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Originality-Significance Statement 

Rickettsiales engage obligate relationships with eukaryotes and include human pathogens, 

reproductive manipulators of invertebrates, as well as many still poorly investigated intracellular 

bacteria in aquatic hosts. Phylogenetic relationships of Rickettsiales associated with diverse hosts 

are highly interwoven, i.e., with few exceptions, with no evidence of host-symbiont co-evolution. 

The herein characterised “Candidatus Sarmatiella mevalonica” is a novel Rickettsiales associated 

with Paramecium. “Candidatus Sarmatiella” presents the distinctive mevalonate pathway for the 

synthesis of isoprenoids, typical in eukaryotes but rare in bacteria. Additionally, we found genes of 

this pathway only in three metagenome-derived Rickettsiales assemblies. Accordingly, a scenario of 

multiple independent horizontal gene transfer events was delineated. We predict this pathway 

enables the bacteria to scavenge metabolic intermediates from the host, allowing to synthesise 

multiple key metabolites, and possibly also to obtain energy. 

Therefore, an enhanced scenario of the Rickettsiales plasticity is presented, in particular concerning 

the role of horizontal gene transfer. Moreover, this is a sharp example of evolutionary convergence 

which may offer a basis for re-evaluating the implications of convergence also for other more 

nuanced genetic and phenotypic traits along Rickettsiales evolution. 

 

Summary 

Members of the bacterial order Rickettsiales are obligatorily associated with a wide range of 

eukaryotic hosts. Their evolutionary trajectories, in particular concerning the origin of shared or 

differential traits among distant sub-lineages, are still poorly understood. Here we characterised a 

novel Rickettsiales bacterium associated with the ciliate Paramecium tredecaurelia, and 

phylogenetically related to the Rickettsia genus. Its genome encodes significant lineage-specific 

features, chiefly the mevalonate pathway gene repertoire, involved in isoprenoid precursor 



 

biosynthesis. Not only this pathway has never been described in Rickettsiales, it also is very rare 

among bacteria, though typical in eukaryotes, thus likely representing a horizontally-acquired trait. 

The presence of these genes could enable an efficient exploitation of host-derived intermediates for 

isoprenoid synthesis. Moreover, we hypothesise the reversed reactions could have replaced 

canonical pathways for producing acetyl-CoA, essential for phospholipid biosynthesis. Additionally, 

we detected phylogenetically unrelated mevalonate pathway genes in metagenome-derived 

Rickettsiales sequences, likely indicating evolutionary convergent effects of independent horizontal 

gene transfer events. Accordingly, convergence, involving both gene acquisitions and losses, is 

highlighted as a relevant evolutionary phenomenon in Rickettsiales, possibly favoured by plasticity 

and comparable lifestyles, representing a potentially hidden origin of other more nuanced 

similarities among sub-lineages. 
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Introduction 

 

Rickettsiales sensu stricto (Szokoli et al. 2016a; Muñoz-Gómez et al. 2019) are a large 

monophyletic lineage of bacteria living in obligate association with eukaryotic cells, highly 

variegated in host range and kinds of interaction (Perlman et al. 2006; Beckmann et al. 2019; 

Walker and Ismail 2008; Rihikisa 2010; Castelli et al. 2016). The vast majority of characterised 

cases replicate strictly intracellularly, with the significant exception of the recently described 

“Candidatus Deianiraea vastatrix” (Castelli et al. 2019a). Overall, Rickettsiales present rather 

flexible lifestyles, considering that they are not restricted to single host lineages, being able of 

horizontal switch even between rather different host species, as shown by direct evidence and by 

inference along their evolutionary history (e.g. Epis et al. 2009; Matsuura et al. 2012; Braig et al. 

1994; Modeo et al. 2020). This resembles other unrelated eukaryote-associated bacterial lineages, 

such as Chlamydiae and Legionellales (Horn et al. 2004; Duron et al. 2018). The plasticity of 

Rickettsiales is reflected also in their genome features, displaying only part of the paradigmatic 

traits of vertically transmitted obligate symbionts (McCutcheon and Moran 2012), in particular 

reduced size and streamlined metabolism. Alongside, they present relevant variability, for example 

in the genes involved in the interaction with the hosts (Walker and Ismail 2008; Rikihisa 2010; 

Martijn et al. 2015; Beckmann et al. 2019), as well as in some metabolic features (Dunning-Hotopp 

et al. 2006; Sassera et al. 2011; Driscoll et al. 2017; Castelli et al. 2019a). Such differences could 

be partly promoted by their lifestyle, allowing exposure to mobile genetic elements (phages, 

plasmids, transposons), in contrast to strictly vertically transmitted lineages. Such elements may be 

potential drivers of intragenomic recombination and of horizontal gene transfer (HGT) from 

external sources. Multiple reports describe specific HGT events in Rickettsiales, but the overall 

frequency and impact of such mechanisms in the evolution of the members of this order is not fully 



 

understood (Ogata et al. 2006; Nikoh et al. 2014; El Karkouri et al. 2016; Gillespie et al. 2012; 

Kent and Bordenstein 2010; Duplouy et al. 2013; Klasson et al. 2009; Wang and Wu 2017). 

Currently, there is wide consensus that the Rickettsiales ancestor (Proto-Rickettsiales) was most 

likely associated with an aquatic unicellular host (Vannini et al. 2004; Weinert et al. 2009; Ogata et 

al. 2006; Kang et al. 2014). However, many different open questions still remain to be elucidated on 

its physiological, metabolic and functional features, such as whether it was already intracellular, 

whether it possessed flagella and used them for motility and/or secretion, whether it was capable of 

anaerobic respiration, and which were its biosynthetic abilities (Sassera et al. 2011; Castelli et al. 

2019a). 

Many different lineages of Rickettsiales are currently known (over 30 described genera, new 

descriptions appearing every year), associated with phylogenetically and environmentally diverse 

hosts, and host and symbionts phylogenies are highly interwoven (Castelli et al. 2016, Matsuura et 

al. 2012; Epis et al. 2008; Gruber-Vodicka et al. 2019; George et al. 2020). However, to date only a 

minor part of such diversity was investigated by genomics. Indeed, most of our knowledge is 

derived from vector-borne pathogenic members, in particular Rickettsia spp. (Ogata et al. 2006; 

Walker and Ismail 2008; Driscoll et al. 2017; El Karkouri et al. 2016; Gillespie et al. 2012), and 

from Wolbachia. The latter displays peculiar interactions ranging from manipulation of host 

reproduction to necessary mutualism in its arthropod and nematode hosts (Taylor et al. 2005; 

Beckmann et al. 2019; Nikoh et al. 2014; Duplouy et al. 2013; Klasson et al. 2009). Some 

additional studies (Schulz et al. 2016; Floriano et al. 2018; Yurchenko et al. 2018; Gruber-Vodicka 

et al. 2019; Wang and Wu 2017; Klinges et al. 2019; Castelli et al. 2019a; George et al. 2020; 

Olivieri et al. 2019) provided relevant information on recent evolution of other Rickettsiales 

lineages and on the specific interaction mechanisms with their hosts, but the available insights on 

the evolution of the whole order are still limited. Indeed, general comparative analyses are strongly 

hampered by the relatively high evolutionary distance among available Rickettsiales genomes, 



 

making it difficult to discern the effects of different evolutionary events. In practice, it may be 

hardly possible to distinguish ancestral features derived from the Proto-Rickettsiales from the 

results of HGT events, especially if these are ancient enough, considering the high sequence 

evolutionary rates of Rickettsiales and multiple plausible scenarios of differential gene 

retention/loss patterns (Castelli et al. 2019a). Thus, extended taxonomic sampling and subsequent 

genomics will probably be a prerequisite for elucidating the evolutionary origin of many relevant 

traits of the evolution and diversification of Rickettsiales. 

Here, we present the morphological, phylogenetic and genomic characterisation of “Candidatus 

Sarmatiella mevalonica”, a novel Rickettsiales species found as endosymbiont of the ciliate 

Paramecium tredecaurelia, and first representative of a new genus belonging to the family 

Rickettsiaceae. This organism presents distinctive genomic and predicted metabolic traits, in 

particular the biosynthetic pathways of isoprenoids. This offers a useful model to approach the 

origin of some peculiar pathways in Rickettsiales, for which we propose and discuss a possible 

evolutionary scenario.



 

 

Results 

 

Characterisation of Paramecium tredecaurelia WO2 and its bacterial 

endosymbiont 

 

Strain WO2 was morphologically identified as a member of the Paramecium aurelia complex. 

Subsequently, molecular characterisation using three marker genes allowed to assign it by 

homology searches on NCBI Nucleotide to the species Paramecium tredecaurelia (Supplementary 

table S1). 

Preliminary live observations by DIC evidenced numerous and seemingly motile intracellular 

cytoplasmic bacteria in P. tredecaurelia WO2 cells (A. Potekhin, personal observation). 

An almost complete 16S rRNA gene (MT984300, 1,398 bp) was obtained by PCR with broad range 

primers and sequenced. Its best blastn hit on NCBI Nucleotide (release 237) was another 

endosymbiont of Paramecium, the Rickettsiaceae bacterium “Ca. Spectririckettsia obscura” 

(MH194582; 92.6% identity; 95% query coverage) (Castelli et al. 2019b). FISH with two newly 

designed specific probes in conjunction with broad range ones confirmed the presence of numerous 

symbionts inside the host cells (Fig 1; Supplementary figure S1), and excluded the presence of other 

different intracellular bacteria. The almost universal bacterial probe EUB338 had many (ten) 

mismatches with the 16S rRNA gene of the symbiont (data not shown), similarly to the closely 

related “Ca. Spectririckettsia obscura”, likely due to high sequence divergence (Castelli et al. 

2019b) and, consistently, produced no signal for the bacterium. 

According to electron microscopy observations, the symbionts of P. tredecaurelia measured about 

1.6 µm x 0.4 µm and showed the typical Gram-negative rod-shape, with two membranes spaced 

apart about 1.6 nm encircling a homogeneous cytoplasm (Fig 2a,b). Bacterial cytoplasm was 



 

 

slightly electron dense; no other structures were visible except abundant ribosomes (Fig 2a) and, 

occasionally, electron-lucid ‘‘holes’’ (diameter: ∼0.13 µm) (Fig 2c). According to their size and 

appearance, these “holes” possibly represent polyhydroxyalkanoate (PHA) granules (Sabaneyeva et 

al.. 2018; Chee et al. 2010). No flagella or pili were detected, but, as typical of Rickettsia and its 

relatives (Silverman et al. 1978; Lanzoni et al. 2019), an electron-lucid halo was found surrounding 

bacterial cells, which appeared in direct contact with host cytoplasm (i.e., no host symbiosomal 

membrane was observed) (Fig 2a), frequently located in proximity to host lipid droplets (Fig 2b). 

Some bacterial cells were observed inside areas delimited by single-layered, host-derived 

membranes in the vicinity of horseshoe-like cisterns resembling phagophores (Fig 2c). Although the 

majority of the internalised bacteria did not diverge in morphology from those free in the 

cytoplasm, some appeared highly degraded, but still recognisable by the presence of the typical 

encircling electron-lucid halo; this observation suggests that the membranous structures might 

indeed represent digestive vacuoles (i.e., autophagosomes). The irregular autophagosomes likely 

correspond to the symbiont aggregations observed in several Paramecium cells in FISH 

experiments (Fig 1b).  

 

Endosymbiont 16S rRNA gene phylogeny 

 

Phylogeny on the 16S rRNA gene produced overall consistent results for maximum-likelihood 

(ML) and Bayesian inference (BI) approaches (Fig 3; Supplementary figure S2) and with the 

literature (e.g. Yurchenko et al. 2018; Castelli et al. 2019a; Gruber-Vodicka et al. 2019). The four 

Rickettsiales families were all confirmed with high support, as well as their respective relationships, 

in particular Rickettsiaceae as sister-group of all other families. Additionally, a possible sister-group 

relationship of Anaplasmataceae and “Ca. Deianiraeaceae” is indicated, though with low support. 

As expected, the novel WO2 symbiont falls within Rickettsiaceae with “Ca. Spectririckettsia” as 



 

 

sister group (100 ML|1.00 BI). In turn, these symbionts form a monophyletic lineage together with 

members of other Rickettsiales genera - namely Rickettsia, “Ca. Trichorickettsia”, “Ca. 

Gigarickettsia”, and “Ca. Megaira” - associated with metazoans (Perlman et al. 2006) and 

unicellular organisms, including several ciliates (Castelli et al. 2016; Lanzoni et al. 2019). 

However, such grouping found only limited support, suggesting that further analyses will be 

necessary to fully resolve these phylogenetic relationships. Within the Rickettsia genus, the two 

expected main clades were found, namely clade 1, including bacteria associated with arthropods as 

symbionts (Perlman et al. 2006) or vector-borne pathogens (Walker and Ismail 2008), and clade 2, 

whose representatives are associated with arthropods as wells as aquatic organisms, e.g. leeches 

(Kikuchi and Fukatsu 2005; Pilgrim et al. 2017; previously termed “torix” group, Weinert et al. 

2009). 

Within Rickettsiaceae a large and highly supported (89 ML|1.00 BI) clade was identified, including 

all the previously mentioned lineages, as well as other quite well characterised organisms, such as 

the mite-borne pathogen Orientia (Min et al. 2008), and symbionts of ticks (Mediannikov et al. 

2014) and unicellular eukaryotes (Yurchenko et al. 2018; George et al. 2020). From here on, these 

will be referred to as “classical Rickettsiaceae”, while the remaining representatives of 

Rickettsiaceae, showing less resolved reciprocal phylogenetic relationships, and associated with 

ticks (Felsheim et al., unpublished [CP009217]), amoebae (Muñoz-Gómez et al. 2019) or 

environmentally-derived (Martijn et al. 2015), as “basal Rickettsiaceae”. 

The highest identity found for the 16S rRNA gene of WO2 symbiont (≤90%, with “Ca. 

Spectririckettsia”, Supplementary table S2), is significantly lower than the commonly accepted 

genus threshold 94.5% (Yarza et al. 2014), thus this bacterium can be considered as a representative 

of a novel genus; we named the new organism “Ca. Sarmatiella mevalonica” (from here on, 

Sarmatiella mevalonica), in reference to its geographical origin and predicted metabolism 

(Taxonomic description in Supplementary text S1). 



 

 

 

General genome features and phylogenomic analyses of the endosymbiont 

 

The final draft genome assembly of Sarmatiella consisted of 122 contigs (1,270,819 bp; 

N50=16,243 bp; L50=26; GC=38.0%), estimated to contain the whole genome sequence 

(Supplementary text S2). A total of 1202 genes were annotated (1163 CDSs, 34 tRNAs, one 

tmRNA, one RNAse P, and three rRNAs), accounting for 75.6% coding in total. Several insertion 

elements (296 transposase sequences, plus 41 among possible passenger and accessory genes) 

belonging to 12 families (in particular IS5 and IS630) were found (Supplementary table S3). Such a 

high number of repeated elements, the majority of which (182) within 500 bp from contig ends, can 

explain the fragmentation level of the genome assembly, consistently with the assembly graph 

structure (Supplementary text S2). Five phage-related CDSs were found, but no prophages were 

identified. 

Phylogenomic analyses confirmed the overall topology of the 16S rRNA gene phylogeny, besides 

providing more robust statistical supports (Fig 4; Supplementary figure S3). In detail, the four 

families of Rickettsiales and their relationship were confirmed with high support, as well as the 

monophyletic classical Rickettsiaceae (100 ML|1.00 BI), distinct from basal Rickettsiaceae. 

Sarmatiella forms a monophyletic clade with the Rickettsia genus (100 ML|1.00 BI), as other close 

relatives in the 16S rRNA gene phylogeny currently lack published genome sequences. The two 

main Rickettsia clades were confirmed as well. In addition, some unclear relationships in the 16S 

rRNA gene phylogeny appeared resolved, e.g. “Ca. Sneabacter” and “Ca. Phycorickettsia” being 

sister groups with high support (100 ML|1.00 BI), consistently with published phylogenomic 

analyses (George et al. 2020). 

 

Comparative genomic analyses 



 

 

 

A total of 663 unique COGs were identified in Sarmatiella (Supplementary table S4). Only nine of 

these are unique with respect to other Rickettsiales, among which, notably, four COGs (five genes) 

involved in the mevalonate pathway, which will be treated separately in detail (section “Isoprenoid 

synthesis and related pathways”). The function of the other five Sarmatiella-specific COGs 

(Supplementary table S4) is unclear, as only generically predicted and/or not confirmed by direct 

sequence comparison, thus they were not further analysed. Otherwise, most of the predicted 

functional and metabolic capabilities result similar to other members of Rickettsiales (592 COGs 

present in all the families), and specifically of family Rickettsiaceae (641 COGs) (Fig. 5; 

Supplementary figure S4; Supplementary table S5; Detailed metabolic comparison in 

Supplementary text S3). 

For the carbohydrate and energetic metabolism, Sarmatiella harbours a partial gluconeogenesis 

pathway, as other classical Rickettsiaceae do, as well as an almost complete non-oxidative pentose-

phosphate pathway. This is similar to most Rickettsiales, although the closely related Rickettsia 

clade 1 and Orientia lack this capability (Driscoll et al. 2017; Min et al. 2008). No pyruvate 

dehydrogenase is present, and only a partial Krebs cycle is retained (Fig. 5). Specifically, only the 

oxoglutarate dehydrogenase complex and the succinyl-CoA synthetase are present, which could be 

fuelled by deamination products of glutamine and glutamate, as in Rickettsia (Driscoll et al. 2017). 

Orientia genomes similarly display only partial gene sets for these pathways (Min et al. 2008), 

though less pronouncedly reduced. This similarity, given the respective phylogenetic relationships 

(Fig. 4), is likely an evolutionary convergence. Consistently, a minimal oxidative phosphorylation 

apparatus is present in Sarmatiella, namely NADH-quinone oxidoreductase, bd-like cytochrome-

ubiquinol terminal oxidase, and ATP synthase, while cytochrome c reductase and oxidase are 

absent, as in other Rickettsiales symbionts of ciliates (Floriano et al. 2018; Castelli et al. 2019a) and 

other protists (Yurchenko et al. 2018). This preferential conservation of the terminal oxidase, 



 

 

contrarily to other Rickettsiales (Dunning-Hotopp et al. 2006), could represent an adaptation to 

hypoxic conditions (Borisov et al. 2011). 

Predicted biosynthetic abilities of major cell membrane and cell wall components, i.e. 

phospholipids, peptidoglycan and LPS (lipopolysaccharide) are consistent with Rickettsia (Driscoll 

et al. 2017). On the other side, similarly in particular to other Rickettsiaceae, amino acid and 

nucleotide synthesis are scarce. As probable complementation for such deficiencies, four tlc 

nucleotide translocases are present, putative orthologs of the set of five in Rickettsia (except tlc3) 

(Andersson et al. 1998). 

Overall, the genome presents cofactor biosynthetic pathways similar to Rickettsia and other 

Rickettsiales, including those for lipoate, ubiquinone, folate, NADP (from NAD) and iron-sulfur 

clusters. In addition, Sarmatiella can synthesise NAD, a trait shared only with Occidentia 

(Mediannikov et al. 2014), while some members of other Rickettsiales families have only partial 

pathways. As most classical Rickettsiaceae and contrarily to basal Rickettsiaceae and other families 

(Dunning-Hotopp et al. 2006; Sassera et al. 2011), Sarmatiella is incapable of biotin synthesis, but 

a putative truncated biotin synthase pseudogene is present, possibly indicating a recent loss of the 

pathway. 

Finally, DNA repair capabilities are overall consistent with Rickettsiales, though, distinctively, for 

mismatch repair only mutS is present, possibly indicating an impaired mechanism. Interestingly, 

mismatch repair can work as an inhibitor of interspecies recombination (Matic et al. 1995), which 

may indicate that the Sarmatiella genome could be particularly permissive for horizontal transfer 

and recombination events, such as those hypothesised below. 

 

Isoprenoid synthesis and related pathways 

 

A novel distinctive feature of Sarmatiella among Rickettsiales are five mevalonate pathway (MEV) 



 

 

genes (Supplementary table S6). This pathway catalyses the conversion of acetoacetyl-CoA into 

isopentenyl-diphosphate (IPP), which can be converted into its isomer dimethylallyl-diphosphate 

(DMAPP) by the isopentenyl-diphosphate isomerase, a step shared also with other pathways (Fig. 

5). Both isomers are precursors of isoprenoids, e.g. the lipid anchor of quinones and peptidoglycan. 

MEV is typical in eukaryotes and Archaea, common in Gram-positive bacteria, but very rare in 

Gram-negatives, in particular Proteobacteria, which display the alternative MEP/DOXP pathway, 

capable of producing both IPP and DMAPP (Lombard and Moreira 2011; Hoshino and Gaucher 

2018). Thus, more thorough analyses were conducted on isoprenoid biosynthetic pathways among 

Rickettsiales. A substantially complete MEP/DOXP pathway was found in all Anaplasmataceae, 

“Ca. Midichloriaceae”, basal Rickettsiaceae, and in “Ca. Deianiraea vastatrix”. All these organisms 

lack idi gene (encoding isopentenyl-diphosphate isomerase), dispensable since the MEP/DOXP 

pathway can produce both IPP and DMAPP. Phylogenetic results are consistent with vertical 

inheritance of this pathway through the Proto-Rickettsiales from an alphaproteobacterial ancestry 

(Supplementary figure S5). 

The only gene related to isoprenoid precursors found among other classical Rickettsiaceae is the idi, 

specifically idi1 (for enzyme isoform 1), as in Sarmatiella, in Occidentia massiliensis and Rickettsia 

clade 2 (Mediannikov et al. 2014; Pilgrim et al. 2017; Wang et al. 2020), and idi2 (for enzyme 

isoform 2) in Rickettsia clade 1 (Driscoll et al. 2017). Thus, all the five MEV-specific genes were 

confirmed as unique of Sarmatiella among all Rickettsiales organisms. However, extending the 

search to Rickettsiales (metagenome-assembled genomes) (MAGs), we found that two of them, 

phylogenetically affiliated to “Candidatus Deianiraeaceae” (Fig 4), present the complete gene set 

for the MEV pathway including idi1, and a third one, belonging to basal Rickettsiaceae (Fig. 4), 

possesses, in addition to the complete MEP/DOXP pathway, a single MEV gene, i.e. 

hydromethylglutaryl-CoA reductase (hmgr). While Sarmatiella has isoform 2 (hmgr2), the three 

MAGs have isoform 1 (hmgr1). MEV genes in Sarmatiella are not grouped in operons, while a 



 

 

portion of them (three) form a putative operon in the two “Candidatus Deianiraeaceae” MAGs 

(Supplementary table S6). In single MEV gene phylogenies (Supplementary figure S6), among 

Rickettsiales only genes of very closely related organisms formed monophyletic groups, i.e. the six 

genes of two “Candidatus Deianiraeaceae”, and, respectively, the idi1 or idi2 of each of the two 

Rickettsia clades. All general tree topologies were poorly supported, preventing to accurately infer 

the evolutionary origin of each gene found in Rickettsiales. Compositional analyses of MEV genes 

showed consistence with the respective genome assemblies, showing no evidence of recent HGT 

(Supplementary table S6). 

Interestingly, the metabolism of PHA granules, present also in Rickettsia, “Candidatus 

Phycorickettsia”, basal Rickettsiaceae, and possibly “Candidatus Jidaibacter” (Driscoll et al. 2017; 

Yurchenko et al. 2018; Schulz et al. 2016; Muñoz-Gómez et al. 2019), shares an intermediate with 

the MEV pathway. PHA granules represent a carbon storage form, synthesised from acetyl-CoA 

through an acetoacetyl-CoA intermediate, which is indeed also the precursor of the MEV pathway, 

possibly representing a link between the two pathways. PHA granules are disassembled into 

acetoacetate, which can be then reconverted into acetyl-CoA. 

 

Protein secretion and host interaction apparatuses 

 

The available gene set putatively involved in protein secretion and interaction with the host of 

Sarmatiella is similar to Rickettsiaceae and Rickettsiales in general (Gillespie et al. 2015). In 

particular, the novel genome is equipped with Sec and Tat translocons, as well as with type I 

secretion system, and six OmpB/Sca-like type V secretion autotransporter beta-barrel proteins (Fig. 

5). The typical Rickettsiales type IV system is present with almost the same components as in 

Rickettsia, namely virB2, virB3, virB4 (two copies), virB6 (five copies), virB8 (two copies), virB9 

(two copies), virB10, virB11, and virD4 (Gillespie et al. 2016). However, no virB7 gene was 



 

 

identified, possibly due to high sequence variations (Gillespie et al. 2009), as observed in other fast-

evolving Rickettsiales (Castelli et al. 2019a). In addition, a second virD4 copy was found, shorter 

on its C-terminal. Interestingly, its best blastp hits on NCBI repositories are similarly short VirD4 

isoforms in the basal Rickettsiaceae bacterium “Candidatus Arcanobacter lacustris” (Martijn et al. 

2015) (having an additional full-length gene) and in some Rickettsiales MAGs, possibly indicating 

that these genes result from the same ancestral duplication. As hypothesized for other shorter 

isoforms of rickettsial type IV secretion apparatus (Gillespie et al. 2015), it may display regulatory 

functions. 

Although no flagella were observed in microscopy, several genes encoding for components of the 

flagellar apparatus were found. In detail, components of the basal body, rotor, stator, and the 

flagellar secretion system are present, but no key components of the motile organelle, i.e. flagellar 

filament (fliC), cap (fliD), or associated proteins were found (e.g. flgK, flgL, flgM). This condition 

reminds that of “Ca. Sneabacter namystus”, a classical Rickettsiaceae symbiont with highly reduced 

genome, for which, given the underlying homologies (Blocker et al. 2003), a role of the apparatus 

as solely type III secretion system was hypothesised (George et al. 2020). The main difference 

between the two organisms is that Sarmatiella also presents the flagellar hook (flgE). 

In general, the Sarmatiella genome encodes for several putative secreted effectors. These include a 

set of 40 signal peptide predicted proteins (Supplementary table S7), as well as 16 tetratricopeptide-

repeat containing proteins, representing potential interactors, and other proteins possibly involved in 

vacuolar escape, i.e. two hemolysin-like proteins, and a patatin-like protein (Walker and Ismail 

2008).  



 

 

Discussion 

 

 

In this work, we characterised and comparatively analysed Sarmatiella mevalonica, a novel 

Rickettsiales intracellular symbiont of the ciliate P. tredecaurelia, showing distinctive genomic and 

predicted functional features. Consistently with other Rickettsiales, its predicted metabolism 

indicates an obligate association with the host. Thus, in the absence of isolation in pure culture, it 

meets the requirements for the provisional Candidatus taxonomic status (Murray and Stackebrandt 

1995; Oren et al. 2020) (see Supplementary text S1 for taxonomic description). 

 

Many features of Sarmatiella, both in its morphology and its genome content, are consistent with 

Rickettsiales (e.g. Sassera et al. 2011; Dunning-Hotopp et al. 2006; Castelli et al. 2019a; Min et al. 

2007), and, specifically, highly comparable to Rickettsia (Silverman et al. 1978; Driscoll et al. 

2017; Gillespie et al. 2015). These include a prevalent cytoplasmic location, the absence of 

encircling host vacuoles, the presence of a surrounding electron-lucid halo, highly reduced 

biosynthetic pathways (especially for nucleotides and amino acids) coupled with many transporters 

to scavenge precursors from the host (including four tlc nucleotide transporters), and multiple 

secretion systems (including rickettsial type IV and OmpB/Sca-like autotransporter type V), 

involved in putative release of effectors to the host. 

Available data is too limited to reasonably infer the nature of the association, also considering that, 

while this is the first report of P. tredecaurelia harbouring symbionts, very few reports of this ciliate 

species exist at all (Przyboś et al. 2013). We could hypothesise that, considering the absence of 

clearly host-supportive traits in the genome, Sarmatiella could possibly be an intracellular parasite, 

as most Rickettsiales. The observation of some Sarmatiella cells inside putative host digestive 



 

 

vacuoles could support this hypothesis, suggesting some kind of autophagic defence mechanism by 

the host (Szokoli et al. 2016b). However, ciliates may employ autophagy to get energy supply even 

regardless of the presence of intracellular bacteria (Görtz and Fokin 2009). In any case, the 

relationship between Sarmatiella and its host might be more complex, similarly to what has been 

shown for some other bacterial symbionts of ciliates, which, besides clearly parasitic behaviours, 

also have beneficial or even protective effects under certain circumstances (Bella et al. 2016; Schu 

and Schrallhammer 2018; Schrallhammer and Potekhin 2020), including environmental stress 

(Duncan et al. 2010). 

 

Interestingly, the Sarmatiella genome presents significant peculiarities with respect to other 

Rickettsiales, in particular a distinctive gene set encoding for the flagellar apparatus and the unique 

presence of the MEV genes. 

The presence of flagellar genes in Sarmatiella is by itself worthy of attention, as recently they were 

found in many phylogenetically unrelated Rickettsiales (e.g. Sassera et al. 2011; Schulz et al. 2016; 

Martijn et al. 2015; Klinges et al. 2019; George et al. 2020). Although flagellar-driven motility was 

observed at least once (Vannini et al. 2014), the actual function of these organelles in the typically 

intracellular Rickettsiales is unclear, also considering that, in many representatives, including 

Sarmatiella, no flagella were actually observed. For this reason, given the underlying homologies 

with type III secretion systems (Blocker et al. 2003). an alternative/additional role in delivering 

effectors to the host was proposed (Sassera et al. 2011; George et al. 2020). In line with the latter 

hypothesis, while maintaining most core flagellar components, including the secretion apparatus, 

Sarmatiella lacks the extracellular ones that build up the functional motile organelle. Thus, the 

observed motility of Sarmatiella is unlikely to be driven by flagella, and further analyses will be 

necessary to clarify the underlying mechanism. Interestingly, the Sarmatiella set of flagellar genes 

is reminiscent of another Rickettsiaceae bacterium, “Ca. Sneabacter namystus” (George et al. 



 

 

2020). However, considering the closer phylogenetic relationship of Sarmatiella with the flagellated 

and motile “Ca. Trichorickettsia” and “Ca. Gigarickettsia” (Vannini et al. 2014; Sabaneyeva et al. 

2018), this could be the result of convergent evolution. 

The complete MEV gene repertoire is the most distinctive feature found in Sarmatiella. Indeed, this 

pathway, involved in the synthesis of the precursors of isoprenoids and common in eukaryotes and 

Archaea, is very rare in most bacterial lineages, including Proteobacteria (Hoshino and Gaucher 

2018; Lombard and Moreira 2011), and, to our knowledge, has never been described in 

Rickettsiales before. Nevertheless, the multi-step and carefully revised selective assembly procedure 

(Supplementary text S2), the gene phylogenies (Supplementary figure S6), the position in the 

assembled contigs, and the sequence composition (Supplementary table S6) allowed to confidently 

exclude that these genes originated from misassembly/assembly contaminations by the host (or 

other bacteria), allowing to reliably assign them to Sarmatiella. Basal Rickettsiaceae and members 

of the other three Rickettsiales families present the typical bacterial alternative MEP/DOXP 

pathway, while classical Rickettsiaceae lack both MEV and MEP/DOXP pathway. This common 

presence of MEP/DOXP genes, together with phylogenetic analyses, clearly indicates their vertical 

inheritance, and suggests that their absence in classical Rickettsiaceae is likely due to a lineage-

specific loss. Accordingly, classical Rickettsiaceae are host-dependent for IPP and DMAPP 

(Ahyong et al. 2019; Driscoll et al. 2017), though some of them are able to interconvert these two 

compounds with isopentenyl-diphosphate isomerase, absent in other Rickettsiales lineages, thus 

being a HGT candidate (Driscoll et al. 2017). Besides Sarmatiella, our analyses identified a 

complete MEV gene set also in two Rickettsiales MAGs, affiliated to “Ca. Deianiraeaceae”, and a 

single gene (hmgr1) in another basal Rickettsiaceae MAG (in addition to the MEP/DOXP). 

Phylogenetic reconstructions of MEV and idi genes of Sarmatiella, MAGs and classical 

Rickettsiaceae are poorly supported, consistently with fast sequence evolution and consequent high 

divergences, typical in obligatorily host-associated bacteria. Thus, similarly to other rare or unique 



 

 

genes in Rickettsiales (Sassera et al. 2011; Castelli et al. 2019a), a clear reconstruction of the 

evolutionary history of MEV genes is prevented. In particular it is not possible to unambiguously 

identify potential HGT events and putative donors. Nevertheless, especially taking into account the 

extreme rarity of this pathway in all Proteobacteria, the most parsimonious and reasonable 

reconstruction suggests that they were acquired through HGT event(s) from unknown sources, most 

likely rather anciently, considering low sequence identities with other organisms and compositional 

consistency with the respective genomes (Supplementary table S6). Given the not so robust 

phylogenetic signal and possibility of successive secondary losses, the precise timing and number of 

distinct acquisitions is unclear. Considering the lack of evidence, with few exceptions, of close 

relationship for the Rickettsiales MEV genes sequences (Supplementary figure S6), as well as the 

presence of different gene isoforms (e.g. hmgr2 in Sarmatiella and hmgr1 in the three MAGs, idi1 

and idi2 in each distinct Rickettsia clade), it seems likely that there could have been multiple 

distinct HGT events, tentatively up to six (Fig. 4). 

The functional significance of MEV in Sarmatiella and other Rickettsiales should be pondered. As 

the pathway is typical in eukaryotes, it could offer the chance of a host-symbiont exchange of 

pathway intermediates, engaging a deeper metabolic interplay. An obvious consequence could be a 

more efficient production of isoprenoids by the bacterium. Considering the overall predicted 

metabolic capabilities of Sarmatiella, another intriguing and non-mutually exclusive hypothesis 

could be delineated. MEV enzymes can also catalyse the reverse reactions, thereby enabling some 

bacteria to grow on mevalonate as sole carbon source (Siddiqi et al. 1967; Takatsuji et al. 1982), 

allowing, in conjunction with acetoacetyl-CoA transferase, the production of acetyl-CoA. 

Sarmatiella could be able to perform such reverse reactions, which, moreover, would be 

fundamental, as the sole putative route to acetyl-CoA production (Fig. 5), considering that the 

canonical path by pyruvate dehydrogenase is absent. Acetyl-CoA could be then used for 

biosynthesis of (phospho)lipids, while the Sarmatiella Krebs cycle is partial and does not require 



 

 

this compound. Produced acetyl-CoA could also be reversibly stored by the bacterium into PHA 

granules. In addition, reversed MEV reactions could provide reduced NAD(P)H, either representing 

an additional energy source or being directly involved in biosynthetic pathways (detailed in 

Supplementary text S3). Thus, the probable acquisition of MEV genes could have equipped 

Sarmatiella with a novel alternative way to efficiently exploit host metabolites, and, potentially, 

could even have been the “premise” for specific losses of otherwise “basic” pathways (pyruvate 

dehydrogenase and part of Krebs cycle) that would have become no more strictly required. 

Alternatively, Sarmatiella might be able to import acetyl-CoA directly from its host, just as Orientia 

(Min et al. 2008). In any case, since currently no transporter was identified for any of the 

hypothesised host-symbiont metabolite interchanges, it is not yet possible to clearly discern among 

the proposed hypotheses (or additional ones). 

As for the MEV in the Rickettsiales MAGs, its role is more elusive, considering the inherently 

lower quality information available on the respective organisms. Nevertheless, assuming a host-

association and the considerations above on the evolutionary history of those genes, it is reasonable 

to hypothesise a HGT-driven evolutionary convergent scenario, in which this pathway may enable 

novel advantageous metabolic interactions, possibly resulting in the production of acetyl-CoA from 

host-derived MEV intermediates. From a more general perspective, we must consider that among 

Proteobacteria MEV genes are rare and likely originated from HGT events as well (Lombard and 

Moreira 2011; Hoshino and Gaucher 2018), and that, at the same time, they are found in several 

eukaryote-associated bacteria (e.g. Legionella, Coxiella, “Ca. Liberibacter”) (Gottlieb et al. 2015; 

Gomez-Valero et al. 2011; Lin et al. 2011). This allows to speculate that similar advantages could 

hold at least for some of these organisms. 

A critical interpretation of the case of MEV genes from the perspective of Rickettsiales evolution 

and diversification offers additional intriguing insights. The numerous lineage-specific differences 

among Rickettsiales are themselves indicative of evolutionary plasticity. However, it is often hard to 



 

 

discern how these actually originated, i.e. identify single HGT, gene duplication, loss or 

rearrangement events, considering the limited phylogenetic signal (due to fast evolution) and the 

phylogenetically unbalanced set of genomes available (Castelli et al. 2019a). In this regard, MEV 

genes represent a precious example, because, contrarily to other cases, their rarity and patchy 

phylogenetic distribution all along Proteobacteria allow to confidently indicate them as HGT-

acquired. This constitutes a reliable basis to convincingly confirm the contribution of HGT events in 

evolutionary plasticity and diversification of Rickettsiales. Thus, even in such a lineage of strictly 

host-associated bacteria, with relatively limited functional and metabolic background, an efficient 

and stable metabolic integration of horizontally-acquired features with pre-existing recipient 

features can occur. Moreover, along the same line of reasoning, multiple probable HGT events of 

MEV genes were evidenced among Rickettsiales, indicating an evolutionary convergence. 

Accordingly, the plasticity of Rickettsiales, together with their common ancestral background 

derived from the Proto-Rickettsiales, may be seen as permissive for convergent adaptations, and, 

possibly, even favouring them in the context of comparable lifestyles and hosts. It is worth to 

underline that evolutionary convergence in Rickettsiales was observed also as the result of gene 

losses, such as for part or the whole set of flagellar genes (e.g. present work, George et al. 2020; 

Floriano et al. 2018; Yurchenko et al. 2018). Under this perspective, the evolution of many other 

traits in Rickettsiales could have been more complex than expected, potentially following more 

evolutionary convergence paths than currently recognised, still nuanced or hidden by the high 

evolutionary and sequence distances. 

Overall, many different features of Rickettsiales and their evolution still need to be elucidated, with  

the scenario getting more complex the more data are collected on previously “neglected” lineages. 

We predict that deep genomic analyses from such novel and/or neglected lineages, as in case of 

Sarmatiella and several recent others (Sassera et al. 2011; Mediannikov et al. 2014; Pilgrim et al. 

2017), in particular those associated with aquatic hosts (George et al. 2020; Yurchenko et al. 2018; 



 

 

Klinges et al. 2019; Gruber-Vodicka et al. 2019; Castelli et al. 2019a; Floriano et al. 2018; Schulz 

et al. 2016), will offer a wider comparative perspective, for a better reconstruction of the 

evolutionary paths of Rickettsiales and the underlying genomic processes. Additionally, a better 

understanding of their interaction with the hosts, including through transcriptome analyses (see as 

examples Yang et al. 2016; Gruber-Vodicka et al. 2019; Pirritano et al. 2020; Midha et al. 2020), 

may significantly contribute as well, providing validated functional grounds for comparative and 

evolutionary inferences.



 

 

Experimental procedures 

 

Host isolation, cultivation, and in vivo observations 

Paramecium tredecaurelia strain WO2 was isolated from a sample collected from an effluent of 

post-treated wastewater in Orenburg, Russia (51.766236, 55.036390) in September 2015. It was 

maintained at 18°C inside a Sanyo climatic chamber (Osaka, Japan), and fed once in a fortnight 

with lettuce medium inoculated with Enterobacter aerogenes. 

All live observations were performed using Differential Interference Contrast (DIC) with a Leica 

6000 microscope (Leica Microsystems, Wetzlar, Germany) equipped with a digital camera DFC 

500. Prior to observations, live cells were immobilised with the help of a mechanical 

microcompressor (Yan et al. 2014). The host was preliminarily identified as a species representing 

the P. aurelia complex according to morphological features. 

 

Molecular characterisation of host and symbiont 

Total genomic DNA was extracted using NucleoSpin Plant II (Macherey-Nagel, Germany) kit from 

approximately 100 Paramecium cells, as described previously (Lanzoni et al. 2016). All following 

PCR reactions were carried out with ExTaq polymerase and reagents (Takara, Otsu, Japan). Host 

was characterised by amplification and direct sequencing of 18S rRNA gene, cytochrome oxidase I 

(COI) gene, and complete ITS1-5.8S-ITS2, as previously described (Lanzoni et al. 2016). 

The 16S rRNA gene of the endosymbiont was amplified as previously described (Castelli et al 

2019a), and the product was directly sequenced using internal primers 16S R515ND, 16S F785ND 

(Vannini et al. 2004), and Sarmat_F343 (5’-GTTAGGAAGCAGCAGTG-3’), manuallydesigned on 

purpose exploiting the dedicated ARB package 6.0.6 function. 

 



 

 

16S rRNA gene phylogeny of the endosymbiont 

For the phylogeny on the 16S rRNA gene of the symbiont, its sequence was aligned with ARB 6.0.6 

(Westram et al. 2011) together with other 35 Rickettsiales, and six other Alphaproteobacteria as 

outgroup. The manually revised alignment was trimmed at both ends to the length of the shortest 

sequence, and, to remove hypervariable positions, only those where the most conserved base was 

present in at least 10% sequences were kept (1,385 total positions). Best substitution model was 

predicted with jModelTest 2.1.4 (Darriba et al. 2012) according to the Akaike information criterion, 

and ML and BI phylogenies were inferred as previously described (Lanzoni et al. 2019). 

 

Fluorescence in situ hybridisation 

FISH experiments were conducted following the protocol by Manz et al. (1992). A preliminary  

screening was carried out with the almost universal bacterial probe EUB338 (Amann et al. 1990) 

and the Alphaproteobacteria-targeted probe ALF1b (Manz et al. 1992). As EUB338 did not show 

any signal, a species-specific variant was designed using the newly obtained 16S rRNA gene 

sequence from the WO2 sample. The specificity of this and of an additional probe designed on a 

different region of the gene was tested in silico both on Ribosomal Database Project (RDP, Cole et 

al. 2013: rdp.cme.msu.edu: accessed in May 2020) and on SILVA rRNA database release 138 

(Quast et al. 2013) (), allowing 0 and 1 mismatches on each database (Supplementary table S8). The 

respective probe sequences were deposited on Probebase (Greuter et al. 2016). The formamide 

concentration was experimentally tested at (0%, 15%, and 30% w/v), and selected as optimal at 0%. 

All samples were observed under a Leica TCS SP5 confocal microscope. 

 

Ultrastructural characterisation 

Ciliates were prepared for observation under Transmission Electron Microscope (TEM) as 

described in Szokoli et al. (2016a). Briefly, cells were fixed in 2.5% glutaraldehyde and 1.6% 



 

 

paraformaldehyde in phosphate buffer (0.1 M, pH 7.4), with a post-fixation in 1.5% OsO4, then 

dehydrated at increasing percentages of ethanol solutions, and finally embedded in epoxy 

embedding medium (Fluka, BioChemika). Ultrathin sections were stained with uranyl acetate 

followed by lead citrate. Samples were observed using a JEM-1400 (JEOL Ltd., Tokyo, Japan) 

electron microscope. 

 

Symbiont genome sequencing and assembly 

In order to get DNA with minimal proportion of contaminants in a sufficient amount for genome 

sequencing, a whole genome amplification (WGA) was performed using QIAGEN Repli-G single-

cell kit from around five Paramecium cells as previously described (Serra et al. 2020), and 

sequenced with Illumina HiSeq X by Admera Health (South Plainfield, NJ, USA), obtaining 

44,434,254 2x150 bp read pairs. After a preliminary assembly of total reads with SPAdes 3.6.0 

(Bankevich et al. 2012), the contigs belonging to the endosymbiont were selected using the 

blobology pipeline (https://github.com/blaxterlab/blobology; accessed January 2021) (Kumar et al. 

2013), as described previously (e.g. Castelli et al. 2019a; Floriano et al. 2018; Detailed procedure in 

Supplementary text S2; Supplementary table S9). Briefly, contigs with log10 coverage higher than 

1.2 were selected, then, within this selection, those having a best megablast hit on Peniculida 

(which include Paramecium) were removed. After an accurate manual revision of this set, reads 

mapping to these contigs with Botwie2 2.2.6 (Langmead and Salzberg 2012) were separately 

reassembled. The assembly output was extensively manually examined and revised, in order to get 

the final genome assembly of the symbiont. Assembly completeness was further evaluated in 

comparison with other Rickettsiales with BUSCO 3 on a set of 221 conserved orthologs in 

Proteobacteria (Simão et al. 2015). 

 

Genomic analyses 

https://github.com/blaxterlab/blobology


 

 

The protein-coding and non-coding RNA genes in the WO2 symbiont genome were annotated using 

Prokka 1.10 (Seeman 2014), followed by manual curation by detailed inspection of blastp hits on 

NCBI nr and on Rickettsiales proteins. Putative secreted proteins were predicted with SignalP 5.0 

(Almagro Armenteros et al. 2019). Insertion sequences were predicted with IS finder (Siguier et al. 

2006), and prophages with and PHASTER (Arndt et al. 2016) with the respective web interfaces 

(https://phaster.ca/; https://isfinder.biotoul.fr/; accessed in May 2020). The obtained results were 

compared with the curated annotation. 

 

Phylogenomic analyses 

Phylogenomic analyses were performed on a previously determined curated set of 120 highly 

conserved orthologous proteins (Parks et al. 2018), adding the novel genome to a dataset of other 28 

representative Rickettsiales, including four MAGs, plus six other Alphaproteobacteria as outgroup. 

Ortholog sequences in the symbiont and in other organisms absent from the original dataset (Parks 

et al. 2018) were identified with GTDB-tk 1.1.1 (Chaumeil et al. 2020), and, as previously 

described (Castelli et al. 2019a), added to the original alignment with MAFFT 7.271 (Nakamura et 

al. 2018), keeping the originally aligned positions 34,747 positions selected by Parks and coauthors 

(2018) (--add --keeplength options) . Thus, the best substitution model was selected with ProtTest 

3.4.2 (Darriba et al. 2011), and ML and BI phylogenies were inferred, respectively, with RaxML 

8.2.4 (Stamatakis 2015) with 1000 pseudo-replicates, and with MrBayes 3.2.6 (Ronquist et al. 

2012) with three runs each with one cold and three heated chains, iterating until convergence (i.e. 

average standard deviation of split frequencies below 0.01) after 500,000 generations, applying 

25% burn-in. 

 

Metabolic prediction and comparison 

Reconstruction of the predicted metabolic pathways of the symbiont was performed employing 

https://phaster.ca/
https://isfinder.biotoul.fr/


 

 

BioCyc (Karp et al. 2019) and KEGG (Kanehisa et al. 2019) references (https://biocyc.org/: 

https://www.genome.jp/kegg/; accessed in July 2020), followed by manual inspection. Cluster of 

Orthology Groups (COGs) were identified using the NCBI pipeline on the 2014 release 

(ftp://ftp.ncbi.nih.gov/pub/COG/COG2014/data: Galperin et al. 2015). The COG repertoire was 

directly compared with 24 other Rickettsiales sensu stricto, in order to identify its peculiarities. 

 

Comparative analyses on isoprenoid synthesis genes 

All available Rickettsiales genome assemblies and MAGs (May 2020) were downloaded from 

NCBI. The GenBank annotation was used, or, when not available, a novel annotated with Prokka. 

The results of blastp queries of genes of the mevalonate pathway (MEV) from the WO2 symbiont 

and reference organisms (Hoshino and Gaucher 2018) on all Rickettsiales protein sequences were 

manually inspected. In the corresponding selected assemblies, rRNA genes were identified with 

barrnap 0.7 (Seeman 2013), and results were queried on NCBI nucleotide (release 237), to filter out 

chimeric assemblies that included sequences of non-Rickettsiales organisms. The remaining 

assemblies were analysed with BUSCO as described above, and only those with >50% conserved 

orthologs were retained (Supplementary table S10). 

All identified MEV genes - only a representative selection for isopentenyl-diphosphate isomerase 

(idi), common in Rickettsia - were added to the single-gene alignments by Hoshino and Gaucher 

(2018) with MAFFT (--add --keeplength options). Statistical comparisons were performed on the 

codon adaptation index (CAI) of the MEV genes of the symbiont and the selected Rickettsiales 

MAGs with respect to other CDSs of the respective assemblies with CAIcal 1.3 (Puigbo et al. 

2008). 

For the phylogeny of the MEP/DOXP (2-C-methyl-D-erythritol 4-phosphate/1-deoxy-D-xylulose 5-

phosphate) pathway, the seven reference Escherichia coli gene sequences were downloaded from 

BioCyc, and orthologs were identified by best blastp hits on selected Rickettsiales and 

https://biocyc.org/
https://www.genome.jp/kegg/
ftp://ftp.ncbi.nih.gov/pub/COG/COG2014/data


 

 

representative members of main proteobacterial lineages, as well as on Verrucomicrobia and 

Flavobacteria as outgroups (72 total organisms). Each ortholog was aligned with Muscle 3.8.31 

(Edgar 2004), polished with Gblocks 0.91b (Talavera and Castresana 2007), and all genes were 

concatenated together with an in-house perl script (1091 amino acid positions). 

For each alignment, after selection of the best substitution model with ProtTest, ML phylogeny was 

inferred with RAxML with 100 bootstrap pseudo-replicates. 

Data Availability 

Sequence data have been deposited in GenBank with the listed accession numbers. P. tredecaurelia 

WO2 partia1 8S-ITS1-5.8S-ITS2-28S: MT980797,  P. tredecaurelia WO2 partial cytochrome 

oxidase subunit I gene: MT989369, “Ca. Sarmatiella mevalonica” WO2 partial 16S rRNA gene: 

MT984300; “Ca. Sarmatiella mevalonica” WO2 genome: JACVVM000000000; WO2 Illumina 

shotgun sequencing reads: PRJNA662343. 
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Figure legends 

Figure 1. Fluorescence microscopy images of P. tredecaurelia WO2 cells. In (a) the cell was 

hybridised with the Sarmatiella-specific probe Sarmat_433 labelled with fluorescein-isothiocyanate 

(FITC; green signal) and with the almost-universal bacterial probe EUB338 labelled with Cy3 (red 

signal), and subsequently stained with DAPI (4′,6-diamidino-2-phenylindole; blue signal). In (b) the 

Paramecium cell was hybridised with the Alphaproteobacteria-targeted probe ALF1b labelled with 

FITC (green signal) and with the Sarmatiella-specific probe Sarmat_338 labelled with Cy3 (red 

signal), and stained with DAPI (blue). The cytoplasm of the ciliate cells (a, b) is populated by 

numerous Sarmatiella bacteria, coloured in green in (a), as they are not recognised by the EUB338 

probe due to many mismatches in the sequence (see Results section for more details), and appearing 

yellowish in (b), due to the combined signals of the alphaproteobacterial and the specific probe. In 

some cells, in particular (a), a high number of bacteria appear densely concentrated in clusters 

(white arrowheads), reminiscent in their shape of digestive vacuoles, and possibly corresponding to 

the membrane-delimited areas observed in electron microscopy (Fig. 2c). Scale bars: 25 μm.  

 

Figure 2. Transmission electron microscope images of Sarmatiella bacteria showing their 

intracellular localisation and ultrastructure. (a) Cross section through a Sarmatiella cell lying in the 

host cytoplasm, showing the two typical Gram-negative membranes and the surrounding Rickettsia-

like electron-lucid halo (black arrow). (b) A view through the host cytoplasm with three Sarmatiella 

cells sectioned at variable orientations. Bacteria are frequently localised in proximity to host lipid 

droplets (L). (c) Some bacteria are located in areas delimited by single-layered host membranes 

(black arrows). These areas possibly represent autophagic digestive vacuoles, as they are in the 

vicinity of horseshoe-like cisterns (C) resembling phagophores, and sometimes enclosed bacteria 

appear degraded (black arrowhead), although still maintaining their typical surrounding electron-

lucid halo. Occasionally, electron-lucid ‘‘holes’’ are visible inside the bacteria (white arrowhead).; 



 

 

according to their size and appearance, these might possibly represent polyhydroxyalkanoate (PHA) 

granules. Scale bars: 0,2 µm (a), 0,8 µm (b), 1 µm (c). 

Figure 3. Bayesian inference phylogenetic tree of selected members of the order Rickettsiales, 

based on 16S rRNA gene sequences. Numbers associated to each node represent bootstrap values 

inferred after 1000 maximum likelihood pseudo-replicates (obtained with the software phyML) and 

Bayesian posterior probabilities (values below 50|0.70 are not shown; full values in Supplementary 

figure S2). The novel Sarmatiella sequence characterised in this study is shown in bold. Members 

of classical Rickettsiaceae, basal Rickettsiaceae and the other three Rickettsiales families are 

evidenced by black lines on the right, while those of the two Rickettsia clades by dashed lines. The 

outgroup, composed by six other Alphaproteobacteria, is shown collapsed as a trapezoidal shape. 

“Ca.” is an abbreviation for “Candidatus”. The scale bar stands for estimated proportional sequence 

divergence. 

Figure 4. Bayesian inference phylogenomic tree of Rickettsiales based on concatenated alignment 

of 120 orthologous amino acidic sequences (Parks et al. 2018). Numbers associated to each node 

represent bootstrap values inferred after 1000 maximum likelihood pseudo-replicates (obtained with 

the software RaxML) and Bayesian posterior probabilities (Full trees in Supplementary figure S3). 

The novel Sarmatiella sequence characterised in this study is shown in bold. Members of classical 

Rickettsiaceae, basal Rickettsiaceae and the other three Rickettsiales families are evidenced by 

black lines on the right, while those of the two Rickettsia clades by dashed lines. The outgroup, 

composed by six other Alphaproteobacteria, is shown collapsed as a trapezoidal shape. The scale 

bar stands for estimated proportional sequence divergence. As indicated in the legend on the right, 

the presence of MEP/DOXP pathway (triangular shape), MEV (square shape) and idi genes 

(circular shape) is highlighted next to each organism. The numbers within squares and circles 

indicate the isoform of hmgr and idi present, respectively. The grey square indicates the presence of 

only a single MEV gene (hmgr1). Inferences on the ancestral gene repertoire in the Proto-



 

 

Rickettsiales, as well as on possible gains (+) and losses (-) in different Rickettsiales lineages, are 

shown along the tree. 

Figure 5. Schematic representation of the main metabolic and functional features of Sarmatiella 

mevalonica (Detailed description in Supplementary text S3). Features typically found in other 

Rickettsiales, but absent in Sarmatiella, are shown in red, with dashed lines. Among features present 

in Sarmatiella, solid back square boxes with capitalised text summarise multi-step pathways 

(evidenced in green if present in Sarmatiella), regular typeset indicate single compounds, italics 

indicate enzymes or transporters. Arrows stand for single enzymatic reaction (only selected enzyme 

names are reported), or links (as precursor or product) between a compound and a pathway, or 

between pathways sharing products and precursors. Bidirectional arrows stand for reversible 

reactions, arrows with bifurcations indicate two compounds as substrates/products of the same 

reaction, crossing arrows (e.g. for oxidative phosphorylation oxidoreductases) indicate the conjunct 

processing of two substrates into the respective products in the same reaction. Abbreviations (except 

universally used ones, e.g. ATP): MEV - mevalonate; MEP/DOXP -  2-C-methyl-D-erythritol 4-

phosphate/1-deoxy-D-xylulose 5-phosphate; T1SS: type I secretion system; T3SS: type III secretion 

system; T4SS: type IV secretion system; T5SS: type V secretion system; PHA: 

polyhydroxyalkanoate; PEP: phosphoenolpyruvate; LPS: lipopolysaccharide. The “?” next to the 

T3SS indicates the still hypothetical status for this additional/alternative function of the partial 

flagellar apparatus. 
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Anaplasma phagocytophilum str. HZ GCA_000013125.1

Ehrlichia ruminantium str. Welgevonden GCA_000026005.1

"Candidatus Neoehrlichia lotoris" str. RAC413 GCA_000964795.1

Wolbachia endosymbiont of Drosophila melanogaster GCA_000008025.1

Wolbachia endosymbiont of Onchocerca volvulus str. Cameroon GCA_000530755.1

"Candidatus Xenolissoclinum pacificiensis" L6 GCA_000512675.1

Neorickettsia risticii str. Illinois GCA_000022525.1

"Candidatus Deianiraea vastatrix" GCA_007993655.1

Bacterium UBA4311 from sheep gut metagenome GCA_002394665.1

Bacterium UBA4270 from sheep gut metagenome GCA_002395105.1

"Candidatus Midichloria mitochondrii" IricVA GCA_000219355.1

"Candidatus Aquarickettsia rohweri" GCA_003953955.1

"Candidatus Grellia incantans" GCA_009690945.1

"Candidatus Jidaibacter acanthamoeba" UWC8 GCA_000730245.1

Endosymbiont of Peranema trichophorum GCA_004210275.1

"Candidatus Fokinia solitaria" GCA_003072485.1

Rickettsia conorii str. Malish 7 GCA_000007025.1

Rickettsia bellii RML369-C GCA_000012385.1

Rickettsia endosymbiont of Culicoides newsteadi GCA_002259525.1

"Candidatus Sarmatiella mevalonica"

Orientia tsutsugamushi str. Boryong GCA_000063545.1

Occidentia massiliensis GCA_000309075.1

"Candidatus Phycorickettsia trachydisci" GCA_003015145.1

"Candidatus Sneabacter namystus" GCA_008189685.1

"Candidatus Arcanobacter lacustris" GCA_000970895.1

Endosymbiont of Amblyomma cajennense Ac37b GCA_000746585.2

Bacterium UBA6177 from hydrocarbon metagenome GCA_002422875.1

Bacterium 33-17 from planktonic bioreactor metagenome GCA_001897445.1

Endosymbiont of Stachyamoeba lipophora GCA_003932735.1
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