bioengineering Lab Co., Ltd., Japan. In
total, 15,329,305 paired-end reads (6,131,722,000 bp) were assembled with NOVOPlasty 4.2
(Dierckxsens et al., 2017), using a published cytochrome c oxidase subunit I sequence from
H. spadix as the seed (INSDC accession humber LC557032; Munakata et al., 2021) and a
k-mer value of 33.

Genome annotation was performed on the MITOS webserver (Bernt et al., 2013).
Upstream and downstream regions detected for each protein-coding gene (PCG) were
translated with the invertebrate mitochondrial code; start and stop codons were determined
from reciprocal BLASTP (Altschul et al., 1990) searches of the Conserved Domain Database
(Lu et al., 2020). Lengths of the 16S and 12S ribosomal RNA (rRNA) genes were determined
from reciprocal BLASTn (Altschul et al., 1990) searches of the NCBI nucleotide collection
(nt) database. A circular map of the mitogenome was generated with the CGView Server
(Grant and Stothard, 2008) and edited in Adobe Illustrator CS6. The GC- and AT-skew plots
(Supplementary material SM.01) were generated with the IMC EE ver. 7.32L (In Silico
Biology, Japan) using the following parameters: Window size in ratio = 0.05; Step size in
ratio = 0.001. The mitochondrial genome obtained was deposited in the INSDC through the
DNA Data Bank of Japan.

A phylogenetic analysis of ostracods was conducted that included the sequences of

13 PCGs and two rRNA genes from H. spadix, and homologous sequences from another five



ostracod species (Table 1) and one outgroup taxon (Belzebub intermedius [Hansen, 1919],
Decapoda, Malacostraca; MG719343; Ju et al., 2018); the alignment was 12,673 bp in length.
The methods for alignment and selection of optimal substitution models were as described by
Kakui and Kano (2021); aligned sequences and optimal substitution models determined for
different genes and codon positions are presented as supplementary materials (SM.02 and
SM.03). A partitioned maximume-likelihood (ML) analysis was conducted in RAXML-NG
(Kozlov et al., 2019), with nodal support values obtained by bootstrap analysis of 500

pseudoreplicates. The ML tree was drawn with FigTree v1.4.4 (Rambaut, 2021).

3. Results

The mitogenome of Heterocypris spadix is 15,205 bp long (accession number
LC626010). Genomic annotation on the MITOS webserver identified 13 PCGs, two rRNAsS,
and 22 transfer RNAs (tRNAs), as is typical for animal mitogenomes (Fig. 1A, E;
Supplementary material SM.04). The putative control region (CR) was detected at positions
4810-5681, flanked by the 12S rRNA and trnl genes (Fig. 1A, E). This was the longest (872
bp) continuous non-coding region in the H. spadix mitogenome, characterized by high
(76.5%) AT content and predicted to form multiple stem-loop structures (Supplementary
material SM.05).

In the ML tree (Fig. 1B), Myodocopa and Podocopa were each monophyletic, with
100% bootstrap support. Within Podocopa, H. spadix was the sister taxon to the confamilial
species Cypridopsis vidua (O. F. Miller, 1776) with 100% bootstrap support, and together
they were sister to Fabaeformiscandona kushiroensis Hiruta and Hiruta, 2015. Mitochondrial
gene order was incongruent with these relationships: the order in H. spadix (Cyprididae)
differed from that in C. vidua (Cyprididae) but was same as that in F. kushiroensis

(Candonidae) (Fig. 1E, F). The order in H. spadix and F. kushiroensis differs from the



hypothetical ancestral pancrustacean (‘pancrustacean ground pattern’; Boore et al., 1998),

with translocation of trnK (Fig. 1D, E).

4. Discussion

We determined a complete mitogenomic sequence for H. spadix by using a mass
DNA sample, thus eliminating the need for a long PCR amplicon. This approach may be an
effective option for determining the mitogenomic sequences in other tiny parthenogenetic
animals when long PCR amplifications fail.

The relationships in our mitogenome-based phylogenetic tree were consistent with
those inferred in previous molecular phylogenetic studies using one or two molecular markers
(Hiruta et al., 2016; Pham et al., 2020). Congruent with an analysis based on 16S rRNA
(Pham et al., 2020), Vargula was not monophyletic, as Cypridina dentata (G. W. Mller,
1906) was nested within Vargula (Fig. 1B); this conclusion should be further tested by
including more species. Hiruta et al. (2016) concluded that 18S and 28S rRNA data alone are
not sufficient for resolving relationships among podocopan families or those within
Cyprididae. Whole-mitogenomic data may contribute to investigating these relationships, as
our phylogeny provided a well-resolved phylogeny, with 100% bootstrap support values over
all nodes.

The order of mitochondrial genes differs considerably between Myodocopa and
Podocopa (Fig. 1C-F), as pointed out by Hiruta and Hiruta (2015). The myodocopan
mitogenomes currently available contain all the genes typically found in animal mitogenomes,
but differ greatly in gene order from the pancrustacean ground pattern, with many positional
changes (with or without inversions) and subdivision of the control region (Fig. 1C, D).
Podocopan mitogenomes differ less from the pancrustacean ground pattern; F. kushiroensis

and H. spadix show a positional change of only one tRNA gene (irnK; Fig. 1D, E). Five



positional changes were observed between H. spadix and C. vidua, including trnQ, trnC, trnK,
trnT, and nad6+cob+trnS2 (Fig. 1E, F). The two species in Cyprididae, H. spadix and C.
vidua, thus differ in mitochondrial gene order despite their sister-group relationship in our
tree.

Our results indicate that mitochondrial gene order evolved independently in
Podocopa and Myodocopa (Fig. 1B: a and B), as the two groups show no positional changes
in common relative to the pancrustacean ground pattern. Gene order in the common ancestor
of Podocopa and Myodocopa was likely identical to (or nearly so) the pancrustacean ground
pattern; Myodocopa diverged much more from the ground pattern than Podocopa. Gene order
appears to be more conservative in Myodocopa than in Podocopa, but this conclusion is
premature, because the three myodocopan species examined are confamilial and more closely
related to one another than the representative species included for Podocopa. While gene
order was conserved across two families in Podocopa (the Fabaeformiscandona—
Heterocypris pattern in Candonidae and Cyprididae), several positional changes occurred in
Cypridopsis after divergence of this genus from Heterocypris (Fig. 1B: y) within Cyprididae.
These conflicting patterns—apparent gene-order conservation within and between families,
but marked divergence within a family—suggest that the evolution of gene order in ostracods

was more complex than that expected from the cypridinid data.
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Appendix A. Supplementary materials
SM.01 The GC- and AT-skew plots and gene order for Heterocypris spadix mitogenome.

Window size in ratio = 0.05; Step size in ratio = 0.001. The labels for transfer RNA genes are



omitted. CR, putative control region.

SM.02 Alignment lengths and optimal substitution models for the two rRNA and 13 protein
coding genes (PCGs) used for the phylogenetic analysis.

SM.03 Aligned sequences used for phylogeny reconstruction, with the optimal substitution
model for each partition.

SM.04 Annotations and characteristic features of genes in the mitochondrial genome of
Heterocypris spadix. Negative values for IGR (intergenic region) reflect overlap between
genes. CR, putative control region.

SM.05 Secondary structure of the putative control region in the Heterocypris spadix
mitogenome, predicted with the RNAfold WebServer (Gruber et al., 2008; Lorenz et al.,
2011); colors indicate the base-pairing probability. A, Structure from a minimum free energy
prediction with a partition function. B, Structure from a thermodynamic ensemble prediction.

The scale indicates probability levels between 0 and 1 for the various colors.
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Figure caption

Fig. 1. Mitochondrial gene order and maximum-likelihood (ML) phylogenetic tree for six
ostracod species. A, Map of the mitogenome of Heterocypris spadix. B, ML phylogeny based
on mitogenomic sequences (12,673 bp from 13 PCGs and two rRNA genes). Numbers near
nodes are bootstrap values. The scale indicates branch length in number of substitutions per
site. a, B, v, hypothetical gene-order rearrangement events. C—F, Diagrammatic linearized
mitochondrial chromosomes showing gene order for myodocopans (C), the hypothetical
ancestral pancrustacean (Boore et al., 1998) (D), F. kushiroensis and H. spadix (E), and C.
vidua (F). Bars above or below genes indicate genes or gene clusters that have undergone
rearrangements, with (black bars) or without (gray bars) inversions; fine solid/dashed lines
between chromosomes indicate the locations of positional shifts. Transfer RNA genes are
labeled with their one-letter amino acid codes. Genes on the reverse (=) strand are in
parentheses in A or shaded gray in C—-F. CR, putative control region; PCG, protein coding

gene.
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Table 1. Ostracod species for which a complete, annotated mitogenome sequence is currently available.

Subclass Family Species name Accession no.  Source
Myodocopa Cypridinidae Cypridina dentata MK482395 Wang et al. (2019)
NC_005306°, Ogoh and  Ohmiya
Vargula hilgendorfii APO007266— (2004); Ogoh et al.
007272 (2021)
Vargula tsujii MG767172 Goodheart et al. (2020)

Podocopa Candonidae  Fabaeformiscandona kushiroensis ~ AP014656
Cyprididae Cypridopsis vidua KP063117

Heterocypris spadix LC626010

Hiruta and Hiruta (2015)
Unpublished

This study

8 the sequence used for our phylogeny reconstruction.
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