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Abstract

“Candidatus Fokinia solitaria” is an obligate intracellular endosymbiont of a unicellular eukaryote, a ciliate of the genus

Paramecium. Here, we present the genome sequence of this bacterium and subsequent analysis. Phylogenomic analysis confirmed

the previously reported positioning of the symbiont within the “Candidatus Midichloriaceae” family (order Rickettsiales), as well as

its high sequence divergence from other members of the family, indicative of fast sequence evolution. Consistently with this high

evolutionary rate, a comparative genomic analysis revealed that the genome of this symbiont is the smallest of the Rickettsiales to

date. The reduced genome does not present flagellar genes, nor the pathway for the biosynthesis of lipopolysaccharides (present

in all the other so far sequenced members of the family “Candidatus Midichloriaceae”) or genes for the Krebs cycle (present,

although not always complete, in Rickettsiales). These results indicate an evolutionary trend toward a stronger dependence on the

host, in comparison with other members of the family. Two alternative scenarios are compatible with our results; “Candidatus

Fokinia solitaria” could be either a recently evolved, vertically transmitted mutualist, or a parasite with a high host-specificity.
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Introduction

Bacterial endosymbionts that live within eukaryotic cells es-

tablish highly diverse relationships with their hosts, ranging

from mutualism to parasitism. Furthermore, obligate intracel-

lular endosymbionts, which have become host-dependent,

tend to experience reductive genome evolution

(McCutcheon and Moran 2011). Such phenomenon is ob-

served in bacteria with very different behaviors, from the in-

fectious pathogen Chlamydia (Nunes and Gomes 2014) to the

noninfectious, vertically transmitted mutualist Buchnera

(Shigenobu et al. 2000). In the case of mutualist bacteria,

especially for those that provide metabolites necessary for

the hosts’ survival, genomes can undergo extreme reduction,

pushing toward the limit of becoming an organelle—for

example, “Candidatus Tremblaya princeps” genome is

�139 kb, and the mtDNA of Reclinomonas americana is

�69 kb (Sagan 1967; Schwartz and Dayhoff 1978;

McCutcheon and Moran 2007, 2011). On the other side,

genomic shrinkage can occur also in infectious parasites or

pathogens, and, in this case, it can be considered a signature

of host specificity (Moran 2002; Dagan et al. 2006; B€aumler

and Fang 2013).

The order Rickettsiales encompasses intracellular bacteria

that infect highly diverse hosts. Rickettsiales, as most intracel-

lular bacteria, possess small genomes, however they do not

show extreme reduction. Their genomes are mainly in the

range of 1–1.5 Mb (Darby et al. 2007; Gillespie et al. 2012).

Most Rickettsiales show the capability to transfer horizontally,
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either as a part of their life cycle (Vaughan et al. 2012; Dumler

and Walker 2015; Schulz et al. 2016; Senra et al. 2016), or in

their recent evolutionary history (Epis et al. 2008; Gillespie

et al. 2012; Castelli et al. 2016). Some Rickettsiales are path-

ogenic to humans or other vertebrates (Dumler and Walker

2015; Thomas et al. 2016), while others have a strong inter-

dependence with their host (Comandatore et al. 2013; Nikoh

et al. 2014). However, often the relationships between

Rickettsiales and their hosts are not easily classified or are

yet to be explained.

“Candidatus (Ca.) Midichloriaceae” (hereafter

Midichloriaceae) is the most recently described family of the

order Rickettsiales (according to the definition by Szokoli et al.

2016a). Its members are widespread and live in association

with diverse hosts, including amoebae, ticks, corals, flagel-

lates, fish, and mammals (Montagna et al. 2013; Senra

et al. 2016; Szokoli et al. 2016b). However, only three

genomes, derived from two species, of the family are available

on databases (Sassera et al. 2011; Wang and Wu 2014a;

Schulz et al. 2016). “Ca. Fokinia solitaria” (hereafter, F. sol-

itaria), the first representative of a novel genus within the

family, was recently detected in the ciliate Paramecium sp.

collected from a wastewater treatment plant in Rio de

Janeiro, Brazil (Szokoli et al. 2016b). Ciliates are unicellular

eukaryotes that frequently harbor endosymbiotic bacteria

(Fokin 2004; Schweikert et al. 2013), including several

Rickettsiales (Castelli et al. 2016). Endosymbionts of ciliates

may entertain a wide range of relationships with their hosts,

including necessary mutualists (Vannini et al. 2012) and par-

asites (Kaltz and Koella 2003). Nevertheless, in most cases

the effect on host fitness has not been yet elucidated, al-

though in some conditions an apparent benefit for the host

was observed (Soldo and Godoy 1973; Kusch et al. 2002;

Bella et al. 2016). To gain insights on F. solitaria mechanisms

of interaction with the host and on the evolutionary and

ecological patterns of Midichloriaceae, we sequenced the

complete genome of this organism. Here, we present a set

of genomic analyses to compare the novel sequence with

other members of the family Midichloriaceae and the order

Rickettsiales.

Materials and Methods

Total DNA was extracted from a culture of Paramecium sp.

strain Rio ETE_ALG 3VII using a modified CTAB procedure

(Gustincich, et al. 1991). Prior to DNA extraction, cells were

starved for 2 days and filtered through eight layers of sterile

gauze before cell-harvesting via gentle centrifugation (Szokoli

et al. 2016b). After DNA quality check, sequencing was per-

formed using Illumina HiSeq 2500, to generate 14,783,394

150-nt paired-end reads. Reads were assembled using

SPAdes v3.9.0 (Bankevich et al. 2012; Nurk et al. 2013), and

the resulting preliminary assembly was subjected to the blobol-

ogy pipeline (Kumar et al. 2013), to select the putative

F. solitaria reads based on contig coverage, GC%, and taxon-

omy. The contigs belonging to the 100–1,000� coverage, es-

timated using Bowtie2 (Langmead and Salzberg 2012), and

>30 GC% on the blobology plot were thus selected (supple-

mentary fig. S1, Supplementary Material online). In parallel,

contigs outside this range were scanned to detect potential

signatures suggesting they could belong to the F. solitaria ge-

nome, performing a BLAST search using a database of

Rickettsiales genomes, and manually inspecting contigs show-

ing significant hits (e-value<10�5). In addition, the extracted

DNA was subjected to Pacific Biosciences Sequel sequencing,

obtaining 12,243,617 reads. All PacBio reads and the selected

Illumina reads were used to perform a second assembly step

using the software Unicycler (Wick et al. 2017). The softwares

Bandage (Wick et al. 2015) and BLAST were then used to man-

ually perform bioinformatic joins on the result of this second

assembly. The obtained genome was annotated using Prokka

(Seemann, 2014) followed by extensive manual curation.

A data set of 13 Rickettsiales and 4 outgroup organisms

was constructed (supplementary table S7, Supplementary

Material online), selecting all other available Midichloriaceae

genomes (n¼ 3), a similar number of Anaplasmataceae

(n¼ 5) and Rickettsiaceae (n¼ 4), more closely related

(n¼ 2) and more distant (n¼ 2) outgroups. The data set

was used to infer the phylogenetic position of F. solitaria

through two different approaches. In the phylogenomic ap-

proach, we identified conserved orthologs using OrthoMCL

(Li et al. 2003) (inflation value: 1.1; %identity cutoff: 30).

Subsequently, the orthologous protein sequences were

aligned using Muscle (Edgar 2004), polished with Gblocks

(Talavera and Castresana 2007) and used to build a phyloge-

nomic tree using the software RAxML (Stamatakis 2015), with

100 bootstraps (LGþ IþGþ F model inferred by using

ProtTest 3.4.2; Darriba et al. 2011, sorting models according

to AIC and BIC). In the conserved genes data set approach,

protein sequences of 24 highly conserved genes, previously

selected to give a stable phylogenetic signal were utilized

(Lang et al. 2013), aligned with Muscle and used to build a

phylogenomic tree using RAxML, with 100 bootstraps

(LGþ IþGþ F model inferred by using ProtTest 3.4.2, sorting

models according to AIC and BIC).

COGs of the available Midichloriaceae genomes were an-

notated using the NCBI COG pipeline (Galperin et al. 2015).

The identified COGs were compared and graphically reported

in a Venn diagram using the R software (R Core Team 2015).

Metabolic pathway analysis was performed using the

BioCyc and Pathway Tools suites (Karp et al. 2015; Caspi

et al. 2016). Presence of insertion sequences, prophages, se-

cretion systems, and secreted proteins was predicted using,

respectively, ISsaga (Varani et al. 2011), PHAST (Zhou et al.

2011), TXSScan (MacSyFinder-based; Abby et al. 2014),

SignalP (Emanuelsson et al. 2007), and TMHMM (Krogh

et al. 2001) (with default parameters) and comparing the

obtained results with the manually curated annotation.
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Results and Discussion

The complete genome of F. solitaria (fig. 1) is contained in a

single circular chromosome. With a size of 837,348 bp, this is

the smallest reported genome in the order Rickettsiales to

date (January 2018), slightly shorter than Neorickettsia sen-

netsu (859,006 bp) (Dunning Hotopp et al. 2006). Other par-

tial genomes, shorter than the genome of F. solitaria, are

published, but such sequences were estimated by the authors

to be incomplete (Martijn et al. 2015; Tully et al. 2016). The

main genomic characteristics of F. solitaria, including GC con-

tent and average gene length, are encompassed within the

range of Rickettsiales diversity. The genome contains just two

insertion sequences and a paucity of phagic sequences, again

characteristics similar to many other Rickettsiales genomes

(table 1 and supplementary table S1, Supplementary

Material online). On the other hand, although F. solitaria

presents the smallest genome in the Rickettsiales order, it

does not show features reported for highly reduced genomes,

such as very high coding density (often>92%) or overlapping

genes (Mira et al. 2001; McCutcheon and Moran 2011).

Therefore, F. solitaria should be considered at a similar stage

of genome reduction as the other Rickettsiales, and not at the

more extreme stage of reduction found in other endosymbi-

ont lineages.

Phylogenomic analyses were performed from a data set of

13 Rickettsiales genomes and 4 outgroup genomes (2

Holosporales, 1 Rhodospirillales, and 1 Caulobacterales).

Two sets of genes were retrieved, one encompassing 75

orthologs present in all taxa, another including 24 highly con-

served proteins (Lang et al. 2013). The two resulting trees

present identical topologies (fig. 2 and supplementary fig.

S1, Supplementary Material online). They are in agreement

with previous 16S rRNA gene phylogenies (Montagna et al.

2013; Senra et al. 2016; Szokoli et al. 2016b) and to recent

phylogenomic studies (Driscoll et al. 2013; Wang and Wu

2014b, 2015) in placing the Midichloriaceae as sister group

of the Anaplasmataceae, and in positioning F. solitaria within

the Midichloriaceae as early diverging respect to the

Midichloria and Jidaibacter clade. The branch leading to F.

solitaria is long in both trees, again consistent with the previ-

ously published 16S rRNA gene trees. This result provides ad-

ditional evidence to strengthen the hypothesis that F. solitaria

could be subjected to an accelerated rate of molecular evolu-

tion in relation to other Rickettsiales (Szokoli et al. 2016b). It is

tempting to speculate a correlation between the hypothe-

sized fast evolving nature of F. solitaria and its reduced ge-

nome size, possibly indicating an instance of the general trend

of fast evolution and high genome reduction of bacterial

symbionts, caused by genetic drift.

An ortholog search to compare the genome of F. solitaria

with that of the three other available Midichloriaceae

genomes revealed that F. solitaria possesses 32 COGs that

are not present in other genomes of the family (Venn diagram

representation in fig. 3). Some of these COGs are related to

functions that are putatively connected with host interaction,

but no clear complete pathway or structure was found (see

supplementary table S2, Supplementary Material online). A

total of 435 COGs are shared by all the considered

Midichloriaceae (supplementary table S3, Supplementary

Material online), while 208 orthologs are conserved in the

three other available Midichloriaceae genomes, but absent

in F. solitaria (supplementary table S4, Supplementary

Material online).

A detailed inspection of the ortholog comparison, and of

the F. solitaria genome repertoire, indicates that its predicted

metabolic capabilities are a reduced version of other

Midichloriaceae, consistent with the small genome size.

From the energy metabolism point of view, the main differ-

ence is the complete absence of the Krebs cycle. This is, to our

knowledge, a unique case among all Rickettsiales, even

though other members of the order possess an incomplete

Krebs cycle (Min et al. 2008). Nevertheless, some capability to

perform oxidative phosphorylation is retained (NADH: qui-

none dehydrogenase, cytochrome bd ubiquinol oxidase,

and ATP synthase complexes are present, but cytochrome c

reductase and oxidase complexes are not), likely exploiting

NADH derived from glycolysis. Genes for biosynthetic path-

ways are also scarce: just two amino acids (alanine and gly-

cine), some cofactors (biotin, folate, ubiquinone, Fe-S clusters,

and, partially, coenzyme A), and no nucleotides can be pro-

duced. Additionally, only partial methylerythrol phosphate

pathway for isoprenoid biosynthesis is present, while the

FIG. 1.—Graphical representation of the genome of Fokinia solitaria.

Circles, from the outermost to the innermost show, respectively, coding

sequences (CDSs) on the plus strand in light blue; CDSs on the minus

strand in green; tRNAs in orange and rRNAs in fuchsia; the GC skew,

positive in green, negative in purple. Position 1 was arbitrarily set as the

start of the dnaA gene.
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pentose phosphate pathway is likely absent (only one gene of

the entire pathway appears to be present). The presence of

two ATP/ADP translocases probably enables F. solitaria to

scavenge energy and nucleotides directly from the host.

Other Midichloriaceae are overall richer in such pathways,

especially in TCA cycle, cytochrome c oxido-reductases, non-

oxidative pentose phosphate pathway, amino acids (five

more) (Sassera et al. 2011; Wang and Wu 2014a; Schulz

et al. 2016). For what concerns cell structures, the genome

sequence indicates that F. solitaria is able to synthesize mem-

brane phospholipids and cell wall peptidoglycan. The capabil-

ity of producing acetyl-CoA, thanks to the pyruvate

dehydrogenase complex, is probably useful only for these bio-

synthetic pathways (since the Krebs cycle is missing), a situa-

tion possibly comparable to other endosymbionts of

Paramecium (Dohra et al. 2014). On the other hand, lipopoly-

saccharide (LPS) biosynthesis appears to be fully missing, dif-

ferently from other Midichloriaceae, but similarly to all

Table 1

Genomic Characteristics of Selected Members of the Order Rickettsiales

Organism GC % Genome Size (Mb) Predicted IS Number Coding Percentage Family

Fokinia solitaria 35.8 0.83 2 88.54 Midichloriaceae

Neorickettsia sennetsu 41.1 0.86 1 85.20 Anaplasmataceae

Neorickettsia risticii 41.3 0.88 1 85.08 Anaplasmataceae

Neorickettsia helminthoeca 41.7 0.88 1 87.49 Anaplasmataceae

Wolbachia wOv 32.1 0.96 7 72.42 Anaplasmataceae

Rickettsia prowazekii 29 1.11 6 77.12 Rickettsiaceae

Rickettsia typhi 28.9 1.11 0 75.95 Rickettsiaceae

Ehrlichia chaffeensis 30.1 1.18 0 77.84 Anaplasmataceae

Midichloria mitochondrii 36.6 1.18 109 79.17 Midichloriaceae

Wolbachia wMel 35.2 1.24 138 87.41 Anaplasmataceae

Rickettsia rickettsii 32.5 1.27 7 82.86 Rickettsiaceae

Wolbachia wNo 34 1.30 136 88.31 Anaplasmataceae

Rickettsia australis 32.3 1.30 34 83.40 Rickettsiaceae

Anaplasma marginale 49.8 1.47 0 70.15 Anaplasmataceae

Anaplasma phagocytophilum 41.6 1.50 0 69.62 Anaplasmataceae

Rickettsia bellii 31.6 1.52 47 85.93 Rickettsiaceae

Jidaibacter acanthamoeba UWC8 34.8 1.62 19 89.21 Midichloriaceae

Rickettsia endos. Ixodes scapularis 33.3 1.82 547 90.56 Rickettsiaceae

Orientia tsutsugamushi 30.4 2.13 537 79.15 Rickettsiaceae

Jidaibacter acanthamoeba UWC36 33.7 2.37 0 80.31 Midichloriaceae

NOTE.—Organisms ordered according to the increasing size of the genome. Fokinia solitaria is reported in bold. Minimum and maximum values of each column are underlined.

FIG. 2.—Phylogenomic tree showing the relationships between selected members of the order Rickettsiales, and four outgroup genomes. Tree was

obtained from an alignment of 75 orthologous proteins analyzed with RAxML with 100 bootstraps. Bootstrap values are shown above each node. Scale bar

stands for estimated sequence divergence.
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members of the family Anaplasmataceae, where this trait is

supposed to confer a specific advantage, probably helping to

evade host defense mechanisms (Lin and Rikihisa 2007). This

condition is, on the other hand, also found in mutualists such

as Buchnera (Shigenobu et al. 2000), and could suggest a

convergence in pathway loss in strongly reduced genomes.

A rich set of membrane transporters appears to be present

in the genome of F. solitaria (such as ATP-binding cassette and

major facilitator superfamily), and could complement meta-

bolic deficiencies enabling direct uptake of small molecules

from the host. The presence of multiple secretion systems

(supplementary table S5, Supplementary Material online)

and putative secreted proteins (supplementary table S6,

Supplementary Material online), including an ankyrin repeat

protein, likely enables F. solitaria to establish and regulate

interactions with the host (Al-Khodor et al. 2010).

Surprisingly, many of these annotated proteins are typically

intracellular. On the other hand, among rickettsial species,

there is increasing evidence for the surface localization of

proteins that typically function in the bacterial cytoplasm or

periplasm, suggesting “moonlighting” functions on cell sur-

faces of divergent rickettsial species (Gillespie et al. 2015).

Genes coding for flagellar proteins were not detected in

the genome. While this result is in accordance with the elec-

tron microscopy observations of F. solitaria, it represents a

difference with the other members of the family

Midichloriaceae. All the three other available genomes, and

even the partial genome of the symbiont of Trichoplax adhae-

rens (Driscoll et al. 2013) code for flagellar genes, even

though to our knowledge no direct detection of flagellar

structures has been reported for these organisms.

Moreover, genes that are typically involved in host cell

invasion in several bacteria, such as pili or adhesins, are not

present in the F. solitaria genome, a feature consistent with

the available genome reports of the other Midichloriaceae.

In summary, the small genome of F. solitaria shows the

absence of important genes in comparison with the other

Midichloriaceae (i.e., Krebs cycle, cytochrome c reductase

and oxidase, pentose posphate pathway, LPS, flagella, syn-

thesis of five amino acids), and the phylogenomic analyses

confirm a fast-evolving genome. These results clearly indicate

a stronger dependence on the host compared with other so

far sequenced Midichloriaceae. It must be noted that some

members of the two other Rickettsiales families also display

reduction of metabolic capability in a variable and lineage-

specific fashion, for example, Rickettsia spp. and Orientia tsu-

tsugamushi are extremely scarce in biosynthetic pathways

(Driscoll et al. 2017). In comparison to other metabolically

depleted Rickettsiales genomes, we can observe in F. solitaria

a different pathway specificity, which might be possibly re-

lated to differences in host organisms and interaction.

However, the effect of F. solitaria on the host and the dynam-

ics of transmission are unclear. The relatively higher genome

reduction could be compatible with a recently evolved, verti-

cally transmitted mutualist or, by contrast, with a parasite with

some degree of host specificity. Some genomic traits, such as

the absence of LPS biosynthesis and flagella, may support

both hypotheses, while others are in favor of either of the

two interpretations. For example, synthesized cofactors could

provide a beneficial effect to the host Paramecium. By con-

trast, the previously observed autophagosomal lysis of F. sol-

itaria by its host (Szokoli et al. 2016b) may indicate a parasitic

behavior of the bacterium, which is supported by the pres-

ence of genes coding for ATP/ADP translocases. Further com-

parative and experimental analyses may help to elucidate the

behavior of F. solitaria in Paramecium.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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