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ARTICLE INFO ABSTRACT

Keywords: Endosymbiotic bacteria are known from many metazoan taxa, where they manipulate host biology and re-
Endosymbiont production. Here, we used classic PCR amplification and direct DNA sequencing with universal primers for four
PhlegCDEtiFS different endosymbionts to test for their presence in more than 300 specimens of three recent non-marine os-
Metagenomics tracod superfamilies from different geographic areas and aquatic habitats. We verified these results with “high
llﬂfesshwater throughput” amplicon sequencing of 16S of nine selected specimens and evolutionary placement algorithms. The

phylogenetic position of endosymbionts detected in ostracod hosts was compared to known endosymbionts from
other metazoans. While Wolbachia, Spiroplasma and Rickettsia are absent, we find evidence for the general
presence of Cardinium bacteria in natural populations of various non-marine ostracod species. Phylogenetic
reconstructions based on Cardinium 16S data and estimates of genetic distances both indicate that Cardinium
from ostracods are distantly related to Cardinium from Diptera and Nematoda but represent novel strains with a
monophyletic origin. Cardinium bacteria from different ostracod hosts have genetic distances of up to 3.8%,
providing evidence against recent and frequent horizontal transmissions amongst the three ostracod super-
families. High throughput sequencing reveals more than 400 different 16S amplicon sequence variants in the
investigated ostracods as well as the presence of different Cardinium strains within individual Eucypris virens and
Heterocypris hosts. These results call for future, more in-depth investigations. Mapping Cardinium infections on
COI trees of non-marine ostracod hosts shows that the occurrence of these endosymbionts is not linked to genetic
species identity or phylogenetic host groups and, except for one ostracod morphospecies, prevalence never
reaches 100%.

1. Introduction cytoplasmic mode of transmission, endosymbionts can also shape pat-
terns of mitochondrial genetic diversity (reviewed in Hurst and Jiggins,

Many metazoans and especially terrestrial arthropods (Ma and 2005) by linking infection patterns with certain haplotypes

Schwander, 2017) are known to contain endosymbiotic bacteria
(Hilgenboecker et al., 2008; Engelstddter and Hurst, 2009; Zug and
Hammerstein, 2012; Zhang et al., 2016). Endosymbiotic infections can
have profound effects on the microevolution and reproductive ecology
of their hosts (reviewed in Engelstddter and Hurst, 2009; and Ma and
Schwander, 2017) causing female-biased sex ratios through male killing
and feminization or cytoplasmatic incompatibility (Hurst and McVean,
1996; Moret et al., 2001; Hunter et al., 2003; Gotoh et al., 2007;
Engelstddter and Hurst, 2009;) through mating of infected males with
uninfected females or with females carrying other bacterial strains.
Consequently, cytoplasmic incompatibility can lead to rapid re-
productive isolation and speciation (Werren, 1997). Given their

(Kambhampati et al., 1992) or phylogenetic clades (Sun et al., 2011), or
by causing loss of mitochondrial diversity through selective sweeps (see
for example Jiggins, 2003; Graham and Wilson, 2012; Jackel et al.,
2013). Investigating such possible links between endosymbiont trans-
mission and mitochondrial diversity is of high importance, given the
universal application of mitochondrial DNA sequence data (Hurst and
Jiggins, 2005) for, amongst others, DNA barcoding initiatives (Hebert
et al., 2003), the detection of cryptic diversity (Fontaneto et al., 2015),
reconstructions of population histories (Avise, 1994) or age estimates
(e. g. Wilke et al., 2006; Schon and Martens, 2012; Li et al., 2017; Schon
et al.,, 2018). The currently available data on the presence of en-
dosymbionts in invertebrates are biased towards studies in insects,
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especially Hymenoptera (Ma and Schwander, 2017) and mites (Zhang
et al., 2016), and probably underestimate the real prevalence of these
bacteria in other groups (see, for example, Pages et al., 2017).

Non-marine ostracods are a good model group for evolutionary
studies (Martens, 1998), including evolutionary dynamics of en-
dosymbionts and their hosts, given their excellent fossil record, which
allows real time estimates of evolutionary and phylogenetic events (see
for example Schon and Martens, 2012). The three superfamilies of non-
marine ostracods have split from marine ancestors more than 400 myr
ago (Martens, 1998). The most diverse group of living non-marine os-
tracods is the family Cyprididae (Martens, 1998), which comprises half
of the more than 2000 known extant non-marine ostracod morphos-
pecies (Martens et al., 2008). The real diversity of this group is probably
much higher given the high incidence of cryptic species (Bode et al.,
2010; Schon et al., 2012, 2014, 2017, 2018). With the exception of one
study, which found no evidence for Wolbachia in the non-marine os-
tracod Eucypris virens (Bruvo et al., 2011), very little is known about the
presence of endosymbionts in ostracods or other aquatic crustacean
groups. Unidentified bacteria have been observed in the ovaries of the
non-marine ostracod Heterocypris incongruens with transmission elec-
tron microscopy (Vandekerckhove, 1998).

Here, we applied classic PCR screening and direct DNA sequencing
to both bacterial 16S and host COI regions and (limited) high
throughput sequencing of bacterial 16S to verify the results of classic
16S sequencing of non-marine ostracods from all three extant super-
families and from a wide geographic range. Our aim was to test for the
presence of different endosymbionts to address the following questions:
(1) Are there bacterial endosymbionts present in non-marine ostracods
that are also known from other invertebrates? (2) If endosymbiont
bacteria are detected — are they different or closely related to known
endosymbionts from other arthropods? (3) How genetically diverse are
endosymbionts, if any, among the superfamilies of non-marine os-
tracods?

2. Material and methods
2.1. Material

Non-marine ostracods were sampled across the world from different
aquatic habitats with several sweeps of a hand net (see Table S1A) at
different sampling points and stored at 4 °C in absolute EtOH until DNA
was extracted from whole individual ostracods with the DNA Blood and
Tissue kit (Qiagen), similarly to Bode et al. (2010) and Schén et al.
(2012). We analysed 314 ostracod specimens from 22 morphospecies
and 35 genetic species (Table 1, Table S1A) belonging to all three non-
marine ostracod superfamilies, and originating from different habitat
types and geographic regions around the world.

In many non-marine ostracod morphospecies, cryptic genetic spe-
cies have been detected by the analyses of COI sequence data (Bode
et al., 2010; Schon et al., 2012, 2017, 2018), which were also obtained
here to identify genetic species within morphospecies (see Table S1A
for details on genetic species identity).

2.2. Classic molecular analyses

For a pilot study of 100 specimens of non-marine ostracods, re-
presenting all three extant superfamilies, we applied PCR screening and
direct DNA sequencing to test for the presence of the four known “re-
production-manipulating” bacteria from arthropods: Wolbachia,
Rickettsia, Spiroplasma and Cardinium, with the following primers being
specific for each genus (except for Spiroplasma): (i) WSP81F and
WSP691R (Jeaprakash and Hoy, 2000) to amplify a 500-600 bp part of
the cell surface “protein coding” gene of Wolbachia; (ii) CLO-f1 and
CLO-r1 (Gotoh et al., 2007) to selectively amplify ~470bp of the 16S
rRNA of Cardinium; (iii) RICS741F and RICT1197R, which amplify a
~ 448 bp part of the gltA gene from Rickettsia (Davis et al., 1998) and
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Table 1

Prevalence of Cardinium in non-marine ostracod species. The number of in-
vestigated genetic (= cryptic) species is provided if more than one was present
per morphospecies. Data for cryptic species are derived from Bode et al. (2010)
for E. virens, Schon et al. (in prep.) for H. incongruens & H. spec., Cours et al. (in
prep.) for C. vidua, and Schon et al. (2012) for D. stevensoni & P. brasiliensis. %
infection per category and overall prevalence per morphospecies were calcu-
lated for morphospecies with at least nine screened individuals.

Morphospecies - number of Infected Not infected ~ Overall prevalence
screened genetic species specimens specimens per morphospecies
Superfamily Cypridoidea

Eucypris virens - 20 36 93 27.9%
E. pigra 1

Heterocypris incongruens - 7 51 100%
Heterocypris salina 1

Heterocypris spec.1 2 5

Heterocypris spec.2 1 22 4.3%
Tonnacypris lutaria 10 0%
Herpetocypris chevreuxi 4

Cypridopsis vidua - 2 5 4 55.6%
Cypria ophthalmica 6

Superfamily Darwinuloidea

Darwinula stevensoni - 4 10 27 27.0%
Vestalenula paglioli

V. cornelia 2

V. cylindrica 2

V. molopoensis 1

Penthesilenula brasiliensis - 4 5

P. aotearoa 1

Microdarwinula nov. spec. 2

Alicenula inversa 1

Superfamily Cytheroidea

Cytherissa lacustris 4

Cyprideis torosa 12 0%
Romecytheridea ampla 10 0%

(iv) SP-ITS-J04 and SP-ITS-N55 (Majerus et al., 1999) to selectively
amplify the spacer region between 16S and 23S rRNA of Spiroplasma
ixodetis. In all PCR amplifications, a negative control consisting of pure
water from the HotStarTaq Master Mix kit (Qiagen) and a positive
control of DNA from infected dwarf spiders Oedothorax gibbosus for
Wolbachia, Rickettsia and Cardinium (Vanthournout et al., 2011) were
included, while no positive control was available for Spiroplasma. After
the pilot study, we conducted PCR amplifications and DNA sequencing
of part of the 16S rRNA of Cardinium from an additional 214 ostracod
specimens (Table 1 & Table S1A), including more non-marine ostracod
morpho- and genetic species. We combined different 16S & CLO primers
as in Duron et al. (2008) and Gotoh et al. (2007) to obtain bacterial 16S
sequences for phylogenetic analyses that are homologous to existing
16S Cardinium sequences from other invertebrates. We applied three
different combinations of 16S primers to amplify the 5’ part (com-
prising V1-V2), the 3’ end (comprising V6-V9) and almost the entire
16S region of Cardinium, respectively, from non-marine ostracods (see
Table S1A & S2 for details). Because of the limited amount of DNA from
individual ostracods and the fact that we also analysed the COI gene of
non-marine ostracods for phylogenetic analyses of the hosts, not all
specimens could be analysed for four different endosymbionts and the
various primer combinations for amplifying 16S of Cardinium.

PCR conditions for all 16S rRNA regions included: (1) an initial
denaturation at 95 °C for 15 min; (2) 34 cycles of: denaturation at 94 °C
for 30 sec, annealing at 54 °C for 30 sec, extension at 72 °C for 90 sec
and (3) a final extension at 72 °C for 10 min. PCRs were performed in
25 ul volumes with the HotStarTaq Master Mix (1.5mM MgCl, and
200 uM each dNTP), 10 pmol of each primer and 5 pl DNA (comprising
20-50 ng) in a Biometra Thermal Cycler (Westburg). Electrophoresis of
the amplicons was performed on 1.5% agarose gels, followed by
staining with GELRED and photographing under UV fluorescence. A
random selection of PCR products was purified with the illustra™ GFX™
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PCR DNA and Gel Band Purification Kit (HE Healthcare), and se-
quenced directly on an ABI 3130X in both directions using the PCR
primers and the BigDye Terminator Sequencing mix (ABI) following the
manufacturer’s protocol. Sequence chromatograms were visualized
with Bioedit, the Forward and Reverse strands for each sequence
aligned with ClustalX (Larkin et al., 2007), and all ambiguities checked
and corrected manually. Identity of the obtained bacterial sequences
was confirmed by BLASTN searches (Altschul et al., 1997).

To identify the phylogenetic position of endosymbiotic bacteria
from ostracods in a wider phylogenetic framework, we identified their
closest relatives with BLASTN and also searched for additional sequence
data from all population sets of 16S Cardinium sequences available to
date at the ncbi website (https://www.ncbi.nlm.nih.gov/) to be in-
cluded in the analyses. Table S1B provides an overview of all non-os-
tracod GenBank sequences of Cardinium that were used. The majority of
the 16S rRNA sequences from GenBank comes from the 3’ end of this
region, which is why this was also our focus for obtaining DNA se-
quence data from non-marine ostracod hosts. We additionally as-
sembled long sequences of 16S rRNA of Cardinium for three non-marine
ostracods (representing three morphospecies) from three individual
PCRs (Table S2), comprising almost the entire 16S region (see Table
S1A). For phylogenetic reconstructions, sequences were aligned with
MAFFT (Katoh and Standley, 2013) on the cbrc server (https://mafft.
cbre.jp/alignment/server/). Alignments contained either only the 3’
part of the 16S region of Cardinium, more than 1200 basepairs (bp) of
16S from Cardinium or the entire 16S region from various bacteria, also
including Cardinium (see Table S1A & B). We conducted phylogenetic
analyses with and without several different outgroups (not shown). We
subsequently identified the most suitable model with jModeltest 2.1.4
(Darriba et al., 2012) from all 88 models for Maximum Likelihood
analyses and 24 models for Bayesian Inference. We then constructed
phylogenetic trees with Bayesian Inference in Mr Bayes 3.2.0 (Ronquist
et al., 2012) with 20 million generations, sampling every 100th gen-
eration and the parameters identified by jModeltest until average
standard deviations of split frequencies were lower than 0.01 and the
Potential Scale Reduction Factor had converged to one. We also applied
the Maximum-Likelihood method in PhyML (Guindon and Gascuel,
2003) to construct phylogenetic trees with 1000 bootstrap replicates
and the parameters of jModeltest.

Additionally, Bayes Factor tests (Kass and Raftery, 1995) were ap-
plied in MrBayes to check for monophyly of Cardinium from ostracod
and other hosts with 6 million generations and two chains constraining
phylogenetic groups of different Cardinium hosts. The means of the
marginal likelihood estimates were compared between Bayesian phy-
logenies with and without these hard constraints in MrBayes 3.2. We
also calculated mean genetic distances among Cardinium from different
hosts in MEGA 6.0 (Tamura et al., 2013) using the model being closest
to the one identified with jModeltest. For reconstructing the evolu-
tionary history of non-marine ostracod hosts and their endosymbionts,
we complemented existing mitochondrial COI DNA sequence data
(Bode et al., 2010; Schon et al., 2012) with additional sequences (see
Table ST1A for more details) and similar methods as in these publica-
tions. The obtained COI sequences were used in Bayesian approaches to
reconstruct phylogenetic trees, on which bacterial infections could be
mapped.

2.3. High through put amplicon sequencing of bacterial 16S

To test for potential amplification bias of the PCR primers used
above that could influence infection patterns, we also sequenced part of
the bacterial 16S region with high throughput sequencing techniques.
From nine DNA extractions that were used for the classic molecular
screening (see above & Table S1A), we also conducted PCRs using the
universal primers of Vanthournout and Hendrickx (2015) for ampli-
fying approximately 502 basepairs (bp) of the V3-V4 region of bacterial
16S rRNA, including 22bp tags for subsequent sample indexing
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(Forward primer CTTTCCCTACACGACGCTCTTCCGATCTACTCCTAC-
GGRAGGCAGCAG; reverse primer CTGGAGTTCAGACGTGTGCTCTTC-
CGATCTACNVGGGTATCTAATCC). Amplifications were conducted
using the HotStar Mastermix in 25 pl volumes as described above with
the following conditions: 15 min at 95 °C, followed by 44 cycles with 50
sec at 95°C, 50 sec at 52°C, and 50 sec at 72 °C plus a terminal in-
cubation step of 10 min at 72 °C. Amplicons were purified with AMPure
XP beads, followed by an index PCR and a second purification step, and
libraries were paired-end sequenced on an Illumina MiSeq running in
2x300 mode. Sequences were demultiplexed and analysed with DADA2
(Callahan et al., 2016) on the Nephele platform (Office of Cyber In-
frastructure and Computational Biology (OCICB), National Institute of
Allergy and Infectious Diseases (NIAID); Nephele; http://nephele.niaid.
nih.gov, 2016). Barcodes and primers were trimmed, and DADA2
analyses were conducted with different parameters for filtering (see
Table S3). Dereplication and denoising of sequences was followed by
merging of paired reads, and removing of chimeras. Bacteria were
classified from the obtained amplicon sequence variants (ASVs) by 99%
comparisons to the SILVA database v.132. Results were visualized with
phyloseq (McMurdie and Holmes, 2013) and ggplot2 (Wickham, 2016)
in R studio. Sequences and their metadata have been submitted to the
SRA of GenBank, accession number PRJINA491252.

2.4. Evolutionary placement of short 16S sequence data

We applied the Evolutionary Placement Algorithm (EPA; Berger
et al.,, 2011) of the Randomized Axelerated Maximum Likelihood
(RAXML; Stamatakis, 2014) method to map all shorter 16S sequences of
bacteria in ostracod hosts from both classic and high through put
techniques on a bacterial 16S reference tree. To find suitable long 16S
reference sequences besides Cardinium (see above) for this reference
tree, we submitted all 16S bacterial ASVs from our DADA2 analyses to
the Alignment, Classification and Tree Service (ACTS) on the silva
website (https://www.arb-silva.de/aligner/) using all available data-
bases and RAXML for tree construction online. Non-Cardinium bacteria
were located in the ACTS tree and their nearest neighbours checked
manually. Because the focus of this study is on Cardinium, we selected
one representative of each non-Cardinium phylogenetic clade with
taxonomic identification, downloaded these 13 bacterial 16S sequence
data from the ncbi website (see Table S1B for more details) and aligned
these sequences together with the long 16S Cardinium sequences from
classic analyses (see above and Table S1B) in MAFFT. The 16S bacterial
reference tree was constructed in RAxXML-Workbench for Windows 1.0
with RAXML v.7.2.8 and the GTRG model. Subsequently, the short 5
and 3’ 16S Cardinium sequences from ostracods (Table S1A) and all high
throughput 16S sequences (Table S1A) were separately mapped with
EPA and single gene alignment in RAXML-Workbench for Windows 1.0
to the 16S reference tree with heuristic searches. Results were visua-
lized with a modified version of Archaeopteryx (Han and Zmasek,
2009) in RAXML-Workbench for Windows, and the best values for the
Expected Distance between Placement Locations (EDPL; Matsen et al.,
2010) and RAXML weights (Berger et al., 2011) selected for each
mapped 16S sequence.

3. Results
3.1. Presence of endosymbionts in non-marine ostracods

From the high-throughput 16S amplicon sequencing, we obtained a
total of 784,479 reads. After testing different parameters for the fil-
tering and trimming in DADA2, the parameters with the best equili-
brium between the number of reads and quality were identified as
maximum expected errors of 4, a maximum number of mismatches in
the overlapping area of paired reads of 3 and a truncation quality score
of 2 (Table S3). With these parameters, 328,777 reads remained, re-
sulting in 30,092 paired reads, an average of 21,750 reads per sample,
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Table 2

Abundances of Candidatus Cardinium from high throughput sequencing of 16S
amplicons. The identity of the amplicon sequence variants (ASVs) classified
with DADA2 was verified by mapping all 16S sequences from high throughput
sequencing onto the reference 16S phylogeny (Fig. S2A) with EPA. For detailed
results of the EPA analyses, see Table S4A. Ds = Darwinula stevensoni;
Cv = Cypridopsis vidua; Ev = Eucypris virens; Hi = Heterocypris incongruens. See
Table S1A for more details on the investigated specimens and Table S4A on
details of all classified ASVs. yes = Cardinium present according to classic PCR
screening. no = Cardinium absent according to classic PCR screening. See also
Fig. S1B for the presence of Cardinium among the top 20 ASVs in ostracod hosts.

Morphospecies Sample ID  absolute number of ASVs Result classic
classified as Cardinium PCR
Darwinula stevensoni Ds.no 0 Negative
Ds.yes 2846 Positive
Heterocypris Hi.yesl 25,889 Positive
incongruens
H. salina Hi.yes2 3914 Positive
H. nov. spec. 1 Hi.no 0 Negative
Cypridopsis vidua Cv.yes 4490 Positive
Eucypris virens Ev.nol 0 Negative
Ev.yes 25,720 Positive
Ev.no2 0 Negative

and 417 bacterial ASVs (see Table S4A). Applying EPA confirmed the
identities of all 16S bacterial sequences as Cardinium or non-Cardinium,
respectively, from the original ASVs classifications with DADA2 (see
Table S4A). The cumulative bar charts (Fig. S1A) show that Bacter-
iodetes and Proteobacteria are most common bacteria in non-marine
ostracods. Cardinium was found among the 20 top ASVs (Fig. S1B), but
only in those ostracods in which we also obtained amplicons for this
endosymbiont with classic PCR techniques (Table 2). Neither Wolbachia
nor Rickettsia or Spiroplasma were detected with either classic genetic
analyses (Table S1A) or high-throughput sequencing of 16S amplicons
in any of the screened ostracods, and the absence of other en-
dosymbionts is further confirmed by mapping with EPA (see Table S4A
& B).

Cardinium is found in 12 out of 22 morphospecies of ostracods from
all three non-marine ostracod superfamilies (Table 1; Table S1A).

3.2. The relationship of Cardinium from ostracods with Cardinium from
other hosts

All primer combinations for amplifying parts of the 16S rRNA region
of Cardinium yielded amplicons with very high amplification rates. For
phylogenetic analyses and estimates of genetic distances, we mainly
used unique ostracod sequences, comprising 16 sequences from the 5’
end of Cardinium 16S (376 basepairs), which were only used for initial
analyses and for the EPA mapping, 37 sequences from the 3’ end
(403 bp) and three sequences of almost the entire 16S region (1276 bp;
see Table S1A & S2 for more details). Cardinium from an oribatid mite
(see Table S1B for more details) turned out to be the most suitable
outgroup while 16S sequences of Cardinium from for example Amoeba
were very distant (not shown) and less suitable as outgroups.

Our phylogenetic reconstructions show that Cardinium from os-
tracods is monophyletic and clusters separately from Cardinium strains
known to occur in other arthropods and nematodes with high posterior
probabilities (Fig. 1 A) and bootstrap support (Fig. S3A & B). Because of
low statistical support, the closest phylogenetic group to ostracods can
currently not be identified with certainty; however, Cardinium from
Diptera with aquatic larvae and from a terrestrial nematode form a
well-supported phylogenetic clade together with Cardinium from os-
tracods (Fig. 1A & S3A). Cardinium bacteria from other hosts do not
cluster according to the taxonomic identity of these hosts (Fig. 1A);
thus, phylogenetically different Cardinium strains can occur in the same
host. Although the Bayesian tree based on the shorter 3’ end of 16S
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rRNA is to some extent unresolved (Fig. 1B), Cardinium from ostracods
again forms a monophyletic group by itself, and clusters with en-
dosymbionts from Diptera and a nematode (Fig. 1B & S3B).

Bayes Factor tests on phylogenetic topologies from both 16S rRNA
trees strongly support three monophyletic groups of Cardinium: (1) from
ostracod hosts, (2) from ostracod hosts and Diptera, and (3) from os-
tracod hosts, Diptera and a nematode (Table 3).

Matching the topologies of the two 16S trees (Fig. 1A & B & S3A &
B), the Cardinium sequences found in the screened non-marine os-
tracods appear to be genetically different from known Cardinium from
other invertebrate hosts with mean genetic distances of 5% to 7% (DNA
sequence data based on full length of 16S; Fig. 2A), respectively, and
4.5-7.2% when analysing sequence data from the shorter part of the 3’
end of 16S (Fig. 2B). Also the phylogenetic mapping of 16S sequences
with EPA confirms that Cardinium from ostracods are novel strains.
Cardinium from ostracods clearly differ from Cardinium in the copepod
Nitroca spinipes, the only other known aquatic crustacean host (Edlund
et al., 2012) as is obvious from phylogenetic reconstructions, the EPA
mapping and the large genetic distance (Fig.s 1A & 2A and Table S4A).

The EPA results fully support the identity of the shorter Cardinium
16S sequences obtained with classic and high throughput sequencing
from non-marine ostracod hosts: all ASVs not classified as Cardinium are
correctly mapped on non-Cardinium branches in the reference tree (Fig.
S2A & Table S4A). Likewise, all ASVs classified as Cardinium map to the
ostracod branches in the 16S RAXML reference tree with one exception
(Fig. 2A; Table S4A): Cardinium from Cypridopsis vidua is placed on an
internal dipteran branch.

3.3. Genetic diversity of Cardinium in non-marine ostracods

The total prevalence of Cardinium in all investigated ostracods is
37.8%. Cardinium appears to have a patchy distribution within each of
the non-marine ostracod superfamilies (Table 1). Its presence is con-
firmed in most investigated species of the Cypridoidea, in several spe-
cies of the Darwinuloidea and in one species of the Cytheroidea
(Table 1).

If we assess the presence of Cardinium in ostracod morphospecies
with at least nine screened specimens (Table 1), prevalence ranges from
4.3% (Heterocypris spec. 2), 27% (D. stevensoni), and 28% (Eucypris vi-
rens) up to 55.6% (Cypridopsis vidua), respectively (Table 1), but reaches
100% only in one morphospecies, Heterocypris incongruens.

A monophyletic origin of Cardinium from non-marine ostracods per
se and also from the superfamily Cypridoidea is supported by the 16S
tree topologies (Fig. 1A & S3A) and Bayes factor tests (Table 3). The
monophyly of Cardinium from darwinulid ostracod hosts is less clear
from the phylogenetic clustering (Fig. 1B & S3B) but still supported by
Bayes Factor tests (Table 3). Among non-marine ostracod hosts, 16S of
Cardinium has an average genetic distance of 3.8% (entire 16S region;
Fig. 2A), exceeding estimates of genetic distances for Cardinium from
different insects or Acari. The 3’ end of 16S of Cardinium shows with
1.7% lower genetic distances among non-marine ostracods, and less
within the three superfamilies of non-marine ostracods (0.2-0.9%;
Fig. 2B).

The high throughput sequencing method detected a much higher
diversity of Cardinium within individual ostracod hosts than could have
been expected from classic PCR techniques and direct DNA sequencing,
with a maximum of 40 different Cardinium ASVs in E. virens and 28 in
Heterocypris, respectively, with varying abundances (Table S4A). When
comparing the outcome of the EPA mapping with ostracod host iden-
tity, 74 of the 75 sequence variants classified as Cardinium with DADA2
map to internal or external Cardinium branches of ostracods in the 16S
bacterial reference tree (Fig. S2A & B), and the majority of these ASVs
furthermore map to the branches of ostracod hosts from the same su-
perfamily. There is some incongruence of mapping at the species level,
especially for ASVs from H. incongruens and E. virens (Table S4A). When
placing the short 5" and 3’ 16S Cardinium sequences of ostracod hosts
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Fig. 1. 168S tree of Cardinium from non-marine ostracod hosts and other metazoan hosts. Both trees were constructed with MrBayes and the GTR + I + G model;
numbers above branches are posterior probabilities. The matching Maximum Likelihood trees are shown in Figs. S3A &B. See Tables S1A & 1B for more details on 16S
sequence data. Sequences of each statistically supported, phylogenetic group are collapsed. The height of each triangle is proportional to the number of sequences in
this group. Host species are colour-coded: dark red = Diptera; brown = Hymenoptera; green = Hemiptera; pink = Acari; purple = Araneae; dark blue = Copepoda;
lighter blue = Ostracoda; black = Nematoda. A. This Bayesian tree was constructed from an alignment of 1276 basepairs (bp) of 16S rRNA sequences of Cardinium. B.
This Bayesian tree was constructed with partial 16S rRNA sequences of Cardinium from the 3’ end, for which most sequence data were available from GenBank. See
also Fig. S4 for details of this tree illustrating the phylogenetic relationships of Cardinium within each non-marine ostracod superfamily. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Results of the topology tests with Bayes Factor tests for constrained or unconstrained phylogenetic groupings in the 16S phylogeny of Cardinium from various
metazoan hosts (Fig. 1A & B). Hard constraints were defined in MrBayes as indicated in the first column and runs of 6 million generations conducted with the
stepping stone method. The marginal likelihood estimates (MFE) of the model (M) with the hard constraint (monophyletic group) and with the negative constraint
(no monophyletic group), respectively, were compared. According to Kass and Raftery (1995), any Bayes Factor (BF) between 3 and 5 is strong evidence that the
model with the higher MFE is the better one, a BF > 5 indicates very strong evidence. The model with the higher MFE of each comparison is indicated in bold, so is
any BF > 3. The different models were ranked according to MFE of the accepted model, starting with the highest.

Phylogenetic group Dataset MFE constraint MO MFE unconstrained M1 Rank of model In BF BF

Ostracoda-Diptera-Nematoda Long 16S rRNA —5817.26 —5877.33 2 60.07 4.10
Ostracoda- Diptera Long 16S rRNA —5809.59 —5880.50 1 70.91 4.26
Ostracoda Long 16S rRNA —5860.80 —5889.07 3 28.32 3.34
Ostracoda-Diptera- Nematoda 3’ of 16S rRNA —2133.07 —2239.32 2 106.25 4.67
Ostracoda- Diptera 3’ of 16S rRNA -2131.78 —2244.90 1 113.12 4.73
Ostracoda 3’ of 16S rRNA —2143.70 —2255.91 3 112.21 4.72
Darwinulidae 3’ of 16S rRNA —2213.25 —2244.87 5 31.62 3.45
Cypridoidea 3’ of 16S rRNA —2159.65 —2255.74 4 96.09 4.57
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Fig. 2. Average genetic distances of Cardinium within and between ostracod
and other metazoan hosts. Average and standard deviation of genetic distances
were calculated as TrN and with a gamma parameter of 1.67 in MEGA. For
details on the identity of the DNA sequences, see Tables S1IA & B. A. Estimates
were based on 16S rRNA DNA sequence data of 1276 bp. B. Estimates were
based on DNA sequence data from the 3’ end of 16S rRNA of 403 bp.

that were obtained with direct DNA sequencing to the bacterial 16S
reference tree, all sequences map to ostracod internal or external
branches, and more than 80% to external branches from the same su-
perfamily (Table S4B).

The patchy distribution of Cardinium among non-marine ostracods is
obvious from constructing COI gene trees of their hosts and mapping
infections onto these trees. We do not observe any obvious phylogenetic
grouping of infected hosts among the different morpho- and genetic
species of the Darwinulidae (Fig. 3) or genetic species identity within
the E. virens (Fig. 4), Heterocypris and Cypridopsis vidua (Fig. 5) species
complexes.

4. Discussion
4.1. Presence of endosymbionts in non-marine ostracods

Our study confirms the results of Bruvo et al. (2011) on the absence
of Wolbachia in E. virens. Wolbachia is absent in all species of non-
marine ostracods screened here although these bacteria are known from
terrestrial crustaceans such as Isopoda (Verne et al., 2012). We also
found no evidence for Spiroplasma or Rickettsia in ostracod hosts with
classic PCR techniques or high throughput sequencing of 16S amplicons
with general primers (Table 1, Table 2, Table S1 & S4A; Figs. S1A & B).
Our study thus illustrates that only one group of endosymbionts is
present in non-marine ostracods, namely Cardinium. This is the first
report on the presence of Cardinium in natural crustacean populations
in general and from non-marine ostracods in particular. Cardinium in
crustaceans has previously only been detected in a laboratory culture of
a copepod following antibiotic treatment (Edlund et al., 2012).

4.2. Relationship of Cardinium from ostracods with Cardinium from other
hosts - novel strains of Cardinium in non-marine ostracods

Phylogenetic reconstructions with different methods (Fig. 1A & B,
S3A & B) estimates of genetic distances (Fig. 2A & B), topology tests
(Table 3) and EPA mapping (Figs. S2A & B; Tables S4A & B) all provide
evidence that Cardinium from non-marine ostracods represent novel,
monophyletic endosymbiotic strains, as they are genetically and phy-
logenetically different from known Cardinium of other metazoan hosts,
including those from a copepod (Edlund et al., 2012), the only other
known aquatic crustacean host. Tree topologies and Bayes Factor tests
show that Cardinium from non-marine ostracods is closest to Cardinium
from aquatic larvae of midges (Diptera; Nakamura et al., 2009; Pages
et al., 2017) and also a terrestrial nematode. Using DNA sequence data
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Fig. 3. COI tree of darwinulid ostracod hosts. This
gene tree was constructed with MrBayes and the
GTR + I+ G model. Numbers above nodes are
posterior probabilities of Bayesian analyses. Genetic
(cryptic) species identity according to Schon et al.
(2012) are indicated by Arabic numbers after species
names. Individuals and morpho- and genetic species
infected with Cardinium are indicated in blue (see
Table S1A for more details).

< UK_NEW,MT_MOS,BG_KOB,TR_LAD,ES MEFR_COU,ES_VA,HR_OM,TR_YUK,HR_KRK,FR_FIO,GR_COE 31

Fig. 4. COI tree of pertinent genetic species in the Eucypris virens species complex belonging to the Cypridoidea. This gene tree was constructed with MrBayes and the
GTR + I + G model. Numbers above nodes are posterior probabilities of Bayesian analyses. Genetic (cryptic) species identity according to Bode et al. (2010) are
indicated by Arabic numbers after population codes. Individuals infected with Cardinium are indicated in blue. See Table S1A for more details on the screened
specimens. The ostracod Cypria ophthalmica is used as outgroup.
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Fig. 5. COI tree of pertinent genetic species
in the Heterocypris and Cypridopsis vidua spe-
cies complexes belonging to the Cypridoidea.
This gene tree was constructed with MrBayes
and the GTR + I + G model and midpoint
rooted. Numbers above nodes are posterior
probabilities of Bayesian analyses. Genetic
(cryptic) species identity for Heterocypris and
for C. vidua are presented as Arabic numbers
after species names. Individuals infected with
Cardinium are indicated in blue (see Table
S1A for more details).

HI1_H_incongruens_5

of the less variable 3’ end of 16S rRNA of Cardinium, the genetic dis-
tance between these bacteria from non-marine ostracods and other in-
vertebrate hosts amounts to at least 4.5% (Fig. 2B), and more than 5%
with the longer and more variable 16S rRNA dataset (Fig. 2A), coun-
tering the possibility of recent horizontal transmissions between os-
tracod and non-ostracod hosts, even if evolutionary rates of bacterial
16S rRNA can vary between 0.025 and 0.091% per myr (Kuo and
Ochman, 2009).

Also the EPA results support the absence of recent horizontally
transmitted Cardinium between ostracods and other hosts, given that we
found only one ASV out of 417 (0.02%) where Cardinium sequences
from Cypridopsis vidua are placed on an internal branch among dipteran
hosts fitting the phylogenetic relationships of Cardinium from ostracods
and Diptera described above.

4.3. Genetic diversity of Cardinium in non-marine ostracods

If Cardinium infections in non-marine ostracods are ancient, then
this would imply that most Cardinium strains have split off many mil-
lions of years ago within their ostracod hosts (Martens, 1998). The
observed genetic distances between Cardinium strains of different non-
marine ostracod superfamilies (Fig. 2A & B) exceed genetic distances
among other Cardinium hosts, and match the proposed old age of both
initial infections (of several dozen millions of years, calculated from
genetic distances between Cardinium from different ostracod hosts) and
the ostracod hosts themselves (of several hundred million years from
the fossil record - Martens, 1998).

EPA mapping confirms not only the identity of the short 16S
Cardinium sequences from both direct and high throughput sequencing
as Cardinium from ostracod hosts, but also matches the host identity at
the ostracod superfamily and family level for the majority of sequences.
The divergence of Cardinium within non-marine ostracods is much
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higher than could be expected from initial PCR amplification and direct
sequencing. This is most remarkable for E. virens and H. incongruens,
with 40 and 28 different Cardinium strains each in a single ostracod host
(Table S4A). It is therefore not surprising that some of the shorter 16S
sequences map to other ostracod host species in the reference tree
(Table S4A & B).

Here, we used high throughput sequencing techniques only to
confirm the results from classic PCR screening regarding the presence
or absence of Cardinium. However, our results from a limited number of
specimens already illustrate the potential of high throughput sequen-
cing methods for future studies on bacterial diversity in Ostracoda. To
conclusively confirm poly- or monophyly of Cardinium within the dif-
ferent superfamilies of ostracods additional DNA sequence data of
Cardinium from other non-marine ostracod hosts from longer, more
variable 16S regions (Fuks et al., 2018) or other markers than 16S
(Zhang et al., 2016) will be required to construct better resolved phy-
logenies and verify the results of EPA within ostracod superfamilies.

When mapping infections on mitochondrial host trees, we do not
find any obvious link between phylogenetic groupings and presence or
absence of Cardinium infections in either the Darwinulidae (Fig. 3) nor
in the Cyprididae (Figs. 4 and 5) similarly to the results of von der
Schulenburg et al. (2002) on lady birds, while others observed such
relationships in hemipterans and pill bugs, respectively (Gueguen et al.,
2010; Verne et al., 2012). This implies that Cardinium infections in the
investigated non-marine ostracods have not caused selective sweeps nor
are they in any obvious way correlated to the high cryptic genetic di-
versity in for example E. virens (Bode et al., 2010).

With the exception of H. incongruens, none of the non-marine os-
tracod species screened here show complete prevalence of Cardinium
(Table 1). Other studies found similar incomplete infection patterns of
Cardinium in mites (Ros and Breeuwer, 2009) and spiders (Stefanini and
Duron, 2012) and described them as a state of polymorphic equilibrium
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between parasites and hosts. Several mechanisms could have caused the
absence of complete prevalence of Cardinium in most non-marine os-
tracod species, but not all of these are equally likely. We might have
underestimated the prevalence of Cardinium in species with known low
population densities (e.g. the Darwinulidae Vestalenula molopoensis, V.
cylindrica, V. paglioli, or Alicenula inversa), but this does not apply to all
investigated ostracod species (Table 1; Table SIA). We can largely rule
out technical difficulties, given that results on Cardinium presence/ab-
sence were totally congruent between classic, PCR-based and novel 16S
high-throughput amplicon sequencing techniques (Figs. S2A & B;
Tables 2 & S4A & B), while also using different primers (Table S2).
Likewise, genetic distances between Cardinium strains from different
ostracod hosts (Fig. 2A & B) and the genetic variability of the hosts
themselves (Figs. 3-5) provide evidence against recent, incomplete
Cardinium infections.

For Wolbachia, the best studied endosymbiont, several factors and
their interactions seem to influence bacterial density in host tissues
(Hoffmann et al., 2015). These can include temperature (Hurst et al.,
2001; Morag et al., 2012; Mouton et al., 2007; Bordenstein and
Bordenstein, 2011), age (Unckless et al., 2009; Tortosa et al., 2010),
reproductive mode (recently reviewed by Ma and Schwander, 2017),
and the occurrence of natural antibiotics, for example from fungi (Ho
et al., 2013). To what extent any of these factors could explain the
patchy phylogenetic distribution of Cardinium in non-marine ostracods
will be described and discussed in depth elsewhere.

5. Conclusions

Discovering Cardinium in non-marine ostracods is only the first step
towards several new research avenues that need to be pursued in the
near future. Further screening with high throughput sequencing, both
taxonomically and geographically, of non-marine and marine ostracods
and other crustaceans is required to further explore the abundance of
Cardinium in natural populations and the factors shaping infection
patterns. Since endosymbionts can have a wide range of positive or
negative effects on their hosts (Werren et al., 2008), the biological ef-
fects of Cardinium on its hosts will need to be carefully assessed by life
history studies of infected crustaceans, including non-marine ostracods,
under various environmental conditions.
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