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Abstract 24 

Anaerobic single-celled eukaryotes illustrate the remarkable diversity of adaptations to life 25 

without oxygen, including multiple mitochondrial reductions and various symbiotic interactions 26 

with prokaryotes. However, rare lineages remain virtually unexplored. From 11 collected cells, 27 

we conducted an in-depth investigation of the ciliate Legendrea loyezae, a rare predator of 28 

microscopic animals. Using single-cell transcriptomics and metagenomics, we generated a high-29 

completeness host transcriptome and macronuclear genome and characterized a novel type of 30 

mitochondrion-related organelle. By integrating omics data with microscopy and 3D imaging, we 31 

uncover an exceptionally complex endosymbiotic consortium with two methanogenic archaea and 32 

two bacteria, including the first strictly anaerobic member of Legionellales, and the most reduced 33 

member of Thermodesulfobacteriota, with a 0.5-Mb genome. We infer the metabolic potential 34 

and extensive complementarity within this pentapartite system and align it with spatial 35 

relationships. Our results expand the known complexity of anaerobic eukaryotes and demonstrate 36 

the feasibility of comprehensive analyses of rare protists. 37 

 38 

 39 

 40 

Introduction 41 

Oxygen-depleted environments pose a daunting evolutionary challenge for eukaryotes, 42 

necessitating a reorganization of fundamental metabolic processes. Mitochondrial streamlining 43 

and intimate prokaryotic symbioses have therefore become central themes in the biology of 44 

anaerobic microbial eukaryotes1–3. Single-celled eukaryotes, and especially ciliates, have become 45 

widely used as model organisms, since multiple lineages have independently undergone 46 

anaerobiosis, metabolic by-passing, and acquisition of prokaryotic symbionts4–11. Methanogenic 47 

Archaea represent the most studied symbionts of anaerobic protists due to their environmental 48 

impact12,13. Recently, multipartite symbioses in ciliates (Alveolata), parabasalids (Metamonada), 49 

and other protists have been gaining attention due to their metabolic complexity10,13–17 greatly 50 
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surpassing the metabolic complexity of intracellular symbioses in animals. So far, the most 51 

complex endosymbiotic consortium described in detail is the multipartite system in Pelomyxa 52 

amoeba, where a methanogenic archaeon and two syntrophic bacteria play crucial metabolic 53 

roles17. Due to vertical transmission, endosymbionts typically undergo substantial genome 54 

reduction, functional specialization, and cellular integration. Long-term heritable endosymbionts 55 

then follow the path of prokaryotic-derived organelles, becoming highly specific and dependent 56 

on their hosts1,2,18–20. 57 

The model anaerobic ciliates have been selected primarily from easily culturable, bacterivorous 58 

species that can be maintained in dense cultures, such as members of the classes Armophorea and 59 

Plagiopylea4,8,21. Recent studies have revealed the variety of endosymbiotic methanogenic or 60 

ectosymbiotic sulfate-reducing prokaryotic partners of these ciliates8,11. The common basis of 61 

these widespread symbioses is hydrogen scavenging and parallel reductions of mitochondria into 62 

so-called hydrogenosomes or hydrogen-producing mitochondria6,7,22,23. Consequently, 63 

hydrogenase, the enzyme that catalyzes the formation of molecular hydrogen, is considered a 64 

general feature of reduced mitochondria of anaerobic ciliates, and its absence from the data is 65 

attributed to insufficient depth of sequencing and limitations of single-cell methods6–8,24,25. 66 

Here, we studied a rare and unculturable ciliate, Legendrea loyezae (class Litostomatea). This 67 

bizarre, predatory, anaerobic, tentaculiferous ciliate can be viewed as an apex predator in its 68 

hypoxic niche, as its prey are microscopic metazoans, specifically gastrotrichs26. Single-cell 69 

amplicon sequencing of Legendrea species, using the 16S rRNA gene universal prokaryotic 70 

primer set, has previously revealed the presence of its potential symbionts belonging to 71 

methanogenic Archaea and Syntrophaceae bacteria26. Using single-cell metagenomics and 72 

transcriptomics, along with advanced single-cell microscopy on only 11 Legendrea cells, we have 73 

uncovered an unusual and currently the most complex symbiotic consortium in an anaerobic 74 

eukaryote, comprising four prokaryotic symbionts: two archaeal methanogens (a 75 

hydrogenotrophic and an acetoclastic one, respectively) and two bacterial partners (a propionate 76 

oxidizer and a carbohydrate fermenter). We describe the prokaryotic consortium of Legendrea 77 

loyezae at the spatial, genomic, and metabolic levels and propose a novel type of ATP-producing 78 

anaerobic mitochondrion lacking a hydrogenase. We demonstrate that integrating single-cell 79 

methods for unculturable and rare eukaryotes allows the reconstruction of even highly complex 80 

symbiotic consortia.  81 
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Results  82 

 83 

Structure of the symbiotic consortium of Legendrea loyezae 84 

Using single-cell methods, we found that the ciliate (cell volume approx. 50,000 μm3, n=1) 85 

harbors four different prokaryotes, which form a complex pentapartite symbiosis with the host 86 

(Fig. 1). The consortium is formed by two Archaea, Candidatus Methanothrix pelomyxae 87 

(Methanosarcinales, 346 cells, n=1) and Methanobacterium sp. (Methanobacteriota, 2970 cells, 88 

n=1), and two bacteria, for which we propose provisional names Candidatus Xociella bifrons 89 

(Gammaproteobacteria, 874 cells, n=1) and Candidatus Syntrophilus obsequens (Syntrophia, 605 90 

cells, n=1). All four prokaryotes are located directly in the host cytoplasm, without a membrane 91 

of host origin (Figs. 1-3 and S1). To reconstruct the topological relationships, we employed 92 

transmission electron microscopy (TEM), fluorescence in situ hybridization (FISH), 3D 93 

reconstruction using focused ion beam-scanning electron microscopy (FIB-SEM), as well as 94 

nearest-neighbor statistical methods based on random labeling and a complete spatial randomness 95 

(CSR) framework. CSR analysis clearly shows that the symbiotic consortium is not randomly 96 

dispersed in the host (Table S1). It is clearly structured around Methanobacterium sp. as the main 97 

hub, with the significantly shortest distance from other prokaryotic partners (Table S1). Ca. S. 98 

obsequens and Methanobacterium sp. form parallelly aligned clusters detectable across different 99 

methods: fluorescence microscopy (a combination of autofluorescence and FISH, Figs. 1a, f, g 100 

and S1b), TEM, and FIB-SEM (Figs. 1h, 2d, S1, and Movie S1). Statistical analysis confirms the 101 

strongest affinity between these two species among the symbionts (Table S1). Most of the cells of 102 

Ca. M. pelomyxae are localized around or within the clusters of the above-mentioned symbionts 103 

(Figs. 1b, e, h, S1a, e). However, all methods also show an accumulation of Ca. M. pelomyxae 104 

cells in the oral basket (buccal area) of the host, together with a fraction of cells of 105 

Methanobacterium sp. (Figs. 1b, e, 2c and S1a, e). Only a minor portion of Ca. X. bifrons cells 106 

seem to participate in the clusters of the above-mentioned symbionts, with most cells occupying 107 

the periphery of the host cell, with the highest abundance posteriorly (Figs. 1c, e, h, 2a-c). The 108 

majority of the host’s mitochondrion-related organelles (MROs) are also dispersed on the cell 109 

periphery, posteriorly, but also in tentacles, unlike the prokaryotes (Figs. 1i, j, 2b and S1d). 110 

Atypically for anaerobic ciliates, the MROs are not directly associated with any of the symbionts 111 

(Figs. 1h, 2a-c and S1d). 112 

 113 

Genomics of the symbiotic consortium 114 

After binning the metagenomic assembly of Legendrea loyezae, we identified five prokaryotic 115 

metagenome-assembled genomes (MAGs) and one complete circular prokaryotic genome. We 116 

decided to work with three complete or nearly complete MAGs that have the highest coverage. 117 

The two other MAGs having the lowest completeness and coverage related to Trichorickettsia 118 

and Tisiphia (both Pseudomonada), both known animal parasites, were considered contaminants 119 

likely associated with the prey, as several ribosomal rDNA sequences belonging to gastrotrichs 120 

were obtained (Table S2). We also recovered several gastrotrich ribosomal rDNA sequences from 121 

the transcriptomic data of L. loyezae (Table S2). On the other hand, we did not find any ciliate 122 

sequences except those of L. loyezae in both datasets, which strongly suggests that gastrotrichs 123 

are the primary prey of this predatory ciliate. 124 

 125 
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Candidatus Syntrophilus obsequens 126 

Based on 16S rRNA gene phylogeny, Ca. S. obsequens is divergent from other members of 127 

Syntrophaceae, with less than 90% nucleotide identity to the closest relatives (Fig. 3a). We 128 

obtained the 0.53 Mbp circularized single-contig genome with a completeness of 98% 129 

(contamination 0.2%) and a GC content of 24% (Fig. 3a, c). This genome is the most reduced 130 

Syntrophaceae genome known to date, as well as the most reduced symbiont of the consortium 131 

(Fig. 3c, d). The genome is almost ten times smaller than that of the related endosymbiont, Ca. 132 

Syntrophus pelomyxae from the amoeba Pelomyxa schiedti (Amoebozoa: Archamoebae), which 133 

is 4.97 Mbp17. The significant reduction is apparent throughout the entire genome in terms of 134 

clusters of orthologous groups (COGs) (Fig. 3b). The least reduced is the COG category 135 

containing transcription-related genes. Interestingly, DNA polymerase III appears to be composed 136 

solely of an alpha subunit, representing an extreme reduction comparable only to the most 137 

reduced symbionts known27. In silico reconstruction of the reduced metabolic pathways revealed 138 

that the backbone of its energetic metabolism is the anaerobic propionate/butyrate oxidation 139 

pathway (Fig. 4), with the ability to use, most likely, propionate and, likely, also long-chain fatty 140 

acids as substrates. Propionate usage is supported by the presence of the CoA transferase enzyme 141 

(CoA transferase), which, based on our phylogenetic analysis, is closely related to that of 142 

Smithella spp. (Fig. S2). In Smithella propionica, the ability to utilize propionate was 143 

experimentally confirmed28. The genome of Ca. S. obsequens encodes two thiolases, suggesting 144 

that it undergoes Claisen condensation of propionyl-CoA into acetyl-CoA and butyryl-CoA, 145 

which are subsequently oxidized to acetate. This pathway is well-documented in Smithella 146 

propionica28. The only other activation enzyme is a long-chain fatty acid ligase, likely enabling 147 

the utilization of fatty acids from the host’s gastrotrich prey. Interestingly, the bacterium lacks a 148 

typical kinase for substrate-level phosphorylation and ATP production. However, the terminal 149 

conversion of acetyl-CoA to acetate is performed by reversible ADP-forming acetyl-CoA 150 

synthase, which completes the beta-oxidation pathway using a minimized protein toolkit. Redox 151 

balance can be maintained primarily through hydrogen release via cytosolic FeFe-hydrogenase 152 

(Hnd), alternatively through periplasmic NiFe-hydrogenase, or via a bidirectional redox shuttle – 153 

succinate dehydrogenase/fumarate reductase. Nitric oxide, if available, can likely be reduced to 154 

nitrous oxide as an electron acceptor alternative to hydrogen ions or fumarate. The primary 155 

metabolic products are acetate and hydrogen.  156 

 157 

Candidatus Methanothrix pelomyxae 158 

The methanogen was identified as Ca. M. pelomyxae based on its identical 16S rRNA gene 159 

sequence to KX15680029, which was described as a symbiont of the giant anaerobic amoeba, 160 

Pelomyxa palustris (Amoebozoa: Archamoebae) (Fig. 3e). The MAG comprises 123 contigs with 161 

a total length of 2.5 Mbp, a completeness of 99.4% (contamination 0.2%), and a GC content of 162 

50% (Fig. 3g). In contrast to the acquired draft genomes of the two bacterial symbiotic partners of 163 

L. loyezae, the genome of Ca. M. pelomyxae is not significantly reduced in size (~10%) and 164 

number of CDS (~13%) compared to its free-living relatives (Fig. 3f, h). The in silico 165 

reconstruction of the energetic metabolism showed that, like other Methanothrix (syn. 166 

Methanosaeta) species30, the symbiont is with high certainty a strictly acetoclastic methanogen, 167 

utilizing acetate as its sole energy and carbon source (Fig. 4). Interestingly, the MAG encodes 168 

four paralogs of a CoA transferase, related to the enzyme from Ca. Syntrophilus obsequens (Fig. 169 
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S2). The presence of a sulfide detoxification mechanism involving sulfide dehydrogenase, 170 

sulfurtransferase, and thioredoxin is likely important to the consortium (Fig. 4). It is proposed to 171 

be unique among methanogenic Archaea31 and thus could be beneficial to Methanobacterium sp. 172 

in the vicinity. In this species, we detected no autofluorescence signal under UV light, a typical 173 

feature for most methanogens with a high F420-coenzyme pool, which is consistent with the 174 

findings from Pelomyxa palustris29. 175 

 176 

Candidatus Xociella bifrons 177 

Based on the 16S rRNA gene phylogeny, the bacterium clusters within a highly supported group 178 

of uncultured Coxiellaceae, which is sister to the rest of Coxiellaceae diversity, although with low 179 

statistical support (Fig. 3i). The MAG consists of 167 contigs with a total length of 1.2 Mbp, a 180 

completeness of 96.5% (contamination 0.8%), and a GC content of 38%. The genome of Ca. X. 181 

bifrons is approximately 40% smaller compared to that of published members of Coxiellaceae 182 

(around 2 Mbp) (Fig. 3k). The bacterium is likely an energy parasite, scavenging ATP via 183 

ATP/ADP translocase (Tlc1). In addition, carbohydrates likely represent its main alternative 184 

energy source. The complete glycolytic pathway is encoded in the genome. The bacterium also 185 

encodes an operon for leucine degradation. ATP is generated by two acetate/propionate kinases. 186 

The bacterium lacks an electron transport chain and thus relies on fermentation with acetate and 187 

likely propionate as the main products. These features make the bacterium the first reported 188 

strictly anaerobic member of the otherwise aerobic order, Legionellales32. FeFe hydrogenase 189 

serves as a redox balancing mechanism by producing hydrogen. Interestingly, the MAG encodes a 190 

four-subunit sulfhydrogenase complex (two subunits of NiFe hydrogenase and two subunits of 191 

sulfide reductase). The complex is likely capable of transferring electrons from NAD(P)H as well 192 

as hydrogen and producing sulfide, similarly to the complex of Pyrococcus33. It broadens the 193 

bacterium’s redox balancing capabilities and makes it less dependent on hydrogen scavengers. 194 

The bacterium appears to possess a type IV secretion system typical of Coxiella or Legionella 195 

(Fig. 4). However, unlike Coxiella, it does not occur in vesicles in the host’s cytoplasm (Fig. 1h).  196 

 197 

Methanobacterium sp. 198 

Only a partial 16S rRNA gene sequence was retrieved from the metagenome, but a complete 199 

sequence was extracted from the transcriptomic data and is identical to that of the undescribed 200 

methanogens from Legendrea pespelicani26 and a metopid ciliate, Castula fusca11, respectively. 201 

Phylogenetically, Methanobacterium sp. is closely related to methanogens from several 202 

undescribed symbionts of metopid ciliates11 (Fig. S3). In contrast to the other three symbionts, we 203 

obtained only 251 low-coverage genome fragments, totaling approximately 0.7 Mbp in length, 204 

with a completeness of 24.3% and a GC content of 33.9%. Although we obtained only a fragment 205 

of the genome, its central energy metabolism is certainly the standard hydrogenotrophic 206 

methanogenesis. We identified several genes involved in hydrogen uptake and methanogenesis in 207 

the genomic fragment, as well as in the transcriptomic data (Table S3). Moreover, the strong 208 

autofluorescence, a reliable indicator of a high pool of oxidized F420-coenzyme34, clearly 209 

indicates active hydrogenotrophic methanogenesis in Methanobacterium sp. (Figs. 1f, g and S1b). 210 

 211 

New type of mitochondrion-related organelles (MRO) 212 
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In the Legendrea cell, we have identified the putative MROs as small irregularly-shaped oblong 213 

vesicles (length, avg = 1.06 μm, std = 0.14, range = 0.78 - 1.46 μm; diameter, avg = 0.32 μm, std 214 

= 0.05, range = 0.45 - 0.24 μm, n = 30) concentrated mainly on the periphery of the cytoplasm 215 

(Figs. 1i, j, 2b and S1d). Morphologically, they are different from classic spheroidal to ellipsoidal 216 

hydrogenosomes known from Armophorea (e.g., Nyctotherus) and other anaerobic ciliate 217 

classes6,7,12,22. The outer membrane is likely present; however, the cristae appear to be absent (Fig. 218 

1j). 219 

We have predicted the proteome and metabolic pathways of this ATP-producing MRO without 220 

hydrogenase (Fig. 5) based on the single-cell transcriptomes (data from 3 cells combined, 17,239 221 

filtered transcripts, BUSCO 48.0%) and metagenomes (data from 2 cells combined, 2,621 filtered 222 

contigs, total size 32.6 Mbp, BUSCO 83.6%) of L. loyezae and corroborated the results with the 223 

transcriptomes of a closely related, undescribed free-living anaerobic litostomatean, a spathidiid 224 

referred to as SIVAB (data from 3 cells combined, 18,477 transcripts (filtered >500 bp), BUSCO 225 

81.3%; Fig. S4). In the metagenome of Legendrea loyezae, we could not detect any trace of the 226 

mitochondrial genome or any remnants of the electron transport chain, except for soluble 227 

fumarate reductase (normally part of Complex II), which is encoded in the nuclear genome. In 228 

total, we identified 60 proteins in L. loyezae and SIVAB ciliate that are predicted to be 229 

transported to the MRO, and corroborated the targeting signal (Table S4). Unexpectedly, we did 230 

not find the canonical ciliate hydrogenase with the typical structure (HydA-NuoE-NuoF fused 231 

gene) or any fragment or other relevant candidate for an MRO hydrogenase in any of the datasets, 232 

despite their high completeness. In contrast, we identified hydrogenases of all prokaryotic 233 

partners except for the highly fragmented Methanobacterium sp. assembly. The only identified 234 

redox route for the regeneration of NAD+ from NADH is the reversed truncated TCA cycle, 235 

involving clearly targeted malate dehydrogenase, and likely fumarate hydrolase and fumarate 236 

reductase, with a dubious targeting signal (Table S4). The other branch of the former TCA cycle, 237 

including 2-oxoglutarate dehydrogenase (OGDH) and succinate-CoA synthase (SCS), supplies 238 

succinyl-CoA for ATP generation. 239 

We identified the typical MRO enzyme of energetic metabolism, acetate CoA transferase 240 

(ASCT), in both L. loyezae and SIVAB ciliate. Subsequent phylogenetic analysis of ASCT placed 241 

all detectable paralogs within the clade with other ciliates in the dataset, strongly suggesting it is a 242 

typical acetyl-CoA: succinate CoA transferase known from other anaerobic ciliates (Fig. S2). The 243 

MRO thus likely performs the canonical ASCT–SCS cycle described earlier35, converting acetyl-244 

CoA, derived from the NADH-dependent pyruvate dehydrogenase complex, to acetate. 245 

The MRO likely maintains a well-supported, yet noncanonical pathway for degradation of 246 

branched-chain amino acids (BCAAs), specifically valine and isoleucine (Fig. 5). The valine 247 

pathway terminates at the propionyl-CoA step, lacking the enzymes propionyl-CoA 248 

decarboxylase (PCD) and methylmalonyl-CoA mutase (MMM). Consequently, the pathway is not 249 

connected to succinyl-CoA production. The two enzymes appear to be absent from model ciliates, 250 

such as Tetrahymena36, but are predicted to be present in Nyctotherus35. We conclude that 251 

propionyl-CoA is utilized as a substrate for energy production by ASCT, and thus, the final 252 

products of MRO metabolism are propionate, acetate, malate, and succinate (Fig. 5).  253 

The complete cytosolic glycolytic pathway is present, starting with glucokinase (GK). 254 

Interestingly, as the first report in a ciliate, pyrophosphate-dependent phosphofructokinase is 255 

present, in addition to the usual ATP-dependent phosphofructokinase. Surprisingly, the MRO also 256 
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encloses two reactions of the glycolytic pathway involving phosphoglycerate mutase (PGM) and 257 

enolase (ENO), and later deviates from the standard pathway with phosphoenolpyruvate 258 

carboxylase kinase (PEPCK) and malate dehydrogenase (MDH) (Fig. 5). From targeting 259 

prediction, it is unclear whether fumarase and fumarate reductase/succinate dehydrogenase are 260 

effective in the MRO, as they lack a clear signal (Table S4). However, both enzymes are present 261 

in the studied transcriptomes and metagenome, and we consider them to be more likely 262 

mitochondrial, consistent with other known MROs6,7,23,35. In that case, the glycolytic steps are 263 

connected with the reversed truncated TCA cycle, and the released end product is then succinate. 264 

The OGDH then feeds into SCS. Excess malate is transported to the cytoplasm and converted by 265 

malic enzyme (two paralogs have been detected) into pyruvate, which is then imported back into 266 

the MRO. This split enables 3-phosphoglycerate (3-PG) to serve as a partial substrate in standard 267 

glycolytic steps in the cytoplasm and partially to alleviate the redox burden in the MRO. In the 268 

MRO, phosphoenolpyruvate (PEP) is converted to oxaloacetate with PEPCK, gaining one 269 

molecule of GTP, and one molecule of NADH is oxidized in the subsequent step. The reaction of 270 

PEPCK in the carboxylation direction also assimilates one molecule of carbon dioxide, a process 271 

that has been experimentally proven to be favorable under reductive conditions37. Subsequent 272 

malate export eases the MRO for one reduced equivalent, with a stoichiometry of one malate 273 

molecule per one NADH molecule. If fumarase and fumarate reductase are active in the MRO, 274 

and succinate is subsequently exported, it results in the oxidation of another molecule of NADH 275 

(Fig. 5). 276 

The most important transporters for di- and tricarboxylic acids were identified under the generic 277 

designation SLC25 or 2-oxoglutarate/malate antiporters. Transporters for sugar compounds have 278 

not been well characterized yet; however, the MRO predicted proteome contains multiple 279 

annotated mitochondrial transporters. ATP is exported via ATP/ADP carriers. We did not find 280 

any trace of the mitochondrial outer membrane complex proteins. On the contrary, we identified 281 

several proteins of the inner membrane complex and protein processing, including TIM17, 282 

TIM50, Hsp60, and processing peptidase alpha and beta subunits (Fig. 5). 283 

Protologues 284 

Candidatus Syntrophilus gen. nov. 285 

[Syn.tro’phi.lus], from Gr. prefix syn- = together; Gr. trophē = nourishment; N.L. masc. 286 

n. Syntrophilus – companion in syntrophy. 287 

The description is the same as for the type species, Ca. Sytnrophilus obsequens. 288 

Candidatus Syntrophilus obsequens sp. nov. 289 

obsequens [ob’se.quens]. L. adj. obsequens – compliant, obliging, yielding. 290 

Strictly anaerobic propionate/butyrate-oxidizing bacterium; rod-shaped; intracellular; defined by 291 

16S rRNA gene sequence (accession number XXXXXX in NCBI). 292 

 293 

Candidatus Xociella gen. nov. 294 

[So.si.el’la], from Nahuatl root xoc- = sour, acidic; connecting vowel -i-, N.L. fem. dim. suffix -295 

ella; N.L. fem. n. Xociella – the small acidic one). 296 
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The description is the same as for the type species, Candidatus Xociella bifrons. 297 

 298 

Candidatus Xociella bifrons sp. nov. 299 

bifrons [bi'frons]; L. bifrons – two-faced, deceitful. 300 

Strictly anaerobic fermenting and ATP-scavenging bacterium; rod-shaped; prominent black core 301 

in TEM preparations; intracellular; defined by 16S rRNA gene sequence (accession number 302 

XXXXXX in NCBI). 303 

 304 

Candidatus Methanothrix pelomyxae (syn. Candidatus Methanosaeta pelomyxae) 305 

Strictly anaerobic acetoclastic methanogenic archaeon; rod-shaped, rectangular in a longitudinal 306 

section; prominent longitudinal septum; intracellular; defined by 16S rRNA gene sequence 307 

(accession number KX156800 in NCBI)29. 308 

 309 

Discussion  310 

 311 

As Legendrea loyezae is a rare organism, we have studied only 11 cells from two populations of 312 

this peculiar ciliate over the course of several years (Table S5). Nevertheless, we were able to 313 

reconstruct the most complex endosymbiotic consortium known to date solely using single-cell 314 

methods. We provide an in-depth overview of the spatial and metabolic interactions among the 315 

symbionts and predict the host ciliate's MRO metabolism (Fig. 5). Our work clearly demonstrates 316 

that integrating single-cell imaging and omics methods allows for metabolic reconstructions and 317 

detailed studies of rare and non-model microorganisms, yielding valuable discoveries (Fig. 4). On 318 

the other hand, we also acknowledge the limitations of these methods, particularly the need for a 319 

deeper understanding of the metabolic and ultrastructural aspects of MROs in spathidiids and 320 

anaerobic Litostomatea, which necessitates the use of more robust experimental methods. 321 

By most definitions, Legendrea loyezae is practically the opposite of a model organism. 322 

Anaerobic spathidiid ciliates are predators of other unicellular or microscopic, multicellular 323 

eukaryotes. Hence, from an ecological perspective, the predicted MRO without oxygen-sensitive 324 

hydrogenase may allow them the leeway to hunt other eukaryotic prey close to the oxycline and 325 

uniquely exploit microaerotolerant, yet likely aerobic prey (i.e., gastrotrichs in the case of L. 326 

loyezae). Moreover, the ciliate cells host a completely anaerobic, multipartite symbiotic 327 

consortium, which is uniquely rich not only in the species involved and their numbers, but also in 328 

predicted metabolic interactions among them, compared to the anaerobic ciliates or other 329 

eukaryotes that have been studied so far. The presence of symbiotic prokaryotes is likely stable in 330 

the ciliate, as evidenced by the genome reduction of Ca. Syntrophilus obsequens and Ca. Xociella 331 

bifrons, suggesting their dependence on the host. We further corroborated the presence of the 332 

symbionts in several L. loyezae cells by different methods (single-cell metagenome, single-cell 333 

transcriptome, and single-cell FISH of two populations). Ca. Methanothrix pelomyxae is the only 334 

previously reported symbiotic member of the genus29. 335 

 336 

In the molecular data of L. loyezae and SIVAB spathidiid, we did not find any trace of the 337 

mitochondrial outer membrane complex proteins. Our results imply an unusual organization of its 338 

outer membrane transport system. We successfully characterized the main energetic and redox 339 

metabolism of the MRO, which is essential, as most known symbioses of prokaryotes and 340 



 9 

anaerobic ciliates are associated with hosts’ MROs6,7,12. At least a partial electron transport chain 341 

has been retained in most of the anaerobic ciliate taxa from various groups6,7,23,35. However, this is 342 

not the case in L. loyezae and SIVAB spathidiid, which is consistent with members of the 343 

unrelated class Plagiopylea, where the mitochondrial genome has also been lost6. Having 344 

extracted the partial mitochondrial genome of the gastrotrich prey from the metagenomic data of 345 

L. loyezae and identified several transcripts of the gastrotrich’s electron transport chain in the 346 

transcriptomic data, we consider it highly unlikely that any remnants of a possible mitochondrial 347 

genome of L. loyezae were undetected. 348 

In all thoroughly studied groups of anaerobic ciliates across different classes, a typical tripartite 349 

hydrogenase is present in the MROs6,7,23,35. This presence has been considered universal among 350 

anaerobic ciliates to date. Yet, it has not yet been clearly proven in rumen ciliates 351 

(Trichostomatia), the close endobiotic relatives of Legendrea. The absence of hydrogenase in L. 352 

loyezae (and SIVAB) contrasts with the idea of its universal presence in anaerobic ciliates. The 353 

ciliate relies entirely on the alternative NAD+/NADH management related to malate and 354 

succinate metabolism, which has been described in other anaerobic ciliates, e.g., Nyctotherus 355 

ovalis 22,35, and in several variants in other protists or even metazoans38. Thus far, it has been 356 

considered auxiliary in anaerobic ciliates, and the research focus has primarily been on the 357 

hydrogenase and hydrogen management6,7,23,35. A functionally parallel system, utilizing succinate 358 

as the redox product, is also known in some other protists, for example, the procyclic stage of 359 

Trypanosoma brucei (Discoba: Euglenozoa)39. Whether this redox-balancing system is self-360 

sustainable in ciliates and how many syntrophic partners are involved in it needs to be 361 

investigated and proven experimentally. The transfer of 3-phosphoglycerate into the MRO is 362 

unusual but resembles the glycosome transport in trypanosomatids40. Although glycosomes, 363 

peroxisome-derived compartments for glycolysis, have been extensively studied in Trypanosoma, 364 

the carrier for 3-PG has yet to be described. 365 

Currently, Legendrea is not a suitable model organism for these studies due to its relative rarity. 366 

However, the resemblance to known anaerobic MROs and glycosome-like product transport gives 367 

strong biological plausibility to our prediction. The localization of MRO on the periphery of the 368 

host cell cytoplasm is consistent with the production of acidic compounds, such as succinate, as 369 

they are more easily released into the environment. This prevents the acidification of the 370 

cytoplasm, which could block critical metabolic enzymes in the cell, e.g., dehydrogenases41. The 371 

absence of any hydrogen scavengers around these putative MROs itself strongly contradicts any 372 

known hydrogenosome organization in a freshwater ciliate, as the cytoplasmic endosymbiotic 373 

hydrogenotrophic methanogens (e.g., Methanobacterium) are in all well-documented cases in a 374 

tight association with a hydrogenosome6,11,12. Given the current results, the predicted MRO 375 

represents a novel type of reduced mitochondrion-related organelle, lacking hydrogenase, which 376 

releases malate, succinate, acetate, and propionate as fermentation and redox products, thereby 377 

expanding the scope of research on MROs in anaerobic ciliates and eukaryotes in general. We 378 

cannot fully reject the possibility of the presence of a hydrogenase, but in that case, it would have 379 

to be unusually divergent for it to have remained undetected by the annotation and sequence-380 

alignment methods we used. However, the presence of such a divergent hydrogenase itself would 381 

be as significant a finding as the absence. 382 

 383 
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For the spatial statistics, we decided to use a tailored method of directed nearest-neighbour (NN) 384 

distances per symbiont cell surface. We believe that this approach better preserves the biological 385 

signal most relevant to diffusion-limited metabolite exchange. It revealed that the spatial 386 

relationships among the symbionts are consistent with their predicted functions in the system and 387 

their metabolic capacities. Importantly, the hydrogenotrophic methanogen, Methanobacterium 388 

sp., is not visibly associated with MROs, which further corroborates that the latter does not 389 

produce hydrogen, but is preferably associated with Ca. S. obsequens and partially with the other 390 

two prokaryotes. The observed spatial organization of the symbiotic consortium of L. loyezae 391 

resembles that of free-living syntrophic consortia in granular sludge, where acetate-producing 392 

propionate/butyrate oxidizers and hydrogenotrophic methanogenic Archaea cluster together, 393 

acetoclastic methanogens are associated in their proximity, and carbohydrate fermenters 394 

producing propionate/butyrate and acetate form an outer layer42. Moreover, it was also 395 

demonstrated that this structure corresponds to the scenario when carbohydrates are fed to the 396 

fermenters42. When volatile fatty acids are added, the layer structure reconfigures into 397 

decentralized clusters, preserving the lower-level spatial relationships. Considering that L. loyezae 398 

feeds on small metazoans26, the global structure of the consortium can likely change during the 399 

different stages of digestion. It suggests that the metabolic interactions shape the spatial structure 400 

of the consortium, even at the level of a single host cell (Fig. 4). 401 

 402 

Ca. S. obsequens requires intimate proximity with a hydrogenotrophic methanogen, 403 

Methanobacterium sp., as fatty acid oxidation is endergonic without preserving the partial 404 

pressure of produced hydrogen at low levels43. Another possible hydrogen source can be the Ca. 405 

X. bifrons while performing fermentation, or Ca. M. pelomyxae, as there is experimentally 406 

proven “leakage” of hydrogen from a Methanothrix species44. The observed proximity of Ca. M. 407 

pelomyxae and Methanobacterium sp. (Fig. 2) can be partially explained by the exchange of 408 

carbon dioxide produced by Ca. M. pelomyxae, which is the main carbon source for 409 

Methanobacterium sp. (Fig. 4), or by their cooperation in the detoxification of sulfide. The main 410 

function of Ca. M. pelomyxae in the consortium is the sink for the produced acetate (Fig. 4), as 411 

Methanothrix has a high affinity to acetate and tolerates high acetate concentrations at the same 412 

time45,46. Ca. M. pelomyxae is thus a very effective acetate sink also for the carbohydrate-413 

fermenting Ca. X. bifrons and the host’s MROs, which are located on the periphery of the host 414 

cell. Besides acetate, Ca. X. bifrons is likely capable of propionate production from leucine 415 

degradation. MROs also generate acetate and, more importantly, propionate, which is the main 416 

substrate for Ca. S. obsequens (Fig. 4). Due to the absence of hydrogenase in the MRO, a 417 

partnership with a hydrogenotroph is not required. However, the constant removal of acetate and 418 

propionate as fermentation products is desirable. Thus, from the host’s perspective, the 419 

consortium primarily functions as a propionate sink (Ca. S. obsequens) and an acetate sink (Ca. 420 

M. pelomyxae), offering the host the most significant benefits (Fig. 4). 421 

The nature of the symbiosis of Ca. X. bifrons and the host is rather a form of energetic parasitism, 422 

while the potential benefits for the host from the interaction remain unclear. As the bacterium is 423 

generally localized relatively near MROs at the periphery of the host’s cytoplasm, the ATP-424 

scavenging remains the most likely strategy. Interestingly, the bacterium and MRO appear to be 425 

complementary in the degradation of branched-chain amino acids, valine and isoleucine in the 426 

MRO, and leucine in Ca. X. bifrons, respectively. This suggests at least a possibility for 427 
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metabolic flexibility, and also, limited mutualistic metabolite exchange cannot be excluded. We 428 

note that our analysis, although using combined methods, is based on only a few cells studied in 429 

detail (Figs. 1, 2 and Table S5) and several other cells examined using fluorescence methods. 430 

Still, we consider our interpretation to be the most parsimonious explanation of the given data 431 

within the context of the entire symbiotic consortium and contextual metabolic pathways and 432 

products of the individual organisms. 433 

 434 

CoA transferases are important enzymes that connect the entire community. At the same time, 435 

they are among the most difficult to interpret correctly. First, various authors have shown their 436 

substrate promiscuity47–49. Second, we lack experimental confirmations for many types of 437 

enzymes in eukaryotes, and the annotations in databases are often ambiguous. Based on our 438 

annotations and phylogenetic relationships of several types of CoA transferases (Fig. S2), we 439 

conclude that all four CoA transferases of Ca. M. pelomyxae are related to enzymes characterized 440 

in Fasciola hepatica and predicted as acetate CoA transferases with promiscuous CoA donors in 441 

succinate or propionate50 or with propionate as a possible acceptor49. Their likely function is to 442 

activate acetate to acetyl-CoA without ATP consumption, which would be advantageous when 443 

compared to the AMP-forming acetyl-CoA synthase. Another possible use is as an auxiliary 444 

supply of propionate for Ca. S. obsequens, since it uses a transferase from the same family, 445 

acetyl-CoA hydrolase/transferase family enzyme (ACH1), in which propionate or butyrate serves 446 

as the acceptor of CoA, while acetyl-CoA or possibly succinyl-CoA acts as the donor. We 447 

hypothesize that it is the only way to activate short fatty acids encoded in its reduced genome. 448 

The activation of propionate has been experimentally confirmed for the related acetate-producing 449 

species, Smithella propionica, co-cultured with a methanogen, Methanospirillum hungatei51. CoA 450 

transferases of L. loyezae and SIVAB ciliate cluster with those of other ciliates (Fig. S2). 451 

Nevertheless, the characterization of the enzyme in ciliates remains unclear. Based on 452 

experiments carried out in the anaerobic ciliate Nyctotherus ovalis (Armophorea), the CoA 453 

transferase behaves as succinate CoA transferase with acetate as CoA donor, so-called ASCT; 454 

however, it is not closely related to the ASCT 1B or 1C known from other anaerobic protists (Fig. 455 

S2)52. Automated annotators classify it mostly as 3-ketoacid CoA transferase, which is likely 456 

inaccurate, or the enzyme is promiscuous on the donor and acceptor side. We follow the 457 

experimental results on ASCT of T. brucei, which is closely related to the ciliate ASCT in our 458 

analysis, and interpret the enzyme in a broad functional sense, i.e., as succinate CoA transferase 459 

with promiscuous donors, acetyl-CoA and propionyl-CoA, i.e., producing acetate and propionate 460 

48. We are aware that the assumed substrate promiscuity of ASCT in the predicted MRO can only 461 

be verified experimentally, which is currently impossible not only for Legendrea but also for 462 

many other ciliate lineages. 463 

 464 

We conclude that anaerobic spathidiids have lost their mitochondrial genome, similarly to the 465 

class Plagiopylea. Their MRO metabolism does not require a hydrogenase, making them unique 466 

among known anaerobic ciliates. The discovery of a novel anaerobic MRO in ciliates decouples 467 

canonical hydrogenase-based metabolism from core anaerobic energy conservation in the MRO. 468 

The main or exclusive prey of L. loyezae are multicellular gastrotrichs, and the ciliate harbors at 469 

least four stable prokaryotic symbionts. Altogether, the high completeness and careful manual 470 

annotation of essential metabolic genes provide strong support for the hypothesis of the symbiotic 471 
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consortium presented here. This is further corroborated by complementary metabolic capabilities 472 

based on transcriptomics and metagenomics, spatial distribution analysis, and ultrastructural 473 

details of the community. Our results demonstrate that single-cell imaging and omics methods are 474 

highly relevant for making in-depth metabolic predictions even for complex symbiotic systems in 475 

rare host organisms. We analyzed the most complex symbiotic consortium in a protist to date, 476 

highlighting our limited understanding of symbiotic interactions in single-cell eukaryotes. For 477 

example, we described the first Legionellales bacterium adapted to an anaerobic lifestyle and the 478 

most reduced member of Syntrophaceae (also the first such reduced symbiont in an anaerobic 479 

protist). Overall, our results reshape our understanding of anaerobic mitochondria, protist 480 

symbioses, and their co-evolution. 481 

 482 

Materials and Methods 483 

 484 

Cell collection 485 

Cells of Legendrea loyezae and SIVAB were hand-picked with glass-drawn micropipettes from 486 

raw environmental samples (Table S5). Each cell was washed with distilled water and then either 487 

dispensed with the minimum amount of water, approximately 1 µl, into PCR tubes, which were 488 

stored at -20°C or -80°C for future processing, or fixed with 2.5% glutaraldehyde or 4% 489 

formaldehyde and consecutively processed for TEM, FIB-SEM, or FISH. 490 

 491 

Transmission electron microscopy 492 

Three cells of Legendrea loyezae were hand-picked with glass-drawn micropipettes, washed with 493 

MiliQ or distilled water, and fixed in 2.5% aqueous glutaraldehyde overnight. The cells were 494 

washed and post-fixed in 1% osmium tetroxide overnight, stained in 2.5% uranyl acetate for 2 495 

hours, and washed. All the washes were done with distilled water. Posteriorly, the cells were 496 

dehydrated in an ethanol series: 50%, 70%, 80%, 90%, 96%, and 100% (×3) ethanol, followed by 497 

ethanol:acetone (1:1) and acetone (100% ×3). Each cell was embedded in low-viscosity resin 498 

(SPI-PON Araldite kit #02635), first in a solution 2:1 of acetone:resin for two hours, then in fresh 499 

100% resin (×2) and left to degas in a vacuum chamber overnight. Embedded cells were 500 

polymerized at 60 °C for three days. Two of the polymerized cells were sectioned in an 501 

ultramicrotome (50-70 nm thickness) with an ultra 45° diamond knife (DiATOME, Nidau, 502 

Switzerland). Ultrathin sections were mounted on formvar-coated slot grids and observed in a 503 

transmission electron microscopes JEOL JEM-1230R and JEOL JEM-1011 (JEOL, Tokyo, 504 

Japan). 505 

 506 

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM)   507 

The third block, containing the third embedded cell, was mounted on a stub using two-part 508 

conductive silver paint (Electron Microscopy Sciences, Pennsylvania, USA) and sputter-coated 509 

with platinum. The samples were imaged in a Helios NanoLab 650 FIB system (FEI, Eindhoven, 510 

The Netherlands), where 50-nm slices were milled with Ga ions at an acceleration voltage of 30 511 

kV and a current of 9.4 nA. The remaining block face was then imaged with an electron current of 512 

1.6 nA at 1.5 keV acceleration voltage at a dwell time of 6 μs using the through-the-lens 513 

backscatter-electron detector (TLD-BSE). The frame size was 6144 x 4096 pixels with a 122.88 514 

μm horizontal field of view. 515 
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 516 

FIB-SEM data segmentation  517 

Symbionts and MROs were segmented using ilastik v1.4.053 using the two-step auto-context 518 

pipeline. Predicted segmentation was exported as probabilities and exported to Microscopy Image 519 

Browser v2.901054, where the segmentation was checked and cleaned of artifacts. Other 520 

organelles were segmented in MIB using manual segmentation with interpolation and 521 

thresholding tools. Volumes of the models were calculated using 4/6 connectivity in MIB, then 522 

exported as .tif masks and converted to .ply models (Decimation factor 0.5) and rendered in 523 

Blender v3.5. Finally, models of each symbiont were split into single objects, and distances were 524 

calculated using 500 vertices from the surface of each symbiont to the closest point of the cell 525 

surface or other symbiont surface. 526 

 527 

Spatial statistical analysis 528 

Nearest-neighbor (NN) interactions between symbionts were analyzed from FIB-SEM 529 

reconstructions using two complementary null models. For each focal–target pair, we calculated 530 

the median log-transformed NN distance and the “winner fraction,” defined as the proportion of 531 

focal cells for which that target was the closest of the three alternatives. 532 

To test significance, we first applied a row-wise random-label permutation test, in which target 533 

labels were shuffled 10,000 times within each focal cell, thereby preserving the observed 534 

geometry, abundances, and crowding55. This produced null distributions of both statistics under 535 

the assumption of no species-specific pairing. 536 

As a second benchmark, we implemented a complete spatial randomness (CSR) null by uniformly 537 

placing the observed numbers of each symbiont inside a three-dimensional ellipsoid with the 538 

same volume as the host cytoplasm (3.98 × 10⁸ pix³). For 1,000 Monte Carlo replicates, the two 539 

statistics were recalculated to obtain expected means, central intervals, and p-values56. 540 

All analyses were performed in R v4.4.1 (R Core Team, 2025) with a custom script 541 

(https://shorturl.at/Sg1MN). 542 

 543 

Fluorescence in situ hybridization 544 

Two cells of Legendrea loyezae strain MOKOT were fixed in 4% paraformaldehyde for 30 min at 545 

room temperature, washed with 1× phosphate-buffered saline (PBS) for 3 min, and mounted on 546 

glass slides. Two-step permeabilization of cells was performed prior hybridization: 1) using 547 

lysozyme from chicken egg whites (Sigma-Aldrich) solution (50 mM EDTA, pH 8.0; 100 mM 548 

Tris-HCl, pH 8.0; 10 mg/ml lysozyme) for 1 hour at 37 °C, then washed in 1x PBS for 3 min, 2) 549 

using 0.5% Triton X-100 for 30 minutes at room temperature, then washed in 1x PBS for 3 min. 550 

Hybridization was performed using cyanine 3-labeled oligonucleotide probe ARC915 (5’-551 

GTGCTCCCCCGCCAATTCCT-3‘) specific to all Archaea57. Hybridization was carried out at 46 552 

°C for 2 hours and 40 minutes with the formamide concentration of 40%. Slides were then 553 

washed in a washing buffer (20 mM Tris-HCl, pH 8.0; 5 mM EDTA, pH 8.0; 70 mM NaCl; 554 

0.01% SDS) at 48 °C for 15 minutes, then quickly washed in cold deionized water, and finally 555 

dipped in cold 96% ethanol. Air-dried preparations were mounted using Vectashield with DAPI 556 

(Vector Laboratories). Preparations were observed using a confocal microscope Leica TCS SP8 557 

(equipment of the Laboratory of Confocal and Fluorescence Microscopy, Faculty of Science, 558 
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Charles University). Multiple focal Z-plane images were stacked using the Z-stack tool in the Fiji 559 

distribution of ImageJ software. 560 

Double Labeling of Oligonucleotide Probes for Fluorescence in-situ Hybridization 561 

(DOPE_FISH)58 was conducted on one cell of Legendrea loyezae strain 7TL using the double 562 

labeled oligonucleotides ARC915 (Atto594), DELTA495a (5’-AGTTAGCCGGTGCTTCCT-3’; 563 

Atto488)59 with the unlabeled competitor compDelta495a (5'-AGTTAGCCGGTGCTTCTT-3')60 564 

and GAM42a (5’- GCCTTCCCACATCGTTT-3’; ATTO 550)61 with the unlabeled competitor 565 

Bet42a (5’- GCCTTCCCACTTCGTTT -3’). The cell was fixed in 2% paraformaldehyde 566 

(Electron Microscopy Sciences) for 10 minutes at RT on a 3 µm IsoporeTM polycarbonate filter 567 

(Merck Millipore). The filter piece was embedded in 0.2% metaphor agarose (Lonza) and 568 

hybridized in hybridization buffer containing 35% formamide and 5 ng μL-1 of each probe and 569 

competitor, respectively, for 4h at 46°C. The filter was then washed for 30 minutes in 35% 570 

washing buffer at 48 °C, followed by 10 minutes wash in phosphate-buffered saline at room 571 

temperature. The filter was counterstained with 1 µg mL-1 4′,6-diamidino-2-phenylindole (DAPI) 572 

for 10 minutes at 4 °C. Image stacks were recorded using a confocal laser scanning microscope 573 

(Zeiss LSM 780, 63× oil objective, 1.4 numerical aperture) and maximum intensity projected in 574 

the Zeiss Zen software. 575 

 576 

Whole genome and transcriptome amplification 577 

The metagenome of two cells of L. loyezae was amplified using REPLI-g Advanced DNA Single 578 

Cell Kit (QIAGEN) according to the manufacturer’s protocol, and debranched with T7 579 

Endonuclease (New England Biolabs, Massachusetts, USA). PCR-free libraries were prepared 580 

using the NEB Next Ultra II DNA Library kit for Illumina, and whole-genome shotgun 581 

sequencing (NovaSeqX) was performed at the OIST Sequencing section facility. 582 

The transcriptomes of three L. loyezae cells and three SIVAB ciliate cells were amplified using 583 

the adapted Smart-Seq2 protocol62. Library preparation and shotgun sequencing (Nextera XT, 584 

NovaSeqX) were performed by Macrogen. 585 

 586 

Genome assembly, annotation, and metabolic pathways prediction 587 

The quality of the raw reads from whole-genome sequencing was checked using FastQC 588 

v0.11.963. Bandage and BlobTools were used to previsualize and detect possible genomes64,65. 589 

Pair-end reads were assembled using SPAdes v4.0.0 with multiple k-mers (-k 590 

21,33,55,77,99,127)66.   591 

From the assembled metagenomic contigs, we identified sequences belonging to prokaryotes 592 

using the binning pipeline BASALT v167. Refinement sensitivity level was set to “deep”. From 593 

the final genomic bins, we extracted full-length 16S rRNA gene sequences using Barrnap v0.9 594 

(github.com/tseemann/barrnap) for identification and subsequent analysis68. Additionally, 595 

potential eukaryotic contigs were obtained from the assembly using Tiara v1.0.269, corroborated 596 

with Eggnog mapper70 and NCBI Blastx annotations, and manually refined to remove all possible 597 

bacterial and prey contaminants. 598 

The resulting MAGs of Ca. Methanothrix pelomyxae, Ca. Syntrophilus obsequens, and Ca. 599 

Xociella bifrons were annotated using PROKKA v1.14.6 in Galaxy server v371, using 600 

InterProScan v5.59-91.072, and EggNOG mapper70. Metabolic pathways were first visualized in 601 

KEGG73 and then manually refined. The genome fragment of Methanobacterium sp. was 602 
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extracted manually using a custom Blast search against proteins of M. movilense (KF186473.1) 603 

predicted in Prokka.   604 

 605 

Transcriptomics 606 

Illumina adaptors were removed using fastp v0.21.074. The quality of reads was checked with 607 

FastQC v0.11.963. The reads were pooled together, and one reference transcriptome was 608 

assembled de novo using SPAdes v4.0.066, and proteins were translated with TransDecoder 609 

v5.5.0. The completeness was assessed with BUSCO v5.8.0 against the alveolata_odb10 dataset 610 

with the metaeuk gene predictor75. 611 

 612 

MRO metabolic pathway prediction and protein phylogenetic analyses 613 

Transcripts of L. loyzeae were annotated using trinotate76, and protein localization was predicted 614 

with TargetP v2.077 and DeepLoc v2.178. The subset of transcripts predicted to be MRO-related 615 

was translated using Geneious software and searched against metagenomic (L. loyezae) and 616 

transcriptomic (SIVAB) datasets using BlastN. Sequence hits were manually inspected to collect 617 

homologous sequences. In parallel, published MRO proteomes of anaerobic and anaerobic 618 

ciliates6,7,23 were searched against metagenomic and transcriptomic datasets and compared with 619 

predicted proteins, or added to the dataset, respectively. The final dataset of MRO proteins was 620 

corroborated using NCBI BLAST and IQtree phylogenetic analysis to confirm homology and 621 

ciliate origin of the proteins. When a published dataset was not available, starting datasets were 622 

constructed by BlastP searches of a seed sequence against the NR protein database (max target 623 

seqs = 100) and UniProt (Ciliophora taxon restriction). Each protein dataset was aligned using 624 

MAFFT L-INS-i (default settings), trimmed using trimal (gappyout), and trees were constructed 625 

using IQ-tree v3.0.1 under the model LG+G4 with 100 ultrafast bootstraps for branch support. 626 

 627 

Phylogenetic analyses 628 

16S rRNA gene sequences of the four prokaryotic symbionts of Legendrea loyezae were extracted 629 

from their respective genomes or transcriptomes, and nucleotide datasets were built by retrieving 630 

close relative sequences from NCBI.  631 

18S rRNA gene sequences from L. loyezae and the undescribed spathidiid ciliate SIVAB were 632 

extracted from the respective metagenomes and metatranscriptomes. A dataset was built 633 

containing representatives of the class Litostomatea26 and the NCBI nucleotide database. 634 

The 16S and 18S rRNA gene datasets were aligned using the MAFFT G-INS-1 algorithm79 and 635 

trimmed manually at the ends. Phylogenetic trees were constructed by the maximum likelihood 636 

(ML) method under the GTR + I + Γ as the best-fit model by ModelTest-NG according to the 637 

Akaike Information Criterion80, and with 1,000 bootstrap pseudoreplicates for node support 638 

assessment. The ML analyses were performed in RAxML HPC v8.2.4. 639 

 640 

 641 
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 869 

Fig. 1. Symbiotic prokaryotic consortium in Legendrea loyezae. a-e DOPE FISH of signals of 870 

Ca. Syntrophilus obsequens (Deltaproteobacteria-specific probe in a), Ca. Methanothrix 871 

pelomyxae (archaeal probe in b), Ca. Xociella bifrons (Gammaproteobacteria-specific probe in c), 872 

and the host’s nucleus (DAPI staining in d), f, g Autofluorescence of clustered Methanobacterium 873 

sp. (arrowheads). h TEM showing spatial distribution of symbionts: Ca. Syntrophilus obsequens 874 

(blue), Ca. Methanothrix pelomyxae (red), Ca. Xociella bifrons (green), Methanobacterium sp. 875 

(yellow), and mitochondrion-related organelles (MROs; orange). i Localization of MROs in the 876 

periphery of the cell (orange arrowheads) close to the cell membrane (black arrowheads). j 877 

Ultrasctructure of the MRO without apparent cristae, but with double membrane (black 878 

arrowhead). Scale bars 10 µm (a-g), 2 µm (h, i), 0.5 µm (j). 879 
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 880 

Fig. 2. 3D FIB-SEM reconstruction of Legendrea loyezae symbiotic consortium. a Top view 881 

of whole cell reconstruction showing four symbionts, Ca. Methanothrix pelomyxae (red), Ca. 882 

Syntrophilus obsequens (blue), Methanobacterium sp. (yellow), Ca. Xociella bifrons (green) and 883 

oral basket (black). b Reconstruction including the mitochondrion-related organelle (purple). c 884 

Transverse section of the cell showing internal arrangement. d Close-up view of Ca. S. obsequens 885 

and Methanobacterium sp. e Ca. M. pelomyxae and Methanobacterium sp. f Boxplot showing the 886 

volumes of each symbiont. g Violin plot showing the pairwise distances between symbionts. 887 

Scale bars 10 µm (a-c), 1 µm (d-e). 888 
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 889 

Fig. 3. Phylogenetic placement and genomic characteristics of three syntrophic prokaryotes 890 

of Legendrea loyzae. a, e, i Maximum-likelihood 16S rRNA gene trees showing the phylogenetic 891 

positions of Ca. Syntrophilus obsequens (blue), Ca. Methanothrix pelomyxae (red), and Ca. 892 

Xociella bifrons (green). 100 % support is shown as a filled circle. b, f, j Distribution of Clusters 893 

of Orthologous Groups (COG) functional categories in each metagenome-assembled genome 894 

(MAG) compared with two closely related reference genomes. Circle size corresponds to the 895 

number of genes assigned to each COG category: information storage and processing (A–L), 896 

metabolism (C–Q), and cellular processes and signaling (D–Z). c, g, k Summary statistics for 897 
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each MAG: number of contigs (Cont.), estimated genome size (MB), number of coding sequences 898 

(CDS), GC content (GC %), completeness (Cp. %), and contamination (Co. %). d, h, l Venn 899 

diagrams showing the overlap of unique and shared orthologous clusters among related genomes 900 

used for each symbiont group comparison. COG category abbreviations: Information storage and 901 

processing – [A] Translation, ribosomal structure and biogenesis; [B] Transcription; [J] 902 

Replication, recombination and repair. Cellular processes and signaling – [D] Cell cycle control, 903 

cell division, chromosome partitioning; [Y] Nuclear structure; [V] Defense mechanisms; [T] 904 

Signal transduction mechanisms; [M] Cell wall/membrane/envelope biogenesis; [N] Cell motility; 905 

[Z] Cytoskeleton; [W] Extracellular structures; [U] Intracellular trafficking, secretion and 906 

vesicular transport; [O] Post-translational modification, protein turnover, chaperones. Metabolism 907 

– [C] Energy production and conversion; [G] Carbohydrate transport and metabolism; [E] Amino 908 

acid transport and metabolism; [F] Nucleotide transport and metabolism; [H] Coenzyme transport 909 

and metabolism; [I] Lipid transport and metabolism; [P] Inorganic ion transport and metabolism; 910 

[Q] Secondary metabolite biosynthesis, transport and catabolism. Poorly characterized – [R] 911 

General function prediction only; [S] Function unknown.  912 
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 913 

Fig. 4. Predicted metabolic network linking the novel mitochondrion-related organelle 914 

(MRO) of Legendrea loyezae and its four prokaryotic symbionts. Metabolic exchanges and 915 

redox interactions are inferred from genomic annotations of Ca. Xociella bifrons (green), Ca. 916 

Methanothrix pelomyxae (red), Ca. Syntrophilus obsequens (blue), Methanobacterium sp, 917 

and host MRO. (yellow). Dashed arrows mark uncertain or incomplete pathways; white arrows 918 

denote predicted metabolite exchange. Black arrows – internal pathways; white arrows – 919 

metabolite exchange; solid line – predictions well-supported in annotations; dashed line – 920 

uncertain predictions. Abbreviations: PFOR (Pyruvate:ferredoxin oxidoreductase); Hnd 921 

(Hydrogenase, NADH-dependent); TrxB (Thioredoxin reductase); NiFe Hyd ([NiFe]-922 

hydrogenase); SulfR (Sulfide reductase); F₁F₀ ATPase (ATP synthase); H⁺-Ppase (Proton 923 

pyrophosphatase); Ack/Pck (Acetate kinase / Phosphotransacetylase); ACT (Acetate-CoA 924 

transferase); ACS (Acetyl-CoA synthetase); ACD (Acyl-CoA dehydrogenase); THIO (Thiolase); 925 

EtfAB (Electron transfer flavoprotein); FNR (Ferredoxin–NAD⁺ reductase); Fpo (F₄₂₀H₂ 926 

dehydrogenase); HdrABC (Heterodisulfide reductase complex); FrhB (F₄₂₀-reducing 927 

hydrogenase subunit B); MtrAH (Methyltransferase); MtrEBCDGF (Membrane 928 

methyltransferase complex); MP (Methanophenazine or related electron carrier); SulfD (Sulfide 929 

dehydrogenase).  930 
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 931 

Fig. 5. Predicted metabolic pathways of the novel type of mitochondrion-related organelle of 932 

Legendrea loyezae. The MRO retains anaerobic carbon- and amino-acid metabolism centered on 933 

PDH (pyruvate dehydrogenase), ASCT (acetate:succinate CoA-transferase), and SCS (succinyl-934 

CoA synthetase), complemented by OGDH (2-oxoglutarate dehydrogenase), FH (fumarase), 935 

FRD (fumarate reductase), MDH (malate dehydrogenase), PEPCK (phosphoenolpyruvate 936 

carboxykinase), PPDK (pyruvate phosphate dikinase), and ME (malic enzyme). Amino-acid 937 

degradation involves ALDH (aldehyde dehydrogenase), IBDH (isobutyrate dehydrogenase), 938 

ECHS (enoyl-CoA hydratase), MMSDH (methylmalonate semialdehyde dehydrogenase), 939 

HIBADH (3-hydroxyisobutyrate dehydrogenase), ACOT (acyl-CoA thioesterase), ACAT 940 

(acetyl-CoA acetyltransferase), PRODH (proline dehydrogenase), P5CDH (pyrroline-5-941 

carboxylate dehydrogenase), GDH (glutamate dehydrogenase), and AAT/AST (alanine/aspartate 942 

aminotransferase). Cytosolic glycolytic enzymes – GK, GPI, TPI, PFK, ALDO, GAPDH, 943 

PGK, PGM, ENO, and PK – exchange metabolites with the organelle through SLC (solute 944 

carrier) transporters. Protein import is mediated by TIM17, TIM50, and HSP70/HSP60/HSP90 945 

(heat-shock proteins) in the absence of a canonical TOM (translocase of the outer membrane), 946 

and precursor proteins are processed by MPP (mitochondrial processing peptidase). The 947 

organelle retains IscS (cysteine desulfurase), IscU (scaffold protein), and Grx5 (glutaredoxin-5) 948 

for Fe–S cluster biogenesis, with Atm1 (ABC transporter) predicted to export Fe–S cluster 949 

intermediates to the cytosol. Minimal antioxidant defenses are represented by SOD (superoxide 950 

dismutase) and PRX (peroxiredoxin). Dashed arrows mark incomplete reactions; orange labels 951 

denote predicted metabolic outputs (malate, succinate, propionate). 952 
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