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Introduction: Xenophyophores are large benthic agglutinated Foraminifera that
are a major component of the Clarion-Clipperton Zone megafauna.

Methods: Two xenophyophore specimens were obtained and submitted to
genomic investigations.

Results: For both specimens, it was possible to obtain a ca. 25 kb circular
xenophyophore-associated mitochondrial genome (XAM) showing similar gene
contents with other Retaria, with which they are associated by a maximum
likelihood multiprotein phylogeny. One of the specimens yielded a complete
cluster of nuclear rRNA genes, the first to be obtained from a xenophyophore.
Another full cluster of rRNA, likely belonging to Endomyxa parasites, was found
within both specimens.

Discussion: Although the agglutinated nature of xenophyophores currently
prevents a definitive conclusion, the mitogenomes obtained may represent the
first to be obtained from those foraminifera. Deeper enquiries are required in
order to properly ascribe these genomes to their host organism and to clarify the
nature of the possibly parasitic Rhizaria associated with the xenophyophores.
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Introduction

Xenophyophores are large, benthic protists in the supergroup
Rhizaria that are confined to deep-sea habitats (Tendal, 1972, 1996).
They have a test made of agglutinated material encapsulating a single
branched, multinucleate cell enclosed within an organic tube (together
forming the ‘granellare’ system) and large masses (the ‘stercomare’) of
waste particles (stercomata) contained within an organic envelope
(Tendal, 1972). The first species was described almost 150 years ago
(Brady, 1883), but the taxonomic position of xenophyophores
remained unresolved until the development of molecular methods,
which revealed them to be giant agglutinated monothalamous
foraminifera (monothalamids) (Pawlowski et al., 2003). In
morphology-based foraminiferal classifications they are currently
assigned to the monothalamid suborder Xenophyophoroidea
Tendal, 1972 (Kaminski, 2014).

Xenophyophores are common at depths > 500 m in the bathyal,
abyssal and hadal zones of the oceans (Tendal, 1996; Gallo et al., 2015).
In some areas, such as the abyssal Clarion-Clipperton Zone (CCZ) in
the Eastern Pacific, xenophyophores are particularly abundant and
diverse (Gooday et al., 2017) and account for an important fraction of
the megafauna (Ashford et al,, 2014; Kamenskaya et al,, 2013; Amon
et al, 2016; Simon-Lledo et al., 2019a, 2019b; Durden et al., 2021;
Uhlenkott et al,, 2023). In the CCZ, they are often found associated
with the polymetallic nodules that cover the seafloor (Gooday et al,
2020) and are of considerable potential commercial importance. The
activities of contractors and their sponsoring countries interested in the
possible future mining of nodules are regulated by the United Nations
Convention on the Law of the Sea (UNCLOS) and the International
Seabed Authority (ISA), the latter issuing detailed regulations and
recommendations for exploration and prospecting activities. These
include the sampling and identification of the benthic fauna and the
acquisition of molecular barcodes (ISBA/25/LTC/6/Rev.2, 2022). As a
result, a major international research effort has been devoted to the
characterization of the benthic fauna in the CCZ (Rabone et al., 2023).
Any attempt to collect massive amounts of nodules may impact
xenophyophores, with additional consequences for associated
organisms that rely on their often complex tests for multiple services,
including the provision of food and shelter and breeding areas (Levin
and Thomas, 1988; Levin and Gooday, 1992; Levin and Rouse, 2020).

The contractors licensed by ISA include the Interoceanmetal
Joint Organization (IOM), a multinational consortium that has
been assigned an exploration area in the eastern CCZ. Initially
focusing mostly on geological-geochemical, engineering or
environmental risk assessment studies (e.g., Abramowski and
Nikonczuk, 2019; Abramowski et al., 2021; Borkowski et al., 2022;
Skowronek et al., 2021; Hikov et al., 2022; Milakovska et al., 2022;
Radziejewska et al., 2022; étyriakové et al., 2022; Wang et al., 2022),
IOM has been expanding its field of expertise by successfully
developing genomic studies of the CCZ megafauna (Gastineau
et al,, 2023a; 2025).

Generally speaking, the number of Rhizaria taxa whose
mitochondrial genome has been sequenced is rather low when
compared to other single-celled organisms (e.g., diatoms,
chlorophyceae). This is especially true when taking into account
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the wide biodiversity of this supergroup. Several factors can account
for this discrepancy, among them the difficulty of obtaining,
identifying and cultivating Rhizaria. In the case of Foraminifera,
it is only very recently that mitogenomes have been obtained from
two planktonic species (Macher et al., 2023). Therefore, any
additional taxa sequenced would be of interest, whatever their
phylogenetic position within the Rhizaria.

Collections made by IOM during campaigns in the CCZ include
some benthic megafaunal material, among which a few
xenophyophores were present. Although most were in poor
condition, two specimens were sufficiently well preserved to deserve
investigation by next generation sequencing in order to obtain the
molecular data required by ISA. The commonly used protocol of gene
amplification by the polymerase chain reaction (PCR) followed by
Sanger sequencing can be an issue in the case of Foraminifera. For
example, the widely used gene coding for the small subunit of the
nuclear ribosomal RNA (generally known as 18S or SSU) is
characterized by its large and variable size in Retaria (Lecroq et al,
2009; Pawlowski et al., 2003, 2013). The extra length of the gene could
create problems when trying to amplify it by PCR, needing an
adaptation of the elongation time and a change of the polymerase used.

In the present study, the two xenophyophore specimens were
considered as environmental samples rather than a monospecific
isolate, with respect to their agglutinated nature, and we avoided any
preconceived ideas regarding possible results. The sequencing reads
were assembled with a stringent k-mer parameter and the resulting
assemblies were data-mined for any sign of nuclear rRNA and
mitochondrial genes. The contig files for both specimens yielded a
circular mitochondrial genome with similar sizes and identical gene
content. The current article refers to these as xenophyophore-
associated mitogenomes (XAMs). This terminology reflects our
careful approach to interpreting the results, prompted by the fact
that we could not fully dissect the cytoplasm from the test. This would
have raised a possibility of contamination of the sequenced DNA pool
by organisms living on or inside the test. The gene content of the
XAMs appeared to be close to that of planktonic foraminifera and
clearly different from that of other Rhizaria. Data-mining the
sequencing results for ribosomal RNA genes led to the discovery that
another rhizarian, possibly parasitic, was present in both specimens.
Finally, attempts were made to compare our results with the few
genomic and transcriptomic data available for xenophyophores.
Although these attempts did not invalidate our findings, they did
prompt additional questions that will be discussed below.

Materials and methods
Sampling and characterization

Two xenophyophore specimens were obtained, together with
the nodules they were attached to, by box-coring (a standard 0.25m*
box corer) during the 2014 IOM cruise to the CCZ (Figure 1) and
stored in 90% ethanol. Every effort was made to keep the cold chain
during sampling, transportation and storage, following the
recommendations of ISA’s Legal and Technical Commission
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FIGURE 1

Location of the two sampling stations in the IOM claim area of the Clarion-Clipperton Zone (Pacific Ocean). The IOM claim area is represented in
orange on the top left part. The block where the two samplings occurred is surrounded in red in the top right part. The two sampling stations are

represented by red dots on the lower part of the figure.

(LTC) s (ISBA, 2022). Specimen 2014 _24 (Figure 2) was collected at
station 3513 and specimen 2014_45 (Figure 3) at station 3535.
Photographs of the specimen attached to polymetallic nodules were
taken on board of the ship immediately after sampling, using a
Nikon D700 camera equipped with an AF-S MICRO Nikkor
105mm 1:2.8G ED lens (Tokyo, Japan). Specimen 2014_24 was
also imaged using a Nikon AZ100 stereo microscope with a Nikon
DS-Fi2 camera (NIS Elements BR 4.13.05 software) (Tokyo, Japan).
A portion of the test of specimen 2014_24 was dried on a SEM stubs
without coating and observed in a SU8020 ultra-high resolution
Hitachi scanning microscope (Tokyo, Japan) (Figure 4).

DNA extraction and sequencing

Specimen 2014_24 was in a better overall condition than specimen
2014_45, and contained larger quantities of cytoplasm. However, we
were unable to fully isolate the cytoplasm and some test material
remained prior to DNA extraction. In the case of 2014_45, dissection
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was not attempted and large parts of the test remained during
extraction. DNA was extracted using a DNeasy Blood & Tissue Kit
from Qiagen (Hilden, Germany), with a protocol adapted to include a
12h maceration in proteinase K at 65°C. DNA samples were sent to the
Beijing Genomics Institute in Shenzhen. Sequencing took place on a
DNBSEQ platform, with insert sizes of 400 bp. The sequencing
returned distinct quantities of 150 bp paired-end reads depending on
the sample, as explained in the Results part.

Assembly, data-mining, annotation and
analyses of the gene content

Reads were assembled using SPAdes 3.15.5 (Bankevich et al,,
2012) with a k-mer of 125. Basic assembly statistics were
obtained using QUAST (Gurevich et al., 2013). Contigs of
interest were identified by data-mining using blastn and blastx
(Camacho et al., 2009). The blastn query for the rRNA used the
Syringammina corbicula 18S partial sequence (GenBank:

frontiersin.org


https://doi.org/10.3389/fmars.2025.1582660
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Gastineau et al.

10.3389/fmars.2025.1582660

FIGURE 2

Picture of the specimen of Spiculammina delicata IOM_2014_24 taken on its polymetallic nodule just after sampling (unscaled).

EU672993). The blastx query used the conserved proteins of
Lotharella oceanica S.Ota, 2009 (KT806043) and Rhizaria sp.
(MNO082144), with the option query_gencode 4 and a e-value
filter of 1e”°. We used orffinder (https://www.ncbi.nlm.nih.gov/
orffinder/) with genetic code 4 to extract open-reading frames, and
performed blastp analyses on each of them. The boundaries of all
rRNA were found by using the Rfam portal (https://rfam.xfam.org/)
(Kalvari et al., 2021). Arwen 1.2.3 (Laslett and Canbick, 2008) was
employed to find tRNA, and the secondary structure of the tRNA-
Met was folded using Forna (Kerpedjiev et al., 2015). The non-
conserved ORF were analyzed using InterPro (Paysan-Lafosse et al.,
2023). The map of the XAM were drawn with OGDRAW (Lohse
et al,, 2013). Tandem repeats were searched using Tandem Repeat
Finder online (Benson, 1999). Sequence logos were drawn with
WebLogo 3.0 (Crooks et al., 2004) after multiple-sequence

alignment with either Clustal Omega (Sievers and Higgins, 2014)
or MUSCLE (Edgar, 2004).

Maximum likelihood multiprotein
phylogeny of the XAMs

A set of protein sequences was selected from the ten available
mitogenomes of Rhizaria and the two XAMs based on the following
criteria: identified among all taxa, not split (e.g. ATP1 in
Paracercomonas marina Cavalier-Smith & D.Bass, 2006), not
fused (eg. Cox1/Cox2 in P. marina). The following proteins were
selected: Cox3, ND1, ND2, ND3, ND4, ND4L, ND5, ND7, Cob,
ATP6, ATP9. Each selected protein sequence was aligned separately
using MAFFT 7 (Katoh and Standley, 2013) with the -auto option

FIGURE 3

Picture of the specimen of Psammina aff. imbata IOM_2014_45 taken on its polymetallic nodule just after sampling (unscaled).

Frontiers in Marine Science

frontiersin.org


https://www.ncbi.nlm.nih.gov/orffinder/
https://www.ncbi.nlm.nih.gov/orffinder/
https://rfam.xfam.org/
https://doi.org/10.3389/fmars.2025.1582660
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Gastineau et al.

10.3389/fmars.2025.1582660

FIGURE 4

Pictures of test fragments of Spiculammina delicata IOM_2014_24. (A-E) Light photographs. (A). Overview of largest fragment. (B). Fragment broken
longitudinally to show the thick test wall and interior with stercomare masses. (C). End of tubular fragment showing interior with stercomare masses
and pale reddish granellare strands. (D) Exterior view of test with projecting sponge spicules and colored mineral grains. (E) Exterior view of test
fragment immersed in glycerol to make it more transparent, revealing interior filled with dark stercomare masses. (F-G). SEM images of test wall
composed of sponge spicules mixed with radiolarian fragments and mineral grains. Scales indicated on the pictures.

before being trimmed with trimAl (Capella-Gutiérrez et al., 2009)
with the -automatedl option. The best model of evolution was
evaluated on each alignment by Model-Test-NG (Darriba et al,
2020) using default parameters. Alignments were then concatenated
by Phyutility 2.7.1 (Smith and Dunn, 2008) and formatted using
the standalone version of ALTER (Glez-Pena et al,, 2010). A
partition file was created using the best model of evolution

Frontiers in Marine Science

according to the Bayesian information criterion. Maximum-
Likelihood phylogenetic analysis was conducted based on the
alignment and the partition file using IQ-TREE v.2.2.0 (Minh
et al., 2020) with 1000 ultra-fast bootstrap replicates. The tree was
rooted with the Chlorarachniophyte L. oceanica and Bigelowiella
natans Moestrup, 2001. Alignment and partition file can be
obtained as Supplementary Data Sheets 1 and 2 respectively.
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Two-dimensional folding of the
xenophyophore 18S gene

In foraminifera, the gene sequence encoding the 18S contains
several variable regions and unique nucleotide insertions, causing
difficulties when trying to align it with other eukaryotic 18S
sequences. Identifying the 5" and 3’ ends of this gene, which have
highly variable sequences, is no exception. To accurately define the
position of the gene sequence, we have manually produced the
secondary structure of the 18S rRNA of xenophyophores and
compared it with the one proposed by Xie et al. (2011).

Maximum likelihood phylogeny of the
contaminant rRNA

The contaminant 18S rRNA genes were aligned with the first
100 best megablast results filtered with a query cover of 70% and
above, plus the 185 rRNA gene of L. oceanica and B. natans to root
the tree. The software used were identical to those employed for the
multiprotein phylogeny. The best model of evolution returned by
Model-Test-NG was TIM2+1+G4 and 10,000 ultrafast bootstrap
replicates were performed.

Data-mining the available genomic and
transcriptomic data

The 310 bp sequence ascribed to the coxl gene of Psammina
limbata (OM719650) Kamenskaya et al., 2015 was used as a
database, against which blastn queries of the contigs files from
2014_24 and 2014_45 were performed (no evalue filter applied).

Transcriptomic data of a specimen of Psammina sp (Sierra
et al., 2022). were downloaded from SRA (SRX8544917), converted
with SRA Toolkit and assembled using rnaSPAdes 3.15.5
(Bushmanova et al., 2019) with default parameters, and its
completeness was evaluated with BUSCO 5.8.0 (Simao et al,
2015). The transcript file was data-mined by standalone blastn
queries with the complete XAM of specimen 2014_45 and the
fragment ascribed to the coxI gene of Ps. limbata mentioned above.
It was also submitted to blastx queries using the different protein-
coding genes (PCGs) and ORFs of this XAM, with code 4 query
code and an evalue filter of 1°'°.

Results
Species identifications

Shipboard photographs of the intact, freshly-collected
specimens show that both xenophyophores were originally
attached to nodules. Specimen 2014_24 had an arborescent
morphology with a short basal trunk giving rise to a system of
branches that divide dichotomously and taper towards pale
extremities. The test wall was composed of a meshwork of sponge
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spicules. It was confidently identified as Spiculammina delicata
Kamenskaya, 2005, a species described from the Russian
exploration contract area in the central CCZ (Kamenskaya, 2005)
and subsequently reported by Kamenskaya et al. (2015, 2017) from
the same area where it appears to be the most common species. A
single fragment was also found further to the east in the French area
(Gooday and Wawrzyniak-Wydrowska, 2023).

Specimen 2014_45 had a flat, semicircular, fan-shaped test with
vague concentric wrinkles that was attached to the nodule surface at
2-3 points on its lower margin. A root-like structure extended
across the surface from one of these attachment points, and a
similar branched root-like structure arose from the unattached part
of the lower margin. Originally, this branched ‘root’ may have been
attached to a second nodule. The specimen was confidently
identified as Psammina aff. limbata Form 1, sensu Gooday et al.
(2018), a species that is quite common in the eastern CCZ.

These two specimens are hereafter referred to as Spiculammina
and Psammina, respectively.

Xenophyophora-associated mitogenomes

The sequencing of Spiculammina returned overall better results,
with ca. 70M clean paired-end reads obtained. From the sequencing
of Psammina, it was only possible to derive ca. 20M paired-end
reads totally. After assembly, for Spiculammina, the total number of
contigs was 372,064, the largest being 71,092 bp long with a N50 of
856 bp. For Psammina, these values were 36,960 bp, 66,642 bp and
1,341 bp respectively (complete analyzes available as Supplementary
Data Sheet 3 for Spiculammina and Supplementary Data Sheet 4 for
Psammina). Complete mitochondrial genome sequences with
redundant endings were retrieved from the contig file of both
specimens. The contig recovered from Spiculammina was 26,100
bp long with a coverage of 113.27X, while that of Psammina was
26,725 bp long with a coverage of 139.60X. For both contigs, the
redundancy at the endings was 125 bp long. Later examination,
following annotation, showed that these redundancies occurred
within conserved genes, namely cob for Spiculammina and rnL
for Psammina. After circularization and trimming, the genomes are
25,975 bp and 26,600 bp long for Spiculammina (Figure 5)
(GenBank: PV138223) and Psammina (Figure 6) (GenBank:
PV138224), respectively. Tandem Repeat Finder did not return
any significant results. The sizes of these mitogenomes are smaller
than those of other Rhizaria (Table 1), which range from 33,862 bp
for Polymyxa betae Keskin, 1964 to 114,663 bp for Plasmodiophora
brassicae Woronin, 1877, both being parasites of terrestrial plants.
The Spiculammina and Psammina mitochondrial genomes are also
half the size of those reported for the planktonic foraminifera
Calcarina hispida Brady, 1876 and Neorotalia gaimardi
(d’Orbigny in Fornasini, 1908) (Table 1). Excluded from analyses
are the radiolarian mitogenomes described as fragmented (Macher
et al.,, 2023) and not available in GenBank.

No intron was detected in both the Spiculammina and
Psammina mitochondrial genomes, and there is no gene
duplication, such as that observed in L. oceanica (Tanifuji et al.,
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Spiculammina delicata

mitochondrial genome
25,975 bp

O] complex | (NADH dehydrogenase)

0] complex il (ubichinol cytochrome ¢ reductase)
0] complex IV (cytochrome ¢ oxidase)

[ ATP synthase

EORFs

M transfer RNAs.

Il ribosomal RNAs

FIGURE 5
Map of the mitochondrial genome of the Spiculammina delicata-associated mitogenome.

Psammina aff. limbata

mitochondrial genome
26,600 bp

[0 complex | (NADH dehydrogenase)
O] complex il (ubichinol cytochrome ¢ reductase)
[ complex IV (cytochrome c oxidase)
[ ATP synthase
ORFs
M vansfer RNAs
I ribosomal RNAs

FIGURE 6
Map of the mitochondrial genome of the Psammina aff. limbata-associated mitogenome.
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TABLE 1 Accession numbers and sizes of the available Rhizaria
mitochondrial genomes.

Species GenBank Size of
accession the mitogenome
number

XAM Spiculammina PV138223 25,975 bp
XAM Psammina PV138224 26,600 bp
Calcarina hispida OP965950 46,016 bp
Neorotalia gaimardi 0OP965949 50,389 bp
Rhizaria sp. MN082144 49,355 bp
(Cryothecomonas)
Plasmodiophora 15992577 114,663 bp
brassicae
Spongospora subterranea KF738139 37,699 bp
Paulinella micropora LC490352 37,152 bp
Lotharella oceanica KT806043 36,702 bp
Bigelowiella natans HQ840955 36,375 bp
Paracercomonas marina KP165385 35,796 bp
Polymyxa betae 0U857314 33,862 bp

2016). The two genomes are not colinear with respect to gene order.
They share a total of 16 conserved protein-coding genes that require
NCBI genetic code 4 for translation. No atp8 or rps/rpl genes could
be identified. These genes also appear to be missing in other Retaria

10.3389/fmars.2025.1582660

(Macher et al., 2023), although they are sporadically found among
Rhizaria. A total of 12 mitochondrial encoded rps/rpl genes are
indeed present in the unidentified species of Rhizaria mentioned as
Rhizaria sp. (MN082144) and Po. betae (OU857314). So far, atp8
has only been detected in B. natans, Po. betae and PI. brassicae.

The sizes of the 16 conserved proteins of Spiculammina and
Psammina are listed in Table 2, along those of others available for
Retaria, and their percentages of identity are presented in Table 3.
The Spiculammina and Psammina cox3 proteins are smaller than in
other Rhizaria and they could not be extended because of the
presence of stop codons. The coxI and cox2 proteins are encoded
in distinct ORFs and are missing conserved residues at their N
termini, in contrast to their homologs in Paulinella micropora D.
Lhee, E.C. Yang, J.I. Kim, R.A. Andersen & H.S. Yoon 2017 (Lhee
et al., 2017) and Pa. marina (Valach et al., 2014) that are fused into
single proteins. Also noteworthy is a 71 amino-acid difference in the
middle of Cox2 that might correspond to an extension segment of
the protein. The putative proteins encoded by the divergent ND6
display 10 and 9 transmembrane helix domains for Spiculammina
and Psammina, respectively. The N- and C-terminal regions of these
proteins successfully align with the corresponding portions of
Rhizaria ND6 proteins, but there is a large and variable extension
segment in the central portion of the predicted protein (Figure 7).
Note that ND6 has not been found in planktonic foraminifera
(Macher et al., 2023).

Considering their sizes, orf213/orf218 might represent a
divergent ND9, a gene that also appear to be missing in
planktonic foraminifera (Macher et al., 2023). However,

TABLE 2 Sizes of the putative mitochondrial proteins encoded by the XAM and the two available references for Retaria (in amino-acids).

Protein XAM Spiculammina XAM Psammina Calcarina hispida Neorotalia gaimardi
Coxl 489 498 496 496
Cox2 335 406 361 319
Cox3 172 168 281 317
ND1 318 349 234 211
ND2 548 533 205 189
ND3 128 126 122 122
ND4 507 509 420 404
ND4L 90 99 90 96
ND5 625 631 492 435
ND6 325 331 - -
ND7 392 392 251 406
ND9 - - - -
Cob 323 321 335 337
Atpl 392 392 522 428
Atp6 222 222 224 237
Atp8 - - - -
Atp9 75 75 119 113
Frontiers in Marine Science 08 frontiersin.org
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TABLE 3 Percentage of identities between the protein and non-
identified ORF found in both XAMs.

Cox1 90.80
Cox2 67.16
Cox3 82.14
ND1 86.98
ND2 53.69
ND3 84.13
ND4 70.89
ND4L 52.22
ND5 68.81
ND6 41.41
ND7 82.40
Cob 78.68
Atpl 83.89
Atp6 81.98
Atp9 96.00
orf614/orf631 44.39
orf644/0rf680 39.55
orf213/orf218 35.07

alignments of their putative proteins with reference sequences from
the Conserved Domain Database (Wang et al, 2023) and other
Rhizaria provide no support for this interpretation. InterPro failed
to detect any conserved domain for the orf213/orf218 and orf614/
orf631 pairs, but in the case of the orf644/0rf680 pair, five domains
of transmembrane helix were identified, four of which are
conserved enough to be aligned (Figure 8).

The Spiculammina and Psammina mitochondrial genomes
encode two rRNA genes (rnS and rnL) and a single tRNA gene
(tRNA-Met) (Table 4). These three genes form a conserved cluster
with coxI in both genomes (Figures 5, 6). Modelling of the tRNA-
Met reveals that its D-loop is quite divergent although its anticodon
and T-loops are conserved (Figure 9). Note that all our efforts to
identify additional tRNA genes failed. The presence of other tRNA
genes was initially suggested by Arwen, but these later proved to be
artifactual because their positions were in conflict with rRNA or
protein-coding genes.

Multiprotein phylogeny

The maximum likelihood phylogenetic tree associated the two
XAMs to planktonic Foraminifera with a strong support
(Figure 10), forming a clade with very long branches. The
distance between the two XAMs is greater than that between the
planktonic foraminifera, and is comparable to the distance between
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the two species of Chlorarachniophyte used to root the tree. For the
purpose of the following discussion, it should be underlined that
XAMs are completely distinct from those of Endomyxa species
(namely Po. betae, S. subterranea and Pl. brassicae).

Cluster of xenophyophore nuclear rRNA
genes

For Spiculammina, we retrieved a 15,625 bp long fragment with
a coverage of 140.48X that contains the complete cluster of nuclear
ribosomal genes (GenBank: PV146256). The sizes of the 18S, 5.8S
and 28S genes are 3,618 bp, 178 bp and 4,793 bp, respectively. The
large size of the 18S is reminiscent to that observed for the
freshwater foraminifera Haplomyxa saranae Dellinger, 2014,
where the 18S gene (HE965431) is 4,863 bp long (Dellinger et al.,
2014), or to that of the xenophyophores Shinkaiya lindsayi Lecroq
et al, 2009 (EU649778) (Lecroq et al., 2009) and Syringammina
corbicula Richardson, 2001 (EU672993) (Pawlowski et al., 2003) the
sizes of which were 4,054 bp and 3,304 bp, respectively.
Interestingly, an ORF lies at the 3’ end of the 28S gene. This ORF
encodes a putative 496 AA transposase that blastp queries associate
with piggyBac transposable element-derived protein. The proposed
secondary structure is presented in Figure 11. The bases in red are
identical to the structure proposed by Xie et al. (2011), while the
bases and positions in blue represent variable regions that seem
specific to Foraminifera. The nucleotide numbers of the additional
sequences in Xenophyophores are indicated in the semicircles.

For Psammina, we failed to assemble the complete cluster into a
single contig. By lowering the kmer for assembly to 85, it was
possible to extract several contigs that matched the rRNA queries.
However, they came with a rather low coverage of about 6X. Our
results suggest that there might be repeated portions within these
genes, especially the 18S. It was possible to merge some of these
contigs to obtain larger fragments, but this protocol was not
considered to be reliable and the resulting contigs were therefore
not retained. These contigs have not been submitted to GenBank
but are available on a public repository as detailed in the data
availability statement.

Unexpected guests: signals of unidentified
Rhizaria associated with xenophyophores

An additional cluster of nuclear rRNA genes originating from
unidentified Rhizaria was also found within each XAM specimen.
The contigs were 13,003 bp long with a coverage of 45.94X for
Spiculammina and 8,651 bp long with a coverage of 12.84X for
Psammina. After trimming, the complete nuclear rRNA operons of
Spiculammina (GenBank: PV134890) and Psammina (GenBank:
PV134975) proved to be 6,557 bp and 6,545 bp long, respectively.
Megablast queries returned partial 18S sequences ascribed mostly to
uncultured eukaryotes/Rhizaria or species of the genus Gromia
(Rothe et al.,, 2009). The inferred 18S maximum likelihood
phylogeny is presented as a subtree (Figure 12) (complete
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LOGO representation of the alignment of ND6 proteins from available Rhizaria and the putative corresponding protein of the Xenophyophore-

associated mitogenomes.

available as Supplementary Data Sheet 5) that strictly associates the
contaminant sequences of Spiculammina and Psammina with each
other, together with a sequence ascribed to an unidentified
haplosporidian from the hydrothermal vents of the Lost City
(Mid-Atlantic Ridge) (Lopez-Garcia et al., 2007). These sequences
are included in a larger clade that contains Endomyxa parasites of
the shrimp Pandalus platyceros Brandt, 1851 (Reece et al., 2004) and
species of the parasite genus Paradinium Chatton, formerly
described as dinoflagellates but transferred to the Endomyxa

Frontiers in Marine Science

based on, inter alia, molecular phylogeny (Skovgaard and
Daugbjerg, 2008). All Gromia spp. associate into a different
strongly supported clade. In Table 5, a comparison between the
lengths of the different parts of the cluster is provided, and the
conservation between both sequences indicated as a percentage of
identity. I18S, 5.8S and 28S have identical lengths, and the differences
between the internal transcribed spacers ranged only between five
and 17 bp. At 95.87% of identity, 18S was the most polymorph,
while 5.8S was the most conserved.
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LOGO representation of the alignment of the two putative protein encoded by orf644 and orf680. The four conserved transmembrane helix

domains are highlighted by a yellow frame.

Comparisons between XAMs, published
sequences and transcriptomic data

There were massive discrepancies between the XAMs and the
only two available sequences ascribed to the coxl gene of
xenophyophores (Macher et al., 2022), and they did not even
seem to belong to the XAMs. We data-mined the contigs files of
both specimen with the 310 bp sequence ascribed to Psammina
limbata Kamenskaya et al., 2015 (OM719650). It was possible in
both cases to find contigs larger than this reference, with very high
coverages, but none of them belonged to a larger, circular
chromosome. In the case of Spiculammina, a 1,569 bp fragment
with a very high coverage of 1600.05X was retrieved, displaying 95%
identity with OM719650 (Supplementary Data Sheet 6). This contig
contained a 431 AA long ORF (in code 4), that could be extended at
its N terminal ending to a 467 AA long ORF starting with a TAA
encoded Leucine without encountering a stop codon. Blastp queries
showed strong similarities with the 496 AA long Cox1 proteins of C.
hispida (evalue 0.0, identity 67.22%) and N. gaimardi (evalue 0.0,
identity 67.22%), followed by a 419 AA long sequence ascribed to
the Coxl protein of another benthic foraminifera described as
Globigerinidae sp. (PV558267), with evalue 2¢°199 and identity
65.44%. The 16 first results for this query all belonged to
foraminifera (mostly partial coxI genes) but were followed by
bacteria or stramenopiles. Using code 1 for translation, this ORF
did not appear. Different attempts made to expand this 1,569 bp
contig failed at returning a circular chromosome. The contig was
used as a seed to perform an assembly with NOVOPlasty 4.3.3
(Dierckxsens et al., 2017) with a k-mer of 45. Instead of returning a
single complete circular chromosome, NOVOplasty proposed 25
options to extend this seed, with lengths ranging from 3,174 bp to
5,673 bp (Supplementary Data Sheet 7). At its 5° ending, the seed
could never be extended beyond eight nucleotides (all identicals

TABLE 4 Lengths and percentages of identity between the rRNA and
tRNA identified in the two XAMs.

Gene rnS rnL tRNA-Met
XAM Spiculammina (length in bp) 1,581 3,028 ‘ 73
XAM Psammina (length in bp) 1,708 3,023 ‘ 71
Percentage of identity 77.76 68.43 ‘ 81.69
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between the 25 options) while the 3’ extensions were very variable in
length and sequence, as illustrated by the LOGO representation
included as Supplementary Data Sheet 8. The largest contig derived
from NOVOplasty (labelled ‘Contig3’ in Supplementary Data Sheet
7) was analyzed with orffinder, and three ORF of length above 100
AA were found. One corresponded to the aforementioned Cox1-
like ORF, that could be extended to 479 AA. Close to it, a 186 AA
OREF that could not be extended because of stop codons returned as
best blastp result the 337 AA and 335 AA Cob proteins of N.
gaimardi and C. hispida, but with high evalues (1°** and 4°*
respectively) and low identities (53.90% for both). These matches
were followed by sequences belonging to metazoa, mostly
arthropoda. There was also a 593 AA long ORF, whose blastp
query done on this sequence was surprising, as it returned two
different proteins: Cox3 on its N-terminal part, ND1 on its C-
terminal part. The two best results belonged to the Cox3 protein of
N. gaimardi and C. hispida, followed by the ND1 protein of bacteria
known to belong to the microbiome of benthic foraminifera
(Woehle et al,, 2022). When using the addSolexaReads.perl script
included in the Consed package (Gordon and Green, 2013), the aim
of which is to extend contigs by adding reads at their endings, the
software suggested various possibilities for which each ending was
supposed to display a single alternative extension. This could
suggest that this element might be repeated many times but with
variable neighboring. In the case of Psammina, the queries returned
four different results, corresponding to contigs ranging from 204 bp
to 608 bp. Only the 608 bp contig could align with the whole 310 bp
of the reference, while the other contigs all only aligned with 125 bp.
Identities ranged from 95% to 97%, but coverages varied from
158.35X to 276.64X.

The BUSCO analyze on the transcript file can be accessed as
Supplementary Data Sheet 9. A total of 119 complete BUSCOs were
found, 61 were fragmented and 75 were missing. The only match
returned by the query with the coxI-ascribed fragment of Ps.
limbata was a 2,032 bp fragment with a coverage of 457.98X
(Supplementary Data Sheet 10). When translated using code 4,
this transcript contained a 408 AA ORF, which returned as best
blastp query the Cox1 protein of C. hispida, with evalue 0.0 and
68.80% identity. However, the Coxl from C. hispida and N.
gaimardi are both 496 AA long. The maximum extension that
could have been reached on the N terminal part for this ORF would
have started with a TAT-encoded Tyrosine residue, with a size of
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FIGURE 9

Two-dimensional folding of the single tRNA (tRNA-Met) found
within the Xenophyophore-associated mitogenomes. Figure(A).
Spiculammina delicata. Figure(B). Psammina aff. Limbata.

483 AA. This ORF would also be split into several short fragments
when using code 1 for translation.

Blastx queries returned nine matches, with lengths ranging
from 140 to 235 bp, and coverage from 8.59X to 27.12X
(Supplementary Data Sheet 11). E-values ranged between 1¢*
and 32, with identities of 82% to 96%. These transcripts could
be ascribed to the following genes with which they also aligned:
ATPI1, ATP6, coxl, cox2, cob, NDI and ND7. The best match in
terms of identity was also the most covered and corresponded to a
152 bp transcript ascribed to the 3’ part of the coxI gene, aligning
from positions 1,192 to 1,343 of the reference gene of XAM
Psammina with no gap and an identity of 84.87%.

The blastn query done against the whole sequence of the XAM
Psammina returned two interesting results, that could potentially be
ascribed to mitochondrial pre-rRNA. One was 1,742 bp long with a
coverage of 194.28X and could be ascribed to ruS, while the other
was 1,463 bp long with a coverage of 58.01X and could be ascribed
to a partial rnL at the 3” part of the gene. Alignments between these
transcripts and the putatively corresponding genes of the
Spiculammina and Psammina XAMs are displayed in Figure 13
(for rnS) and Figure 14 (for ruL).

10.3389/fmars.2025.1582660

As a means to compare the coverages with a reference gene, the
transcript file was data-mined for the actin-2 gene. The
corresponding 375 AA long ORF was retrieved in a 1,312 bp long
transcript (Supplementary Data Sheet 12) with a coverage of 802.64X.

Discussion

Ascribing XAMs as the functional
mitogenomes of xenophyophores: the pros
and the cons

As explained in the introduction, we avoid definitively assigning
the mitogenomes to the two xenophyophore species and instead
refer to them as xenophyophore-associated mitogenomes (XAM:s).
This conservative approach is supported by the suggested presence
of rRNA from other Rhizaria associated with both xenophyophore
specimens. No information is currently available about the
organisms from which this rRNA is derived, whether they live on
or inside the test and their degree of association, if any, with the
xenophyophores. It cannot be ruled out, therefore, that the two
XAMs belong to these contaminants. However, all our data suggest
that these contaminants are members of the Endomyxa. On the
other hand, the multiprotein phylogeny does not link the XAMs to
the Endomyxa. Recent investigations also underlined the challenges
involved in sequencing the mitochondrial genomes of the
Endomyxa, which seem in some cases strongly reduced or
possibly lost (Hiltunen Thoren et al., 2024).

There were massive discrepancies between the XAMs and the
only two available sequences ascribed to the coxl gene of
xenophyophores (Macher et al,, 2022). We cannot explain our
inability to assemble larger mitogenomes that would contain the
corresponding sequences from the two xenophyophore specimens.
The fact that they could not be extended either by NOVOplasty or
by Consed suggests that they might be surrounded by various

100 I_ PV138223 Spiculammina delicata

99

81

I— PV138224 Psammina aff. limbata5

r OP965950 Calcarina hispida

KP165385 marina
LC490352 Paulinella micropora
MNO82144 Rhizaria sp.

OUB57314 Polymyxa betae

KF738139 Spongospora subterranea

1.5992577 Plasmodiophora brassicae

HQB40955 Bigelowiella natans

KTB806043 Lotharella oceanica

FIGURE 10

100 L OP965949 Neorotalia gaimardi

Maximume-Likelihood phylogenetic tree obtained from an alignment of nine mitochondrial protein sequences from 12 Rhizaria and rooted with
Bigelowiella natans and Lotharella oceanica. Support is indicated at the nodes.
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Secondary structure of the 18S rRNA of Spiculammin delicata. The bases in red are identical to the structure proposed by Xie et al. (2011). The bases
and positions in blue represent the variable regions specific to Foraminifera. Standard pairing (A-U, G-C) is represented by dashes, the GoU pairs by
dots, and the GOA pairs by an open circle. The nucleotide numbers of the sequences that seem specific to S. delicata are indicated in the

semicircles

environments. The fact that several contigs of various lengths and
different degrees of coverage matched with the coxI ascribed
references is also difficult to understand. These features might all
suggest that these elements are repeated many times but with
variable neighboring sequences, in a manner that could be
compared with repeated copies of mitochondrial genes
transferred to the nuclear genome (aka NUMTSs). The type of
sequencing employed here (short reads) will not be sufficient to
solve this question, which might require long-reads instead.
Data-mining the publicly available transcriptome of Ps. limbata
failed to bring a definitive conclusion to our work. From the start,
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we did not expect it to yield complete mRNA corresponding to the
mitochondrial protein coding genes. Indeed, with a few exceptions,
polyadenylation of the mRNA in organelles serves as a signal for
degradation (Slomovic et al., 2005). Thus, polyA mRNA are meant
to be short lived, and a polyA enriched library, such as that prepared
for transcriptomic analyses, may incorporate only little if any
mitochondrial mRNA. It is possible, however, that reads
representing mitochondrial DNA might end up being sequenced
and later assembled, perhaps because of lighter DNAse treatment
(e.g., Gastineau et al, 2023b). The results retrieved from data-
mining the transcriptome of Ps. limbata, however, were not as
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100 [ EU189029 Paradinium poucheti isolate PaOi01
_L DQ369013 Uncultured marine eukaryote clone UEPACO5Hp2
97 L FEUI189032 Paradinium sp. PaEud1l
MG746684 Uncultured eukaryote clone Haplo_A
MG519735 Gromia winnetoui clone 6
AJ457813 Gromia oviformis
MG519736 Gromia marmorea clone 7
AJ457811 Gromia oviformis
MG519738 Gromia oviformis clone 9
AJ457814 Gromia oviformis
MG519753 Gromia sp. MH-2017a clone 16

MG519743 Gromia melinus clone 14

Maximum-Likelihood phylogenetic tree from an alignment of the 18S gene of the Rhizaria associated with xenophyophores with other various
sequences obtained from GenBank. The figure shows the subtree containing the sequences of interest.

decisive as for example in Gastineau et al. (2023b). Only short
fragments could represent mRNA of the XAMs, and it would be
premature and careless to assume that this is the case. Of greater
interest is the presence of pre-rRNA that could be sequenced,
possibly corresponding to rnS and runL, although again, this result
is inconclusive. Moreover, we do not know how to interpret the
presence of a transcript corresponding to the coxl reported by
Macher et al. (2022) which had a coverage suggesting a rather high
level of transcription comparable to that of nuclear genes.
Another important point is the protein coding gene content of
the mitogenomes, which is comparable to that of planktonic
Foraminifera and is rather distinct from other Rhizaria. The
common loss of atp8 is noticeable, but has been found in many
other Rhizarian. This gene is rather short (e.g., 141 bp in Pa.
marina), highly variable, and reportedly lost among other phyla

TABLE 5 Lengths and percentages of identity between the nuclear
clusters of rRNA of the contaminant sequences evidenced among
Spiculamminna and Psammina.

Specimen 18S ITS1 58S ITS2 28S
Spiculammina contaminant rRNA 2,086 239 155 279 3,798
(length in bp)

Psammina contaminant rRNA 2,086 222 155 284 3,798
(length in bp)
Percentage of identity 95.87 | 74.66 = 99.35 = 8423 | 9823

Frontiers in Marine Science

such as platyhelminthes (Le et al., 2002). The common loss of ND9
is more intriguing, considering the fact that all other Rhizaria have
retained it, even as two diverging copies in L. oceanica. Finally, the
complete loss of the rps/rpl gene is an important feature in common
between XAMs and planktonic Foraminifera. The loss of rps/rpl is
widely documented among metazoans; however, extreme
differences sometimes occur within a same class of protists, for
example in the Prasinophyceae (Chlorophyta) in which some
species have a large set of rps/rpl genes in their mitogenome,
while others have lost them altogether (Turmel et al., 1999, 2020).
In the case of the other coding genes, however, there are
noticeable differences between XAMs and planktonic foraminifera.
The rRNA genes do not appear fragmented in XAMs, but instead
compact and rather conserved, both in length and sequence as well as
in synteny with other genes. Also, at least one tRNA gene was found
in the XAMs while none were described in planktonic foraminifera.
When compared to Pa. marina, which appears to be the closest to
Retaria based on the very limited sample of mitogenomes, the
difference is rather obvious, as Pa. marina encodes a total of 17
tRNA genes. In a more general context, a reduced content in tRNA of
mitogenomes has been observed previously. It is known for several
protists (Gray et al, 1998), for example Chlamydomonas spp.
(Chlorophyceae) (Denovan-Wright et al, 1998; Boer and Gray,
1988), and among metazoans it has been reported in Cnidaria
(Haen et al.,, 2010). Also, parasites such as Plasmodium falciparum
Welch, 1897 and Trypanosoma brucei Plimmer & Bradford, 1899
have no mitochondrial encoded tRNA at all (Gray et al., 1998).
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LOGO representation of the alignment of the rnL gene from both Xenophyophore-associated mitogenomes with the matching transcript from

Psammina sp. biosample SAMN15195970.

Conclusion and future perspectives

This exploratory study has perhaps generated more questions
than answers, particularly regarding whether or not the
mitogenomes belong to the xenophyophores. If this can be shown
to be the case, then the results will provide a robust background for

Frontiers in Marine Science

15

further studies on population genetics and phylogeny. On the other
hand, if the XAMs are derived from organisms living in association
with the xenophyophores, then it will be necessary to characterize
those organisms.

Since xenophyophores are exclusively deep-sea organisms, they
can only be collected during expeditions with large, ocean-going
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research vessels. They are therefore difficult and expensive to obtain.
Their delicate tests are prone to fragmentation during collection, a
particular problem in the case of older material collected using towed
devices. Moreover, in a significant proportion of cases they are dead
when collected (e.g., Hughes and Gooday, 2004). On the other hand,
xenophyophores are part of the benthic megafauna and therefore
much larger than other Retaria (apart from some other large
foraminifera). They are also multinucleate and, in this regard,
more comparable to metazoans than to many protists. Where
abundant, xenophyophores are often obtained by chance in good
condition in box cores, while targeted sampling can be carried out by
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remote operated vehicles (ROVs), autonomous underwater vehicles
(AUVs) or manned submersibles. Thus, there are now numerous
possibilities to obtain relatively pristine material. For genetic studies,
it is important that the cytoplasm will be carefully fully dissected in
order to separate it from the test material and, as much as possible, of
the stercomare (waste material). By doing so, the risk of DNA
contamination by other organisms will be minimized. The DNA
extracted from cytoplasm prepared in this way could be used for
long-read sequencing, thus providing opportunities for revealing a
lot of information on the structure of the different genomes
of xenophyophores.
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