nature microbiology

Article

https://doi.org/10.1038/s41564-024-01808-5

Anintranuclear bacterial parasite of
deep-seamussels expresses apoptosis
inhibitorsacquired fromits host

Received: 9 February 2024

Accepted: 13 August 2024 Nicole Dubsilier®'

Published online: 6 September 2024

Miguel Angel Gonzalez Porras®', Adrien Assié ® 2, Malin Tietjen',
Marlene Violette ® 3, Manuel Kleiner?, Harald Gruber-Vodicka"*,

& Nikolaus Leisch®"®

W Check for updates

Alimited number of bacteria are able to colonize the nuclei of eukaryotes.

‘Candidatus Endonucleobacter’ infects the nuclei of deep-sea mussels,
whereitreplicates to 280,000 bacteria per nucleus and causes nuclei to
swell to 50 times their original size. How these parasites are able to replicate
and avoid apoptosis is not known. Dual RNA-sequencing transcriptomes of
infected nucleiisolated usinglaser-capture microdissection revealed that
‘Candidatus Endonucleobacter’ does not obtain most of its nutrition from
nuclear DNA or RNA. Instead, ‘Candidatus Endonucleobacter’ upregulates
genes for importing and digesting sugars, lipids, amino acids and possibly
mucin fromits host. It likely prevents apoptosis of host cells by upregulating
7-13 inhibitors of apoptosis, proteins not previously seen in bacteria.
Comparative phylogenetic analyses revealed that ‘Ca. Endonucleobacter’
acquiredinhibitors of apoptosis through horizontal gene transfer from
their hosts. Horizontal gene transfer from eukaryotes to bacteria is assumed
toberare, but may be more common than currently recognized.

Most metazoans are intimately associated with bacteria’, and some of
theseliveinside eukaryoticcells, but only very rarely inside eukaryotic
organelles”*. Marine animals are often associated with a family of
Gammaproteobacteria fittingly named Endozoicomonadaceae.
Most Endozoicomonadaceae are extracellular, and only a few
Endozoicomonas species and their close relatives live inside their
host’s cells’. First isolated from a sea slug only 17 years ago®, Endo-
zoicomonas and other Endozoicomonadaceae have been revealed by
culture-independent sequencing approaches to be ubiquitous and com-
moninhabitants of awide diversity of marine animals, from sponges and
coralstofish’. Their role for their hosts has often beeninferred but rarely
proven, andis described as ranging from parasitic and commensalistic
to beneficial”®. All cultured Endozoicomonadaceae are aerobic, or facul-
tatively anaerobic, heterotrophs that were isolated from marine hosts’.

A single clade of Endozoicomonadaceae, ‘Candidatus Endonu-
cleobacter’, livesinsideits host’s nuclei. These bacteria infect the nuclei
of deep-sea bathymodioline mussels from hydrothermal vents and
cold seeps around the world™. The ‘Ca. Endonucleobacter’ infection
cyclebegins with asingle bacterium thatinvades the nucleus and then
grows by elongating and dividing. In the final stages of infection, the
elongated cells undergo septated division and replicate to as many as
80,000 cells, causing the mussel’s nuclei to swell toas much as 50 times
their original size. Eventually, theinfected mussel cells burst, releasing
‘Ca.Endonucleobacter’ into the seawater'.

Intranuclear bacteria have rarely been described inanimals butare
well known from protists' . In protists, the bacteria belong to other
bacterial lineages than the gammaproteobacterial ‘Ca. Endonucleo-
bacter’,such as the Rickettsiales, Holosporales and Verrucomicrobiota,
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anddonotreplicate to such high numbers within their host’s nuclei as
‘Ca.Endonucleobacter’. To date, nothing is known about the molecular
and cellular processes that intranuclear bacteria of animals use toinfect
andreproduceintheir host.Key questions are how bacteria that infect
animal nuclei are able to counter host immune responses, avoid the
induction of host cell death through apoptosis and gain nutrition for
their massive replication. It was hypothesized that ‘Ca. Endonucleo-
bacter’ digests nuclear chromatin, but this would quickly impair the
cellular activity of the host cell, including its immune responses'®'.
Moreover, the deformation of the host cytoskeleton that ‘Ca. Endo-
nucleobacter’ induces through the dramatic increase in nuclear
volume would trigger apoptosis,acommon response of metazoans to
infection by parasites**™". Chromatin digestion and induction of apop-
tosis would quickly lead to the death of infected cells, thus preventing
‘Ca.Endonucleobacter’ from replicating to such high numbers.

To reveal the genetic adaptations that allow ‘Ca. Endonucleo-
bacter’ to thrive inits intranuclear niche, we assembled high-quality
genomes of two ‘Ca. Endonucleobacter’ species, specific to two bathy-
modioline host species, Bathymodiolus puteoserpentis from hydro-
thermal vents on the Mid-Atlantic Ridge and Gigantidas childressi
from cold seeps in the Gulf of Mexico, and compared them to closely
related Endozoicomonadaceae. To gaininsights into the metabolism of
‘Ca. Endonucleobacter’, we analysed the metatranscriptomes and
metaproteomes of bulk gill tissues from G. childressi. Finally, to under-
stand host-microorganism interactions during the infection cycle
of ‘Ca. Endonucleobacter’, we used laser-capture microdissection,
coupled with ultra-low-input dual RNA-sequencing (RNA-seq), to
generate transcriptomes of both the parasite and the host in early,
middle and late infection stages (Fig. 1a and Supplementary Video 1).

Results

Two ‘Ca. Endonucleobacter’ species with different infection
patterns

We used fluorescence in situ hybridization (FISH) analyses, with
probes specific to ‘Ca. Endonucleobacter’, to analyse its distribution
in B. puteoserpentis and G. childressi. These deep-sea mussels, like all
other bathymodioline species investigated so far, house symbiotic
sulfur-and/or methane-oxidizing bacteriaingill cells that provide them
with nutrition. Our FISH analyses of thousands of cells fromatleast ten
musselindividuals collected over several decades revealed thatin both
mussel species, the parasite never infected cells with symbiotic bacteria
(Extended DataFig.1). Theinability of ‘Ca. Endonucleobacter’ to infect
host cells with symbionts is thus not only consistent across two mussel
speciesfromdifferent generathatare geographically separated by thou-
sands of kilometres (Supplementary Table1), but also consistent across
symbiont types, with G. childressi harbouring only methane-oxidizing
symbionts and B. puteoserpentis harbouring both methane- and
sulfur-oxidizing symbionts. The inability to infect symbiont-
containing cells is also consistent over time, as B. puteoserpentis
mussels collected 13 years before the B. puteoserpentis examined here
had the same distribution'. One explanation for this exclusion pattern
couldbethat the apical surfaces of symbiont-containing bacteriocytes
differ from those of other epithelial cells in bathymodoline mussels.

Their bacteriocytes lack both the ciliaand microvilli typical of epithe-
lial cell surfaces”. Epithelial surface structures are often targeted by
pathogens for entering eukaryotic cells, and their absence could hinder
‘Ca.Endonucleobacter’ from infecting cells with symbionts.

In G. childressi, ‘Ca. Endonucleobacter’ was always restricted to
the outer ciliated edges of the gill (Extended Data Fig. 1a-c), while in
B. puteoserpentis, the parasite was distributed evenly across gill tissues
(Extended DataFig.1d-f). The confinement of ‘Ca. Endonucleobacter’
to the outer edges of the gill in G. childressi was fortunate because it
allowed us to gain samples from these non-model, deep-sea hosts that
were greatly enriched in the parasite, thus providing enough DNA for
long-read sequencing and enabling the dual RNA-seq approach of the
infectious cycle described below (Fig. 1a).

Our analyses of high-quality draft metagenome-assembled
genomes (Supplementary Table 2), assembled from both short- and
long-read sequencing of B. puteoserpentis and G. childressi gill tissues,
revealed that these two mussel species are infected by genetically
distinct ‘Ca. Endonucleobacter’ species, based on their average nucleo-
tide identity of only 84.3%. We named the two ‘Ca. Endonucleobacter’
species after the host species in which they occur, ‘Candidatus Endo-
nucleobacter puteoserpentis’ in B. puteoserpentis and ‘Candidatus
Endonucleobacter childressi’in G. childressi (Supplementary Note 1).
A comparative phylogenomic analysis of the two ‘Ca. Endonucleobac-
ter’speciesand 42 publicly available genomes of close relatives placed
both ‘Ca. Endonucleobacter’ species in a monophyletic clade within
the family Endozoicomonadaceae (class Gammaproteobacteria), with
the genus Endozoicomonas as their closest relatives (Fig. 1b and Sup-
plementary Table 2). ‘Ca. Endonucleobacter’ genomes were smaller,
had reduced guanine-cytosine (GC) contents and encoded consider-
ablyless amino acid synthesis pathways than Endozoicomonas species
(Fig. 1b). A detailed, comprehensive analysis of genome reduction in
‘Ca.Endonucleobacter’is plannedin afuture study to predictitsimpact
on metabolic pathwaysin these intranuclear pathogens.

‘Ca.Endonucleobacter’ gains nutrition fromits host

How does ‘Ca. Endonucleobacter’ gain energy and nutrition within the
nucleus for its massive replication from one to more than 80,000 cells?
Our metabolic reconstruction of the genomes of the two ‘Ca. Endo-
nucleobacter’ species, as well as the transcriptomes and proteomes
of ‘Ca. E. childressi’, revealed that nuclear DNA, RNA and histones are
unlikely to be their mainsource of nutrition (see below). Instead, these
intranuclear parasites likely import and consume sugars, lipids and
amino acids fromtheir host (Fig. 2 and Supplementary Tables 3and 4).
The eukaryotic nuclear pore complexes allow the passage of small
molecules (<30-60 kDa) between the nucleus and the cytoplasm®,
providing ‘Ca. Endonucleobacter’ with access to not only nuclear but
also many cytoplasmic molecules.

‘Ca.E.childressi’and ‘Ca. E. puteoserpentis’ are predicted to share
highly similar metabolic pathways. They are both chemoorganohetero-
trophs that encoded genes involved in glycolysis, the pentose phos-
phate pathway, tricarboxylic acid (TCA) cycle and aerobic respiration
with oxygen as the terminal electron acceptor (Fig.2 and Supplemen-
tary Tables 3and 4). Both parasites encoded lipid and sugarimporters,

Fig.1|‘Ca.Endonucleobacter’ infectious cycle and phylogenomic analysis.
Asingle ‘Ca. Endonucleobacter’ infects the mussel nucleus (early infection
stage), grows through elongation and division (mid-infection stage), and finally
divides through septation of the elongated cells to as many as 80,000 cells (late
infection stage). In the final infection stage, the nucleusis enlarged by as much
as 50-fold in volume, the host cell bursts and the parasites are released to the
environment. a, ‘Ca. Endonucleobacter’ infectious cycle in the early, mid and late
stages of infection, shown in the left, middle and right columns, respectively,
ofthe top row (middle row, FISH images of ‘Ca. E. puteoserpentis’; bottom row,
TEMimages of ‘Ca. E. childressi’). FISH with specific probes shows the parasite
(in yellow) inside mussel nuclei (DAPI-stained DNA in blue) and neighbouring
symbiont-containing cells (indicated with dotted lines) with sulfur-oxidizing

symbionts (in green) and methane-oxidizing symbionts (in pink) (sequences of
all FISH probes are listed in Supplementary Table 6). e, ‘Ca. Endonucleobacter’
cell; c, chromatin; ne, nuclear envelope. The results are representative of five
independent experiments. Scale bars, 1 um. b, Phylogenomic analysis using

172 conserved marker genes shared between the two ‘Ca. Endonucleobacter’
genomes and those of 42 closely related Endozoicomonaceae. Genes were
identified and aligned with the GToTree pipeline, the tree was calculated with
IQ-TREE and branch support (1,000 replicates) was calculated with both SH-aLRT
and UFBoot. Six Oceanospirillum genomes were used to root the tree. Scale bars
indicate substitutions per site. Key genome characteristics are listed at the right.
Afulltree with all bootstrap values is shown in Supplementary Fig. 3.
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substrates that fuel the TCA-cycle-based core metabolism, and these
were expressedin ‘Ca. E. childressi’. The two parasites lacked synthesis
pathways foramino acids (10 and 11amino acids, respectively) (Fig. 1b
and Supplementary Table 5), but encoded importers for polypeptides
such as putrescine and importers for amino acids such as the generic

Outer membrane

importer yuif, which were expressed in ‘Ca. E. childressi’ (Fig. 2 and
Supplementary Tables 3and 4).

Our dual RNA-seq analyses of laser-microdissected early, mid
and late infection stages, as well as uninfected nuclei, revealed that
‘Ca.E.childressi’ expressed nutrientimporters for sugars (carbohydrate
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Fig.2|“Ca.E. childressi’ is achemoorganoheterotroph that gainsits
nutrition fromlipids, sugars and amino acids from its host. Physiological
reconstruction from bulk tissue transcriptomes and proteomes. ‘Ca. E. childressi’
transcriptomic expression is shownincircled genes, as TPMs normalized to recA
TPMs, for levels from not detected (black) through low (blue) to high (yellow)
(colour legend onbottom left). The expression levels of proteins are shown as
coloured ‘P’ symbols next to their corresponding gene, with yellow showing

high abundance (first quartile), turquoise medium abundance (second quartile)
andblue low abundance (third quartile). ACAD, acyl-CoA dehydrogenase; ATPa,
ATP synthase alpha chain; chiA, chitinase; comEA, late competence protein
ComEA DNA receptor; comEC, DNA internalization-related competence protein
ComEC; comF, competence protein F homologue; CPS, carbamoyl-phosphate
synthase large chain; CTPS, cytidine triphosphate synthase; FATP, long-chain
fatty acid transport protein; GFAT, glucosamine-fructose-6-phosphate
aminotransferase; GPAT, amidophosphoribosyltransferase; ipgD1-2, Shigella-
like inositol phosphate phosphatases; LC-FACS, long-chain-fatty-acid-CoA
ligase; lcrV, T3SS translocon protein LcrV; LIP, lipase; MSBP, methionine ABC
transporter substrate-binding protein; nagA, N-acetylglucosamine-6-phosphate

deacetylase; oppB, oligopeptide transport system permease protein OppB;
oppC, oligopeptide transport system permease protein OppC; pilA, type IV pilin
PilA; pilC, type IV fimbrial assembly protein PilC; pilQ, type IV pilus biogenesis
protein PilQ; pilT, twitching motility protein PilT; potF, putrescine ABC
transporter putrescine-binding protein PotF; potG, putrescine transport ATP-
binding protein PotG; PTSG, glucose-specific component of PTS system; ptsN,
nitrogen-regulatory protein of PTS system PtsN; PTSP, phosphoenolpyruvate-
protein phosphotransferase of the PTS system; rec/, single-stranded-DNA-
specific exonuclease RecJ; secA, protein export cytoplasm protein SecA ATPase
RNA helicase; secE, preprotein translocase subunit SecE; secG, preprotein
translocase subunit SecG; secY, preprotein translocase secY subunit; SERT,
serine transporter; THIO, thioredoxin; TS, thymidylate synthase; yuiF, histidine
permease YuiF; yopB, T3SS translocon protein YopB; yopD, T3SS translocon
protein YopD; 3, B-oxidation of fatty acids. For space reasons, only central
aspects of ‘Ca. E. childressi’ metabolism and physiology are shown; the complete
list of expressed genes in transcriptomic and proteomic analyses is available in
Supplementary Tables 9 and 10. Signal peptide analyses of DNAses, RNAses and
proteases are shown in Supplementary Table 11.

phosphotransferase system (PTS) genes), lipids (fatty acid transporter
(FATP) genes) and amino acids (yuiF) throughout its infection cycle,
with the highest upregulation during the early and mid infection stages
(Figs.2and 3, and Supplementary Tables 3 and 7). Concomitantly, the
host expressed genes for the import of sugars, amino acids and the
synthesis of lipid droplets in the early and mid infection stages (Fig. 3
and Supplementary Table 8). In the late infection stage, the parasite
decreased expression of genes involved in nutrient import, while the
mussel decreased the expression of genes for importing sugar and
synthesizinglipid droplets (Fig. 3 and Supplementary Tables 7 and 8).
This could be because the host cell is no longer able to maintain its
metabolism owing to nutrient depletion and/or ‘Ca. Endonucleobac-
ter’no longer grows considerably just before its release when the host
cellbursts.

The two ‘Ca. Endonucleobacter’ species encoded a chitinase,
a trait common to many Endozoicomonadaceae” . The chitinase was
highly expressed in ‘Ca. E. childressi’, in both the bulk transcriptomes
and proteomes, as well as in the laser-microdissected transcriptomes
of all three infection stages (Figs. 2 and 3, and Supplementary Tables 3,
4and7).Thechitinases of both‘Ca. Endonucleobacter’ species encoded
asignal peptide for type Il secretion system (T3SS)-dependent secre-
tion and were phylogenetically related to the chiA-2 chitinase of Vibrio
cholerae (Extended Data Fig. 2). In V. cholerae, chiA-2 enables it to use
mucin as a source of nutrition by deglycosylating mucin and releas-
ing sugars such as N-acetylglucosamine (GIcNAc) and its oligomers®.
If chiA-2 functions similarly in‘Ca. E. childressi’, extracellular mucins of
the mussel produced by the secretory cells of the gill would provide a
richsource of nutrition. Mucin-derived sugars could be taken up by the
mussel through its SWEET importer and degraded in the cytoplasm to
GIcNAc by the chitobiase CTBS, as both genes were upregulated by the
hostin early and mid infection stages. Theresulting cytoplasmic GIcNAc
could thendiffuseintothe nucleus and be taken up by ‘Ca. Endonucleo-
bacter’ via its phosphotransferase system PTS. What remains unclear

is how the parasite’s chitinase is exported to the extracellular mucin.
While speculative, it is possible that it is secreted by the T3SS through
thenuclear envelopeinto the endoplasmicreticulum, and then exported
viaexocytosis throughthe host epithelialmembraneto the extracellular
mucin covering the gill cells.

‘Ca.Endonucleobacter’is unlikely touse DNA, RNA and histones as
itsmain source of nutrition based on the following evidence. When bac-
teriause DNA for nutrition, such as V. cholerae or Escherichia coli, they
secrete DNAses to the extracellular medium or the periplasm, where the
DNAisdigested extracellularly,and oligonucleotides and monomersare
thenimported by the bacteria®*. Both ‘Ca. Endonucleobacter’ species
lacked nucleotide importers of the ADP/ATP translocase (TLC) family
known from intranuclear bacteria of protists such as Rickettsiales,
Caedibacter caryophilus and Holospora spp.”® . Both ‘Ca.Endonucleo-
bacter’ species lacked known genes for external secretion of DNAses
or RNAses, and the few proteases that had secretion signal peptides
were not expressed, were expressed at low levels or were restricted
to the periplasmin ‘Ca. E. childressi’ (Supplementary Table 11). While
‘Ca.E.childressi’expressed DNAses such as exodeoxyribonucleases|, IlI,
Vand Vlland re¢/, none of them were predicted to have secretion signal
peptides, indicating that these DNAses are used for housekeeping
tasks such as DNA replication and repair, and recycling. Also absent
fromboth‘Ca.Endonucleobacter’ species were nucleotide importers
used by V. cholerae and E. coli to import DNA-derived nucleotides® .
Instead, the two intranuclear parasites had all the genes for synthesiz-
ing their own nucleotides, and these were expressed in ‘Ca. E. childressi’
(Fig.2and Supplementary Tables 3,4 and 12).

Both ‘Ca.Endonucleobacter’ species encoded competence factors
for DNA import such as comEA, comEC and comF, but only comEA was
highly expressedin‘Ca.E. childressi’; comECwas expressed at low levels
and comF not at all (Fig. 2 and Supplementary Tables 3 and 4). Type IV
pili (T4P) canalso play arolein DNA uptake”, and most T4P genes were
expressed in ‘Ca. E. childressi’ (Fig. 2 and Supplementary Tables 3, 4

Fig.3|G. childressigill cells remained transcriptionally and metabolically
active throughout the infection cycle. In all three infection stages, IAPs

were upregulated by the parasite ‘Ca. E. childressi’, while the host upregulated
caspases, proteins involved in initiating apoptosis that are inhibited by IAPs.
Transcriptomic profiling of metabolic and apoptotic interactions between*
Ca.E.childressi’ (light grey) and G. childressi (dark grey) in early (top panel),
mid (middle panel) and late (bottom panel) infection stages. ‘Ca. E. childressi’
gene expression is plotted as average (n = 3) TPMs normalized to recA TPMs.

G. childressi gene expression is plotted as fold changes to the previous infection
stage. Gene expression of G. childressi cells in the early stage of infection were
compared with that of uninfected G. childressi cells. ‘Ca. E. childressi’ genes:
ACAD; chiA; GFAT; IAPI-7; ipgDI1-2; FATP; LC-FACS; LIP, probable lipase; lcrV; MSBP;

nagA; pilA; pilC; pilQ; pilT; PTSG; secA; secE; secG; secY; SERT; yopB; yopD;

yuiF. G. childressi genes: AGPAT, 1-acyl-sn-glycerol-3-phosphate acyltransferase
alpha; ATPa; ATPS, ATP synthase beta chain; CASP2-i1-15, caspase-2 isoforms
1-15; CTBS, chitobiase; DGAT, diacylglycerol O-acyltransferase; FAS, fatty acid
synthase; FBPA, fructose-bisphosphate aldolase; GFAT; GPAT, glycerol-3-
phosphate O-acyltransferase; GPDH, glycerol-3-phosphate dehydrogenase;
nagA; PAP, phosphatidate phosphatase; PFK-1, phosphofructokinase-1; PLIN2,
perilipin-2; PKM, pyruvate kinase PKM; rBAT, neutral and basic amino acid
transport protein rBAT; SCNA, sodium-coupled neutral amino acid transporter;
SWEET, SWEET sugar transporter 1; SYNEI, Nesprin-1. Not all genes involved in
glycolysis, the TCA cycle and  are shown for space reasons, but are listed in
Supplementary Tables 14 and 15.
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and 13). However, T4Pis also known to play roles in facilitating adher-
ence to host cells, surface movement (twitching motility), phage
adsorption and biofilm formation®.

In summary, while we cannot exclude that T4P and competence
genes could beinvolved in DNA uptake in ‘Ca. Endonucleobacter’, the
lack of expression of genes involved in secreting nucleases and import-
ing nucleotides, together with the high expression of genes involved
in the digestion of sugars, lipids and amino acids, indicates that DNA
is not the main source of nutrition for ‘Ca. E. childressi’ (Fig. 2 and
Supplementary Tables 3 and 4).

Onthehost side, our analyses of different infection stages provided
further evidence that ‘Ca. E. childressi’ does not appear to consume
considerable amounts of host DNA, RNA or histones (Supplementary
Table 8). We found no evidence for downregulation of host transcription,
asexpectedifnuclear DNA and RNAwere consumed®. The infected host
cell remained transcriptionally and metabolically active throughout
the infection cycle, as host genes involved in glycolysis and oxidative
phosphorylation were expressed, even in late-stage nuclei (Fig. 3 and
Supplementary Table 8). Moreover, light and electron microscopy
analyses revealed that the mussel host cells remained morphologically
asymptomatic, apart from the swollennucleus, withintact membranes
and organelles (Extended Data Figs. 3 and 4).

‘Ca.Endonucleobacter’ and its host engage in an apoptotic
armsrace

One highly unusual feature of ‘Ca. Endonucleobacter’is that its genome
encodes inhibitors of apoptosis (IAPs), with ‘Ca. E. childressi’ and
‘Ca. E. puteoserpentis’ encoding 7 and 13 IAPs, respectively (Supple-
mentary Table 2and Supplementary Note 2). IAPs are an evolutionarily
conserved group of proteins that are common to animals and have been
horizontally acquired by some invertebrate viruses*’, but have not been
previously described inbacteria®. Inanimals, IAPs inhibit a process of
programmed cell death called apoptosis, mainly by binding caspases,
proteases that play a central role ininducing apoptosis®. IAP proteins
containoneto three baculoviral IAP repeat (BIR) motifs that allow them
to sequester caspases, and are therefore sometimes referred to as
BIR-containing proteins (BIRPs). Only BIRPs that have a RING domain,
which can ubiquinate caspases to target them for proteolysis via the
proteasome, are considered bona fide apoptosis inhibitors®*. In our
analysis, we therefore refer to proteins as IAPs only if they had both a
BIR and aRING domain (Extended Data Fig. 5).

Tounderstand therolelAPs play in the biology of ‘Ca. Endonucleo-
bacter’, we studied the genes expressed by both the parasite andits host
duringtheinfectioncycle (Figs.2 and 3, and Supplementary Tables 3,4,
7and8). Allseven IAPs encoded by ‘Ca. E. childressi’ had signal peptides
for the Sec secretion pathway, and the genes secA, secY, secE and secG
were expressedinallinfection stages (Figs.2and 3,and Supplementary
Tables 3,4 and 7). ‘Ca. E. childressi’ first expressed three IAPs in early
infection stages, six in mid stages, and finally all seven IAPs in late stages
of infection (Fig. 3 and Supplementary Table 7). Concomitantly, the
host expressed as many as 16 different caspase-2 isoforms throughout
theinfection cycle (Fig. 3 and Supplementary Table 8).

A wide range of stimuli can trigger apoptosis, such as metabolic
stress, DNA damage and ER stress. One of the caspases that initiates
the apoptotic cascade is caspase-2 (ref. 35). IAPs are well known for
their ability to bind to and block caspases®. Although not well studied
inmarineinvertebrates, inthe oyster Crassostreagigas, IAP-2 strongly
binds to and blocks caspase-2, suggesting that IAPs play animportant
role in the inhibition of caspase-2-mediated apoptosis in bivalves®.
While secretion of bacterial IAPs into the nucleus could appear counter-
intuitive, caspase-2 has been showntolocalize to, and induce apoptosis
from, the nucleus, for example, as a reaction to DNA damage™’.

The concomitant upregulation of G. childressi caspase-2 isoforms
and ‘Ca. E. childressi’ IAPs during the infection cycle suggests that
the host initiates apoptosis in response to the infection, swelling of

its nucleus and hijacking of its metabolism (Supplementary Notes
3and4), which‘Ca.E. childressi’ counters by upregulating IAPs. Thus,
both the host and the intranuclear parasite engage in a physiologi-
cal arms race for control of apoptosis, with seven different IAPs of
‘Ca. E. childressi’ preventing an arsenal of G. childressi caspase
isoforms from inducing apoptosis long enough for the parasite to
acquire the energy and nutrients it needs to replicate to such high
numbers before the death of its host cell.

‘Ca.Endonucleobacter’ acquired IAPs from its host
Although IAPs have not been previously reported from bacterial
genomes, our analyses revealed that in addition to ‘Ca. Endonucleo-
bacter’, four Endozoicomonas and one Kistimonas species from other
marine invertebrates also encoded bona fide IAPs (Supplementary
Table 2). Comparative phylogenetic analyses of ‘Ca. Endonucleobacter’
and other Endozoicomonadaceae IAPs with publicly available animal
and viral IAPsrevealed that bacterial IAPs were not monophyletic, but
rather fellinto nine clades that were interspersed with IAPs of marine
invertebrates (Fig. 4). IAPs in all three ‘Ca. Endonucleobacter’ clades
were most closely related to those of their bathymodioline hosts, as well
as other molluscs (Fig. 4). Similarly, most bacterial IAPs from another
group, namely, Endozoicomonas ascidiicola isolated from ascidians,
were most closely related to ascidian IAPs (Fig. 4 and Supplementary
Note 5). Two viral IAPs, from the ostreid herpesvirus OsHV-1and from
MalacoHV3 (Malacoherpesviridae family)*®, were also interspersed
between those of Endozoicomonadaceae and molluscs (Fig. 4). OsHV-1,
first found in oysters®, infects a wide range of molluscs*’. This virus
also appears to infect bathymodioline mussels. We recovered 17% of
the OsHV-1genome in the same G. childressi specimen from which
we assembled the ‘Ca. E. childressi’ genome, providing evidence that
‘Ca.E. childressi’and OsHV-1 coexist in the same host individual.
Theinterspersed phylogeny of Endozoicomonadaceae IAPs with
those of marine invertebrate and viral IAPs suggests horizontal gene
transfer (HGT) of these genes between animals, bacteria and viruses.
Given that caspase-mediated apoptosis is specific to animals, and
IAPs are known only from animals and some viruses that acquired
IAPs horizontally from their invertebrate hosts, IAPs in bacteria are
likely not ancestral, but were rather acquired through HGT from ani-
mals or viruses. HGT from animals to bacteria has only rarely been
observed, althoughitis common between bacteria, and from bacteria
to eukaryotes, particularly in protists**2, As to how ‘Ca. Endonucleo-
bacter’acquiredits host’s IAPs, three mutually non-exclusive explana-
tions are plausible: (1) ‘Ca. Endonucleobacter’ acquired the IAPs viaits
competence genes or T4P for taking up DNA (Fig. 2). (2) HGT of IAPs
could have also been facilitated by the numerous mobile genetic ele-
mentsin‘Ca. Endonucleobacter’, withinsertion sequences constituting
10-11% of the parasite’s genome (Supplementary Table 2). (3) Viruses
couldactasvectorsfor HGT between kingdoms. Support for this third
explanation stems from our transmission electron microscopy (TEM)
analyses, which revealed viral-like structures inside ‘Ca. E. childressi’
whose structure resembles double-stranded DNA viruses (Extended
Data Fig. 6)*°. OsHV-1is a double-stranded DNA virus that reportedly
infects the nuclei of the oyster Crassostreagigas*, but without evidence
that the viral-like structures we observed in‘Ca. E. childressi’ are from
OsHV-1, this scenario remains purely speculative. While direct evidence
forviruses that caninfect both prokaryotes and eukaryotesis lacking,
in some cases of HGT from bacteria to eukaryotes, phages have been
proposed to be the vectors for HGT between kingdoms, such as insects
that encode bacterial toxins closely related to orthologues from bac-
teriophages of insect symbionts**.

Discussion

The presence of IAPs in an intranuclear bacterial parasite poses the
chicken or the egg question. Did the intranuclear lifestyle of ‘Ca. Endo-
nucleobacter’ allow the acquisition of IAPs from its host, or did the
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acquisition of IAPs allow ‘Ca. Endonucleobacter’ to make a living in
the nucleus? If colonization of the nucleus by the parasite occurred
first before acquiring IAPs, then division rates of ancestral ‘Ca. Endo-
nucleobacter’ would have had to have been low enough to not induce
apoptosis. Alternatively, if‘Ca. Endonucleobacter’ acquired IAPs before
its intranuclear lifestyle, this would have required at least two steps:
(1) intimate contact with the host’'s DNA or mRNA or that of a virus of
thehostand (2) a certainfrequency of this contact. Both requirements
would suggest an intracellular lifestyle with the ability to invade the
nucleus at least occasionally. Rickettsia that infect insects have such
alifestyle, as they are generally intracellular but occasionally invade
their host’s nuclei'>. The presence of IAPs in Endozoicomonas, some of
which cluster with the IAPs from their ascidian host, raises the question
whether these Endozoicomonas could also occasionally invade their
host’s nuclei. To date, most Endozoicomonadaceae associations have,
however, not been analysed with imaging methods so that this ques-
tion cannotbe currently resolved. Beyond Endozoicomonadaceae, our
database queries recovered a few bacterial IAP sequences in samples
collected from soils, the deep sea and the phyllosphere, but again,
imaging analyses would be needed to reveal whether these sequences
originated from bacteria associated with eukaryotes (Supplementary
Table 18).

Not all intracellular bacteria use IAPs to avoid apoptosis®. For
example, the intranuclear bacteria that colonize protists do not have
IAPs, based on our database queries. However, protists lack bonafide
caspases, and their apoptosis is caspase independent*®*. Moreover, if
abacteriumthatlivesinaunicellular hostis passed onto both daugh-
ter cells, it could lead a sheltered, intranuclear lifestyle as long as the
bacterium does not have major negative effects on its host’s fitness.
Indeed, some of the intranuclear bacteria that colonize protists canbe
benign***°. By contrast, the intranuclear bacteria of deep-sea mussels
colonize terminally differentiated cells and must therefore reproduce
before their host cell dies, explaining the strong selective advantage
inacquiring IAPs.

Our study adds to the small but growing body of evidence for HGT
from eukaryotes to bacteria*~°>2, HGT from eukaryotes to prokaryotes
is assumed to be disfavoured for several reasons including the pres-
ence of eukaryotic introns as barriers to genetic transfer of genes to
prokaryotes, and the lack of eukaryotic metabolic versatility compared
with bacteria*. Eukaryotes have numerous genes and pathways for
interacting with both beneficial and parasitic bacteria. Acquisition of
these genes by bacteriacouldimprove their ability to enter and repro-
duceintheir eukaryotic hosts, as argued here for the acquisition of IAPs
by ‘Ca. Endonucleobacter’. One of the most striking examples for the
selective advantage of having eukaryotic-like proteins is Legionella
pneumophila, which acquired alarge number of these proteins as effec-
tors for interfering with host pathways, mainly from the protists they
infect®. Similarly, work on spongesidentified eukaryotic-like proteins
in their symbionts that mediate phagocytosis®*. These examples,
together with our study, indicate that HGT from eukaryotes to bacteria
may be more common than currently recognized, particularly in bac-
teria that are closely associated with eukaryotic hosts*. As large-scale
sequencing efforts aimed at a holistic view of the genomic underpin-
nings of eukaryotic organisms and their associated microbiome are
now becoming more common, we are in anideal position to revisit our
understanding of eukaryote-to-prokaryote HGT events.

Methods

Sample collection

G. childressimussels were collected using the remotely operated vehi-
cle (ROV) Hercules during the RV Meteor Nautilus NA-58 cruise to the
Gulf of Mexicoin May 2015 at the Mississippi Canyon site (MC853; 28°
7’N, 89° 8" W) and the Green Canyon site (GC234;27° 45’ N, 91°13’ W)
at water depths of 1,070 m and 540 m, respectively. B. puteoserpentis
mussels were collected using the ROV MARUM-QUEST during the

Meteor M126 cruise to the Mid-Atlantic Ridge in April 2016 from the
Logatchev vent field (Irina-1l smoker; 14° 45’ N, 44° 59’ W) at a water
depth of 3,036 m. Onboard, the mussels’ gills were dissected, pre-
served and stored as described below. Samples for DNA sequencing,
bulk RNA sequencing and poly(A)-RNA sequencing were preserved
in RNAlater (Thermo Fisher Scientific) and stored at —80 °C. Sam-
ples for microscopy and laser-capture microdissection transcrip-
tomic analyses were fixed in 4% paraformaldehyde in 1x PBS for 8 h
at 4 °C and stored in 0.5x PBS-50% ethanol at —20 °C. Samples for
proteomics were snap-frozen with liquid nitrogen and stored at —80 °C.
Samples for TEM were fixed in 2.5% glutaraldehyde in PHEM buffer
(piperazine-N,N’-bis,4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid, ethylene glycol-bis (3-aminoethyl ether) and MgCl, for12 hat 4 °C
(ref. 57)) and then stored in PHEM buffer. Metadata for the collected
specimens are in Supplementary Table 1.

Microscopy

Fluorescence microscopy. Whole-filament overviews (Extended
Data Fig. 1a,d) were visualized with the epifluorescence microscope
Olympus BX53 (Olympus) with a UCPlanFL 20X/0.70 air transmission
lens and an Orca Flash 4.0 camera (Hamamatsu) using the Olympus
cellSens Dimension software v.1.18 (Olympus). Detailed images (Fig. 1a
and Extended Data Figs. 1b,c,e,f and 4a-c) were recorded with a Zeiss
LSM 780 equipped with an Airyscan detector and two different objec-
tives, a plan-APROCHROMAT 63x/1.4 oil immersion objective and a
plan-APROCHROMAT 100x/1.46 DIC M27 Elyra oilimmersion objective.
Images were obtained and post-processed using ZEN software (black
edition, 64 bits, version 14.0.1.201, Carl Zeiss Microscopy). Images were
adjusted for brightness and levels using the software Adobe Photoshop
(version12.0, Adobe Systems).

G. childressi18S rRNA levels based on fluorescence signal intensi-
ties. Toinvestigate whether infection of mussel gill cells by ‘Ca. Endo-
nucleobacter’ led to a reduction in rRNA amounts, we measured the
18S rRNA fluorescence intensity of uninfected gill cells, and com-
pared these to early, mid and late stages of infection (Extended Data
Fig.4d). Gill filaments from G. childressi specimen H1423/001-N5-002
were hybridized as described in ‘Whole-mount FISH’ with the probe
BNIX64 specific for ‘Ca. Endonucleobacter’ and the eukaryotic EUK-1195
probe” (Extended Data Fig. 4a-c), and relative fluorescence intensity
measured in ten areas of identical surface per cell using Fiji 1.52v*.

Whole-mount FISH. Gill filaments of G. childressi (H1423/002-N9)
and B. puteoserpentis (499R0V/1-4) were dissected and hybridized
for 3 h at 46 °C with 500 nM of oligonucleotide probes targeting 16S
rRNA (Supplementary Table 6) in hybridization buffer containing 35%
formamide, 80 mM NaCl, 400 mM Tris-HClI, 0.4% blocking reagent for
nucleicacids (Roche), 0.08% SDS (v/v) and 0.08 dextran sulfate (w/v).
Following hybridization, the gill filaments were washed in pre-warmed
48 °C washing buffer (0.07 M NaCl, 0.02 M Tris-HCI (pH 7.8), 5 mM
EDTA (pH 8) and 0.01% SDS (v/v)) for 15 min. After washing, the gill
filaments were counterstained with DAPIfor 10 minat room tempera-
ture, transferred to poly-L-lysine-coated glass slides (Sigma-Aldrich),
mounted overnight at room temperature using the ProLong Gold anti-
fade mounting media (Thermo Fisher Scientific) and stored at —20 °C
until visualization.

TEM. For TEM analyses, gill tissues were post fixed with 1% (v/v) osmium
tetroxide (0sO,) for 2 h at 4 °C, washed three times with PHEM and
dehydrated in an ethanol series (30%, 50%, 70%, 80%, 90% and 100%
(v/v)) at -10 °C for 10 min each. Tissues were transferred to 50:50
ethanol and acetone, followed by 100% acetone, and infiltrated with
low-viscosity resin (Agar Scientific) using centrifugation embedding’®.
Samples were centrifuged for 30 s in resin:acetone mixtures of 25%,
50%,75% and twicein100%, transferred into freshresininembedding
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moulds and polymerized at 60-65 °C for 48 h. Ultrathin (70 nm) sec-
tions were cut on a microtome (Ultracut UC7 Leica Microsystem),
mounted onformvar-coated slot grids (Agar Scientific) and contrasted
with 0.5% aqueous uranylacetate (Science Services) for 20 min and with
2% Reynold’slead citrate for 6 min. Sections wereimaged at20-30 kV
with a Quanta FEG 250 scanning electron microscope (FEI Company)
equipped withascanning transmission electron microscopy detector
using the XT microscope control software v6.2.6.3123.

Proteomics

Proteomic sample preparation and liquid chromatography with
tandem mass spectrometry analysis. We dissected the ciliated edges
of mussel gills, which are enriched in ‘Ca. Endonucleobacter’, from
snap-frozengills of 13 G. childressispecimens (Supplementary Table1).
For tryptic protein digestion, the filter-aided sample preparation (FASP)
protocol, adapted from ref. 59, was used. Depending on the amount
of tissue, 100 pl or 150 pl of SDT-lysis buffer (4% (w/v) SDS, 100 mM
Tris-HCI (pH 7.6), 0.1 M DTT) was added and samples were heated at
95 °C for 10 min. To minimize sample loss, we omitted the 5-min centri-
fugation step at 21,000 g as described in the original FASP protocol
and, instead, only briefly spun down the homogenate for a few seconds.
Theremainder of the FASP protocol and determination of peptide con-
centrations were done as describedinref. 60.For eachliquid chromato-
graphy with tandem mass spectrometry (LC-MS/MS) run, 1,500 ng
of peptide was loaded onto a 5-mm, 300-pm-internal diameter C18
Acclaim PepMap100 pre-column (Thermo Fisher Scientific) using an
UltiMate 3000 RSLCnano Liquid Chromatograph (Thermo Fisher
Scientific) and desalted on the pre-column. The pre-column was
switched in line with a 75 pm x 75 cm analytical EASY-Spray column
packed withPepMap RSLC C18,2 pmmaterial (Thermo Fisher Scientific),
whichwas heated to 55 °C. The analytical columnwas connected viaan
Easy-Spray source to a Q Exactive HF-X Hybrid Quadrupole-Orbitrap
mass spectrometer (Thermo Fisher Scientific). Peptides were separated
on the analytical column using a 460 min gradient as described in
ref. 61. Mass spectra were acquired in the Orbitrap as described in
ref. 62 with some modifications. Briefly, eluting peptides wereionized
viaelectrosprayionization and analysed in Q Exactive HF-X. Full scans
were acquired in the Orbitrap at 60,000 resolution. The 15 most
abundant precursor ions were selected for fragmentation, isolated
with the quadrupole using a 1.2 m/z window, fragmented in the
higher-energy collisional dissociation cell with 25 normalized colli-
sionenergy and measured at 7,500 resolution. Singly charged ions were
excluded and dynamic exclusion was set to 30 s. On average, 258,842
MS/MS spectrawere acquired per sample.

Proteomics data processing. We built a protein sequence data-
base from the ‘Ca. E. childressi’ genome (G. childressi specimen
H1423/002-N9) and common laboratory contaminants using the cRAP
protein sequence database v2012.01.01 (http://www.thegpm.org/
crap/) (Supplementary Table 10). We searched the MS/MS spectra
against this database using Sequest HT in Proteome Discoverer ver-
sion 2.2.0.388 (Thermo Fisher Scientific) as described previously in
ref. 2. Proteins were filtered to achieve a false discovery rate <5%. For
protein quantification, normalized spectral abundance factors® were
calculated per species. A subset of the detected proteins was used
to supplement the metabolic model of ‘Ca. E. childressi’ (Fig. 2 and
Supplementary Table 4).

DNA and RNA extraction

DNA extraction and screening for ‘Ca. Endonucleobacter’. We PCR
screened 15 G. childressiand 5 B. puteoserpentis RNAlater-preserved gill
samples for ‘Ca. Endonucleobacter’ (Supplementary Table1). DNA was
extracted using the DNeasy Blood and Tissue Kit (Qiagen) following
the manufacturer’s protocol. The ‘Ca. Endonucleobacter’ 16S rRNA
gene was PCR amplified using Taq DNA Polymerase (5 PRIME), with the

following conditions: initial denaturation for 3 minat 95 °C, 30 cycles at
95°Cfor30s,55°Cfor30 sand 72 °Cfor2 min, followed by afinal elon-
gation step at 72 °C for 10 min. The ‘Ca. Endonucleobacter’ 16S rRNA
gene was amplified using the forward primer BNIX64 (AGCGGTAACAG-
GTCTAGC)" and the reverse primer GM4 (TACCTTGTTACGACTT)®.

Metagenomic library preparation and sequencing. We sequenced
the DNA of one G. childressiindividual (H1423/002-N9) and one B. pute-
oserpentis individual (499ROV/1-4) using short-read (Illumina HiSeq
3000) and long-read (PacBio) sequencing at the Max Planck Genome
Center Cologne, Germany (https://mpgc.mpipz.mpg.de/home/). For
short-read sequencing, 50 ng of genomic DNA was fragmented via soni-
cation (Covaris S2, Covaris), followed by library preparation with NEB-
Next UltraDNAv2 Library Prep Kit for Illumina (New England Biolabs).
Library preparationincluded seven cycles of PCR amplification. Quality
and quantity were assessed at all steps via capillary electrophoresis
(TapeStation, Agilent Technologies) and fluorometry (Qubit, Thermo
Fisher Scientific). The library was immobilized and processed onto a
flow cell with cBot (Illumina) and subsequently sequenced onaHiSeq
3000 system (Illumina) with2 x 150 bp paired-end reads, to generate a
total of 333 million paired-end reads. Long-read sequencing was done
according to the manual ‘Procedure and Checklist—20 kb Template
Preparation Using BluePippin Size Selection’ of Pacific Biosciences
without initial DNA fragmentation and without a final size selection.
Instead, libraries were purified twice with PB AMPure beads. Sequenc-
ingwas performed on aSequel device with Sequel Binding Kit 3.0 and
Sequel SequencingKit 3.0 for 20 h (Pacific Biosciences). Atotal of two
and three sequencingPacBio cells were generated for G. childressiand
B. puteoserpentis, respectively.

G. childressi de novo transcriptome. To study host cell expression
throughout theinfection cycle, we assembled a G. childressitranscrip-
tomede novo. We dissected the ciliated edges of 20 RNAlater-preserved
gill filaments from G. childressiH1423/002/N6. RNA was extracted and
prepared as described in the next section with the following modi-
fications: 1 pug of total RNA was used for library preparation, poly(A)
enrichment was done with the NEBNext poly(A) mRNA Magnetic Isola-
tion Module (New England Biolabs) and library preparation with the
NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina (New
England Biolabs), and 11 cycles of PCR amplification, generating a total
of 99 million paired-end reads.

Bulk transcriptomics. We dissected the ciliated edges of nine
RNAlater-preserved gill filaments from G. childressi specimen
H1423/002-N9 and extracted total RNA using the RNeasy Mini Kit
(Qiagen, Germany) following the manufacturer’s protocol. RNA quan-
tity was measured witha QUANTUS Fluorometer (Promega, Germany).
Library preparation and sequencing was performed as described in
‘Metagenomic library preparation and sequencing’ for the short-read
library preparation, with the following modifications: 20 ng of total
RNAwas used for library preparation, and libraries prepared using the
NEBNext Ultra Il Directional RNA Library Prep Kit for [llumina (New
England Biolabs), generating a total of 33 million paired-end reads.

Laser-capture microdissection

Dissection of infected G. childressi nuclei. We used the formalin-fixed
gills of G. childressiH1423/002/N6 for laser-capture microdissection.
Gill filaments were embedded in polyester wax, sectioned at 10 um
using a microtome and mounted on thermoexitable polyester mem-
branes (number 115005191, Leica). Sections were hybridized with the
‘Ca. Endonucleobacter’ 16S rRNA probe BNIX64 as described above
with the following modifications: the hybridization buffer did not
contain formamide, only the ‘Ca. Endonucleobacter’ 16S rRNA was
used, sections were not DAPI stained and no mounting medium was
used after air-drying. A Leica LMD6500 (Leica) was used to dissect
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the hybridized samples. Per infection stage, 100 nuclei were microdis-
sected and pooled in a single tube prefilled with 30 pl of extraction
buffer (AllPrep DNA/RNAFFPEkit, Qiagen). In addition, 100 uninfected
nucleiwere dissected as just described to establish a baseline for host
expression. For each of the three infection stages (early, mid and late)
as well as uninfected nuclei, triplicates were prepared, resulting in
atotal of 1,200 microdissected nuclei from 12 samples.

Laser-capture microdissection transcriptomics. RNA extraction and
sequencing. We extracted RNA from the microdissected nuclei using
the AllPrep DNA/RNA FFPE kit (Qiagen) following the manufacturer’s
protocol with the following modifications: samples were incubated
in proteinase K overnight at 37 °C, the elution buffer was pre-warmed
at37°Candadded to the column membrane, and theincubation time
inthe elution buffer doubled. After afirst elution step, the eluent was
loaded onthe membrane again, incubated for 2 minand eluted again.
RNA quantity was assessed with a Quantus Fluorometer (Promega).
Library preparationand sequencing was done as described in ‘Metagen-
omic library preparation and sequencing’ for the short-read library
preparation, with the following modifications: total RNA was ampli-
fied following the protocol of capture and amplification by tailing and
twitching describedinref. 65. Libraries were prepared with the RNA-seq
Kit v2 (Diagenaode) andincluded 16 cycles of PCR amplification, with
150 bp single-end reads sequenced. To obtain similar amounts of
‘Ca.E.childressi’mRNAreadsineachlibrary, we adjusted the number
of reads sequenced per library according to ‘Ca. E. childressi’ mRNA
abundance, detailed in Supplementary Table 16.

Expression analysis. Expression analysis of laser-capture microdissec-
tion (LCM) RNA reads was done as described in ‘Expression analysis of
‘Ca.E. childressi”, with these additions for the analysis of the host cell:
we removed non-mRNA contaminants and bacterial contaminants by
mapping the reads against rRNA and tRNA SILVA database v132 (ref. 66)
and against the genomes of ‘Ca.E. childressi’ and the methane-oxidizing
symbiont of G. childressiusing BBMap v38.90 (https://sourceforge.net/
projects/BBMap) (identity: 0.85). After removal of contaminants, LCM
reads were mapped against the G. childressi de novo transcriptome
using BBMap v38.90 (identity: 0.85). Mapped reads were counted with
FeatureCounts v1.6.3 (ref. 67) and analysed using Aldex2 v3.11 (ref. 68)
in RStudio v1.3.1093 (ref. 69) considering the different infection
stages (uninfected, early, mid and late) as conditions. Fold changesin
expression between consecutive stages were calculated at 128 Monte
Carlo instances and using the median abundance of all features as a
denominator for the geometric mean calculation (Supplementary
Table 15). Fold changes of G. childressi gene expression at an early stage
ofinfection were calculated in base to the uninfected G. childressi cells.
‘Ca. E. childressi’ gene expression per infection stage was quantified
by calculating transcripts per million (TPMs) normalized to recA
(Supplementary Table 14). A subset of the expression data was used
toreconstruct the infection interactions shown in Fig. 3 (Supplemen-
tary Tables 7 and 8). The variation of the expression data for the para-
site and host was calculated using vegan v2.6-4 (ref. 70) in RStudio
v1.3.1093 and visualized as anon-metric multidimensional scaling plot
(Supplementary Fig. 2).

Bioinformatic analyses

Genome assembly. Short reads were screened for ‘Ca. Endonucleo-
bacter’ using phyloFlashv3.3 (ref. 71) and assembled using Spades v3.7
(ref. 72) after decontamination, quality filtering (trimq = 2) and adap-
tor trimming using BBDuk v38.90 (sourceforge.net/projects/BBMap
v38.90/). We binned ‘Ca. E. childressi’ and ‘Ca. E. puteoserpentis’ draft
genomes from their respective ‘G. childressi’ and ‘B. puteoserpentis’
metagenomes using Gbtools v2.6.0 (ref. 73). ‘Ca. E. childressi’ and
‘Ca.E.puteoserpentis’ short-read genomes were assembled using the
draft genomes as references by using BBMap v38.90 (identity: 0.98)

and Spades v3.7 (maximum k-mer size 0f 127)”2. We eliminated contigs
shorter than1kb fromthe short-read genomes, screened for contami-
nation using Bandage v0.8.1 (ref. 74) and checked for quality metrics
using CheckM v1.0.18 (ref. 75). A ‘Ca. E. puteoserpentis’ high-quality
draft metagenome-assembled genome was assembled by mapping
long reads against the ‘Ca. E. puteoserpentis’ short-read genome using
ngmir v.0.2.7 (ref. 76) and assembled using CANU v2.0 (ref. 77). The
assembled long reads were supplemented with the short-read genome
using Unicycler v0.4.8 (ref. 78). The ‘Ca. E. childressi’ high-quality draft
metagenome-assembled genome was assembled from PacBio HiFilong
readsusing CANU. The ‘Ca.E. childressi’ genome was extracted from the
graphicrepresentation of the CANU assembly using its16S rRNA gene
asabaitin Bandage. We eliminated contigs shorter than1kb fromthe
genomes and checked for quality metrics using CheckM v1.0.18. The
genomes were classified as high-quality draft metagenome-assembled
genomes according to the quality standards established in ref. 79. We
annotated the genomes using RAST v2.0 (ref. 80) and cross-checked
RAST annotations manually using v.2.10.1 NCBI BLAST.

Expression analysis of ‘Ca. E. childressi’. We quality trimmed the
RNA reads and removed adaptors with BBDuk v38.90. Reads were
mapped against the rRNA and tRNA SILVA database v132 (ref. 66) using
BBMap v38.90 (identity: 0.85) to remove non-mRNA contaminants. We
quantified the expression of ‘Ca. E. childressi’ using Kallisto v.0.44.0
(ref. 81) with default settings (Supplementary Table 9). Transcription
levels were normalized to the single-copy housekeeping gene RecA
(Supplementary Table 3) and mapped onto metabolic pathways using
Pathway tools v13.0 (ref. 82) for reconstruction of ‘Ca. E. childressi’
metabolismin Fig. 2.

Assembly, curation and annotation. Poly(A) RNA reads were quality
trimmed and adaptors were removed using BBDuk v38.90. To remove
bacterial contaminants, we mapped reads against the genomes of
‘Ca.E.childressi’and the methane-oxidizing symbiont. Non-mRNA reads
from other potential bacterial contaminants were removed by mapping
against the rRNA and tRNA SILVA database using BBMap v38.90 (iden-
tity: 0.85). After decontamination, reads were normalized withBBNorm
v38.90 (https://sourceforge.net/projects/BBMap) and assembled with
Spadesv3.7.We checked the preliminary assembly for completeness and
quality metrics using the Trinity Stats package from Trinity v.2.10.0 (ref.
83)and BUSCO v.4.1.2 (metazoan database)®*, and taxonomic affiliations
assigned to the reads of the preliminary assembly using BLAST. Reads
were uploaded into MEGAN v.6.16.4 (ref. 85) and non-eukaryotic reads
removed from the preliminary assembly. The resulting assembly was
annotated using the Trinotate package from Trinity v.2.10.0.

IAP database search. We used the hmm profile we generated for iden-
tifying IAPs and queried the UniProt database for bacterial IAPs, using
the hmmsearch webserver at https://www.ebi.ac.uk/Tools/hmmer/
search/hmmsearch (ref. 86). Positive hits were checked to verify the
presence of both a BIR and a RING domain, and are listed in Supple-
mentary Table18.

Metabolic reconstruction. To reconstruct the metabolism of
‘Ca.E.childressi’, we loaded its RAST-annotated genome into Pathway
tools v13.0 (ref. 82). We interpreted the metabolism of ‘Ca. E. childressi’
from the bulk transcriptome and proteome analyses of G. childressi
H1423/002-N9 (Fig. 2 and Supplementary Tables 3 and 4). SignalP v6.0
(ref.87) was used for signal peptide analysis (Supplementary Table 11).

Phylogenomics and comparative genomics. We analysed the phylog-
eny of 172 single-copy genes shared between the two ‘Ca. Endonucleo-
bacter’ genomes and those of 42 closely related Endozoicomonaceae
(Supplementary Table 2). We used the GToTree v1.8.4 program®® to
download representative Endozoicomonadaceae genomes from GTDB
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Release 09-RS220 (ref. 89), identified the 172 single-copy gene set with
HMMER3 v3.4 (ref. 90), aligned the single-copy genes with Muscle
5.1.linux64 (ref. 91) and trimmed the alignment with TrimAl v1.4.revl5
(ref.92).1Q-TREE 2.3.0 was used for tree calculations. The percentage
of insertion sequences relative to the total genome content of each
genome was analysed using ISEScan®.

IAP identification and verification. We identified BIRPs in
‘Ca. E. childressi’, ‘Ca. E. puteoserpentis’ and related Endozoicomon-
adaceae genomes by conducting a protein homology analysis. We
aligned atotal of 48 publicly available BIRP amino acid sequences from
tunicates, vertebrates, molluscs, arthropods, entomopoxviruses and
Malacoherpesviridae using MAFFT v7.407 (refs. 26,27). From the BIRP
alignment, we generated a hidden Markov model using the hmmbuild
function from hmmer v3.1b2 (ref. 28) and screened genomes using the
hmmsearch function of hmmer at default thresholds (Evalue1 x1073).
Candidate BIRPs were analysed for functional protein domains using
the NCBI online service for protein domain prediction (https://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). We classified BIRPs with
both BIR repeats and RING domains as bona fide IAPs (Extended Data
Fig.5). Toverify that theidentified IAPs were not contaminants from the
mussel host, we visualized the assembly graph of the ‘Ca. E. childressi’
genome using Bandage v0.8.1 and, using the inbuilt BLAST function,
ensured that the IAPs originated from the bacterial contigs
(Supplementary Fig.1).

IAP phylogeny. A total of 7 amino acid IAP sequences from
‘Ca.E.childressi’, 13 from ‘Ca.E. puteoserpentis’, 9 from Endozoicomonas
ascidiicola, 2 from Endozoicomonas arenosclerae, 1 from Endozoico-
monas numazuensis, 1 from Endozoicomonas sp. ONNA2 and 1 from
Endozoicomonadaceae bacterium SW310 (that is, Kistimonas sp.)
were aligned using MAFFT v7.407, together with 20 G. childressi host
IAP sequences annotated in this study, 17 B. puteoserpentis host IAPs
annotated in ref. 94 and 59 publicly available IAP sequences from
tunicates, vertebrates, molluscs, arthropods, entomopoxviruses,
ostreid herpesviruses and malacoherpesviruses. The phylogenetic
tree was reconstructed using the maximum-likelihood-based software
IQ-TREE v2.3.0 using ModelFinder (VT + 1+ R5substitution model, with
1,000 replicates for the ultrafast bootstrap and 1,000 replicates for
the SH-like approximate likelihood ratio test)”. Before inclusion in the
analysis, all putative IAPs from public databases were subjected to the
same checks mentioned in Supplementary Note 2.

Chitinase phylogeny and protein domain analyses. We inferred the
phylogeny of the ‘Ca. Endonucleobacter’ chitinases by comparing them
to 38 chitinase amino acid sequences from the G18 glycosidase family.
Allsequences were aligned using MAFFT v7.471. The phylogenetic tree
was reconstructed using the maximum-likelihood-based software
IQ-TREE v1.6.12 using the TIM3 substitution model (1,000 bootstraps).
Protein domain analysis of the ‘Ca. E. childressi’ chitinase was done
using the NCBI online service for protein domain prediction against
the CDD.3.21-62456 PSSMs database (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi).

Statistics and reproducibility

No statistical methods were used to pre-determine sample sizes, but
our sample sizes are similar to those reported in previous publica-
tions’*””. The experiments were not randomized. Data collection and
analysis were not performed blind to the conditions of the experiments.
One of the LCM samples of the ‘uninfected’ group was excluded from
further analysis as preparation of the sequencing library failed.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The metagenomic and metatranscriptomic raw reads and assem-
bled symbiont genomes are available in the National Center for Bio-
technology Information (NCBI) under BioProject accession number
PRJNA979916. The annotated genomes of both ‘Ca. Endonucleobacter’
species, as used in this study, the host transcriptomes and their anno-
tations, the HMM profiles used to identify IAPs, and the microscope
data used to generate the figures are available via Zenodo at https://
doi.org/10.5281/zenodo0.11086255 (ref. 98). The mass spectrometry
metaproteomics dataand protein sequence database were depositedin
the ProteomeXchange Consortium via the PRIDE® partner repository
with the dataset identifier PXD020317.
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Extended Data Fig. 1| Distribution pattern of ‘Ca. Endonucleobacter’in the ‘Ca.Endonucleobacter’ shown in yellow, the eubacterial probe in red, and DAPI-
host tissue. ‘Ca.E. childressi’ only colonized nuclei of cells in the ciliated stained DNA in blue. a and d show stitched overviews of whole gill filaments.
edges of G. childressi gills, while ‘Ca. E. puteoserpentis’ infected the nuclei b and e show the symbiotic region (SR) with the sulfur- and methane-oxidizing
of cells throughout the gill tissues of B. puteoserpentis. a-f, Fluorescence symbionts, and the ciliated edge (CE), and c and fshow infected nuclei at higher
insitu hybridization (FISH) micrographs of single gill filaments of G. childressi resolution.

(a-c) and B. puteoserpentis specimens (d-f) with the FISH probe specific to
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Extended Data Fig. 2| Chitinase phylogeny and domain analysis.

‘Ca. Endonucleobacter’ chitinases are related to Vibrio cholerae chitinase

ChiA-2.The ‘Ca. E. childressi’ chitinase has a N-terminal peptide for

secretion viaaT3SS. (a), Protein-based phylogeny of 38 MAFFT v7.471-aligned

chitinases from ‘Ca. Endonucleobacter’, Endozoicomonas, Hahella and

Vibrio calculated using the maximum likelihood-based software IQTREET

228
v1.6.12 (TIM3 substitution model, bootstrap: 1000). We used seven chitinase
sequences from Vibrio spp. representatives to root the tree. (b), NCBI (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) protein domain analysis of
‘Ca.E. childressi’ chitinase (S, T3SS secretion signal peptide; CBD, chitin-binding
domain; Chitodextrinase, chitodextrinase domain; GH18E, catalytic domain).
Numbersindicate the domain position in the amino acid sequence (not scaled).
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Extended Data Fig. 3 | Ultrastructure of a cell infected by ‘Ca. E. childressi’. overview of a G. childressi cellinfected by ‘Ca. E. childressi’. (b), Higher resolution
Late infection stage of ‘Ca. E. childressi’. Mitochondria, membranes and micrograph of rectangle in (a) showing host chromatin compressed along the
other cellular features of the host cell are morphologically intact. (a), TEM inner nuclear membrane and morphologically intact mitochondria in the cytosol.
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Extended Data Fig. 4 | Fluorescence intensity analysis of 18S rRNA in

G. childressithroughout the infection. The fluorescence intensity of host
18S rRNAin G. childressi cells did not change substantially during the
infection cycle. We measured the relative fluorescence intensity of host 18S
rRNA in ten areas of equivalent surface per cell using Fiji'* as an indicator of host
transcription and ribosomal activity. (a) - (c): Fluorescence in situ hybridization
(FISH) micrographs of gill cells at different ‘Ca. E. childressi’ infection stages:

(a) non-infected and early-stage of infection (NI =not infected, E = early).

M L

Treatments

(b) mid-stage of infection (M = mid). (c) late-stage of infection (L = late) with the
FISH probe specific to ‘Ca. Endonucleobacter’ shown in yellow, the eukaryotic
probeinred, and DAPI-stained DNA in cyan (sequences of all FISH probes are
listed in Supplementary Table 6). (d), integrated fluorescence intensity of

host 18S rRNA normalized to respective cell area at different ‘Ca. E. childressi’
infection stages (n =10). Black dots represent data points, black lines within
boxes represent medians, boxes indicate 25-75 percentiles, red dots represent
means and whiskers denote standard deviation.
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Extended Data Fig. 5| IAPs domain analysis. ‘Ca. E. childressi’ and

Ca. E. childressi IAPs
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‘Ca.E.childressi’ ontheleft, and ‘Ca. E. puteoserpentis’ on the right (BIR, BIR-repeats
domain; RING, RING domain). Numbers indicate the domain positionin the
amino acid sequence (not scaled).
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Extended DataFig. 6 | Viral infection of Ca. Endonucleobacter cells. ‘Ca.E. childressi’ cells. As we wrote in our manuscript, we did find OsHV-1
‘Ca.E. childressi’ had structures typical for viruses in their cells. (a), TEM sequences (17% of the genome) in a library from a single Bathymodiolus
image of G. childressi gill cell showing a nucleus infected by ‘Ca. E. childressi’ individual. However, we obviously cannot show that these sequences
thatis filled with structures resembling icosahedral viral capsids. (b), Higher originated from the virus-like particles we observed in our TEM images.

magnification of rectangle in (a) showing the putative viral capsids inside
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Pathway Tools v13.0
SignalP v6.0
MAFFT v7.407
MAFFT v7.471
IQTREE v1.6.12
XT microscope control software v6.2.6.3123
cRAP protein sequence database v2012.01.01: http://www.thegpm.org/crap/
Proteome Discoverer v2.2.0.388
BBMap v.38.90, including BBDuk, BBNorm https://sourceforge.net/projects/bbmap/
FeatureCounts v1.6.3
Aldex2 v3.11
PhyloFlash v3.3
Spades v3.7
Gbtools v2.6.0
Bandage v0.8.1
CheckM v1.0.18




ngmlrv0.2.7

CANU v2.0

Unicycler v0.4.8

SILVA database v123: https://www.arb-silva.de/
Kallisto v.0.44.0

Trinity v.2.10.0

BUSCOv.4.1.2

MEGAN v.6.16.4

NCBI protein domain analysis, CDD v.3.21-62456 PSSMs: https://www.ncbi.nIm.nih.gov/Structure/cdd/wrpsb.cgi
Fiji 1.52v

Clustal Omega v1.2.2

ISEScan v1.7.2.3

Olympus cellSens Dimension software v1.18
ZEN software v14.0.1.201

Adobe Photoshop / Adobe Illustrator v12
GToTreev1.8.4

HHMMER3 v3.1b2

HHMMER3 v3.4

Muscle 5.1.linux64

TrimAl v1.4.rev15

Prodigal v2.6.3

Genome Taxonomy Database (GTDB), Release 09-RS$220
FastTree 2v2.1.11

GNU Parallel v20240122

IQTREE 2.3.0

RStudio v1.3.1093

vegan v2.6-4

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The metagenomic and metatranscriptomic raw reads and assembled symbiont genomes are available in The National Center for Biotechnology Information (NCBI)
under BioProject Accession Number PRINA979916. The annotated genomes of both “Ca. Endonucleobacter” species, as used in this study, the host transcriptomes
and their annotations, and the HMM profiles used to identify IAPs and the microscope data used to generate the figures are available in the ZENODO repository
under DOI: 10.5281/zenodo.11086255.

The mass spectrometry metaproteomics data and protein sequence database were deposited in the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD020317. The genomes of "Ca. Endonucleobacter childressi" and "Ca. Endonucleobacter puteoserpentis" generated in this study were
submitted to NCBI under the accession numbers GCA030674875.1 and GCA030674915.1, respectively.

For the construction of the phylogenetic tree in Figure 1, genomes were downloaded from NCBI ftp://ftp.ncbi.nlm.nih.gov/genomes/all/ with accession numbers
listed in Figure 1. For the construction of the phylogenetic tree in Figure 4, protein sequences were downloaded from NCBI https://ncbi.nIm.nih.gov/ with accession
numbers listed in Figure 4.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Study description Symbiotic deep-sea mussles of the genus Bathymodiolus and Gigantidas were analyzed to study the association with intra-nuclear
bacteria
Research sample Mussels were collected with remotely operated vehicles during two research cruises. Onboard, the mussels’ gills were dissected,

preserved, and stored for further processing. The symbiont housing organ (gill) was subjected to metagenome and metatrancriptome
sequencing, metaproteomics and FISH analyses.

Sampling strategy Mussels were sampled with a net from their natural habitat. Sampling of individuals depends on fieldwork conditions. Sampling sizes
are sufficient for analyses performed in study

Data collection none

Timing and spatial scale  Gigantidas childressi mussels were collected with the ROV Hercules during the RV Meteor Nautilus NA-58 cruise to the Gulf of Mexico
in May 2015 at the Mississippi Canyon site (MC853, 28207’ N; -089208" W) and the Green Canyon site (GC234, 27945’ N; -091213" W)
at water depths of 1,070 and 540 m, respectively. B. puteoserpentis mussels were collected with the ROV MARUM-QUEST during the
Meteor M126 cruise to the Mid-Atlantic Ridge in April 2016 from the Logatchev vent field (Irina-Il smoker, 14245’ N; -044259" W) at a
water depth of 3,036 m.

Data exclusions no data were excluded

Reproducibility Using the deposited raw sequencing, proteomic and imaging data, the data analyses that were performed in this study can be easily
and repeatedly reproduced.

Randomization Not relevant. To study the intra-nuclear association, samples were screened for the presence of the intra-nuclear parasite.

Blinding Blinding was not performed because it was not relevant to this study. This study was an exploratory survey without a priori
expectations that would influence the analyses.

Did the study involve field work? |Z| Yes |:| No

Field work, collection and transport

Field conditions Deep-sea sampling at hydrothermal vents. Temperatures of mussel occurences were usually between 4 and 10 °C (for those where
measurement was available).

Location Gigantidas childressi mussels were collected with the remotely operated vehicle (ROV) Hercules during the RV Meteor Nautilus
NA-58 cruise to the Gulf of Mexico in May 2015 at the Mississippi Canyon site (MC853, 28207’ N; -089208" W) and the Green Canyon
site (GC234, 27945’ N; -091213" W) at water depths of 1,070 and 540 m, respectively. B. puteoserpentis mussels were collected with
the ROV MARUM-QUEST during the Meteor M126 cruise to the Mid-Atlantic Ridge in April 2016 from the Logatchev vent field (Irina-
Il smoker, 14245’ N; -044959" W) at a water depth of 3,036 m.

Access & import/export  Material used in this study were collected during German and US research cruises. Animals were collected from the deep/sea floor
using remote operated vehicles. Bathymodiolus mussels are non-commercial and are not subjected to CITES or any other

international regulations. Import permissions into Germany were granted by German authorities, where necessary.

Disturbance All sampling adhered to the InterRigdeCode of conduct of work at hydrothermal vents (https://www.interridge.org/irstatement)

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems Methods

Antibodies

Clinical data

XXXOXXX &
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Plants

Involved in the study

Eukaryotic cell lines

n/a | Involved in the study

|Z |:| ChIP-seq
|Z |:| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Dual use research of concern

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

No laboratory animals were used in this study.

Mussels of the species Gigantidas childressi and Bathymodiolus puteoserpentis were collected from hydrothermal vent and cold seep
mussel fields with remotely operated vehicles operated from board of research vessels using nets. Mussels were transported in
ambient water (4°C - 8°C) in a temperature isolated container to the surface where they were dissected and the tissue preserved for
different experiments.

Sex was not considered for this study.

Adult mussels of the species Gigantidas childressi and Bathymodiolus puteoserpentis, of unknown age, with a shell length of 8-10cm
were collected from hydrothermal vent and cold seep mussel fields with remotely operated vehicles operated from board of
research vessels, using nets. Mussels were transferred into a temperature-isolated box full of ambient seawater, that kept them at
ambient temperature and in the dark. They were transported to the surface where they were immediately dissected and the tissue
preserved for different experiments.

Work on these mussels is not subjected to a approval by an ethics committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

No plants were used in this study

No plants were used in this study

No plants were used in this study
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