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Abstract
Endosymbiosis is a widespread phenomenon in the microbial world and can be based on diverse interactions between
endosymbiont and host cell. The vast majority of the known endosymbiotic interactions involve bacteria that have invaded
eukaryotic host cells. However, methanogenic archaea have been found to thrive in anaerobic, hydrogenosome-containing
protists and it was suggested that this symbiosis is based on the transfer of hydrogen. Here, we used culture-independent
genomics approaches to sequence the genomes of two distantly related methanogenic endosymbionts that have been
acquired in two independent events by closely related anaerobic ciliate hosts Nyctotherus ovalis and Metopus contortus,
respectively. The sequences obtained were then validated as originating from the ciliate endosymbionts by in situ probing
experiments. Comparative analyses of these genomes and their closest free-living counterparts reveal that the genomes of
both endosymbionts are in an early stage of adaptation towards endosymbiosis as evidenced by the large number of genes
undergoing pseudogenization. For instance, the observed loss of genes involved in amino acid biosynthesis in both
endosymbiont genomes indicates that the endosymbionts rely on their hosts for obtaining several essential nutrients.
Furthermore, the endosymbionts appear to have gained significant amounts of genes of potentially secreted proteins,
providing targets for future studies aiming to elucidate possible mechanisms underpinning host-interactions. Altogether, our
results provide the first genomic insights into prokaryotic endosymbioses from the archaeal domain of life.

Introduction

Endosymbiosis involves an intimate interaction between a
host cell and an endosymbiont. Endosymbiotic interactions
involving bacterial partners are plentiful, and are known to
have played key roles in several major transitions in the
evolution of cellular life on Earth, including the origin of
the mitochondria in eukaryotes [1–4]. Most studies

addressing the evolutionary processes that occur during host
adaptation have focused on systems that involve bacterial
endosymbionts in eukaryotic host cells. One of the few
examples outside this realm are the methanogenic archaeal
endosymbionts [5, 6] that reside in anaerobic protist hosts
[6], including anaerobic amoeba [7], parabasalids and cili-
ates [8]. These protists generally thrive in oxygen-deprived
environments and, as a result, their mitochondria have
evolved into anaerobic, hydrogen-producing organelles
known as hydrogenosomes [9, 10]. This system is thought
to be based on a syntrophic relationship between the host
and a methanogenic endosymbiont, which uses the hydro-
gen produced by the host’s hydrogenosomes [11, 12]. The
hosts, particularly large metopid ciliates like Metopus con-
tortus and Nyctotherus ovalis, benefit from the decrease in
partial hydrogen pressure in their cells [11, 12], and the
endosymbionts benefit from a guaranteed supply of
hydrogen, which they can utilize for energy production
through methanogenesis. While the endosymbionts may
also utilize formate [11], N. ovalis does not seem to produce
formate as one of its end products [13], and transcriptomic
analysis of both N. ovalis and M. contortus did not provide
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evidence for genes encoding pyruvate-formate lyase in
these species (Lewis et al., manuscript in prep.). Even
though these symbiotic systems were discovered in the
early 1990’s [5, 14, 15], only little is known about how
these archaea have adapted to living inside their ciliate host
cells. Here we used cultivation-independent approaches to
generate genomic data from the endosymbionts of the
anaerobic ciliates N. ovalis and M. contortus. A detailed
comparison of these endosymbiont genomes revealed that
these are in an early stage of adaptation towards endo-
symbiosis as evidenced by gene loss and pseudogenization
events. Furthermore, both endosymbiont genomes have
gained a significant number of genes encoding potentially
secreted proteins. These genes represent interesting targets
for future studies that aim to reveal potential mechanisms
underlying host-interactions. Our study provides the first
genomic insights into a prokaryotic endosymbiotic inter-
action involving an archaeon.

Results

The methanogenic endosymbionts of N. ovalis and
M. contortus

To gain more insights into the intracellular adaptations and
evolution of archaeal endosymbiosis, we sequenced the
genomes of the methanogenic endosymbionts of the ciliate
hosts N. ovalis and M. contortus (Fig. 1a and Suppl. Fig-
ure 1). N. ovalis cells were isolated from the hindguts of
Blaptica dubia cockroaches, and an anoxic M. contortus
enrichment culture was established from marine sediment
inoculants sampled near Dorset, UK (see Methods for
details). Sequencing of 16S rRNA gene amplicons from
lysed cells of both N. ovalis and M. contortus (Suppl.
Figure 2) confirmed the presence of Methanobrevibacter-
related endosymbionts in N. ovalis (hereafter referred to as
Methanobrevibacter sp. NOE, or ‘NOE’ for short), and of
Methanocorpusculum-related endosymbionts in M. con-
tortus (hereafter referred to as Methanocorpusculum sp.
MCE, or ‘MCE’ for short). Since both endosymbionts are
phylogenetically distantly related and emerge from within
clades of free-living methanogenic lineages (Fig. 1b, Suppl.
Figure 3 and 4), their intracellular lifestyle is inferred to be
the result of two recent and independent endosymbiosis
events. Transmission electron microscopy (TEM) revealed
that NOE cells form close associations with the hydro-
genosomes (Fig. 1d and Suppl. Fig. 6) and fluorescence
in situ hybridization (FISH) using endosymbiont-specific
probes show that the endosymbionts are distributed
throughout N. ovalis cells (Fig. 1e, Suppl. Video 1 and
Suppl. Fig. 9). The observed adjacent localization and tight
interaction between NOE endosymbiont cells and

hydrogenosomes is suggestive of a well-established endo-
symbiotic relationship, in which NOE cells have adapted to
an intracellular lifestyle that favours the transfer of hydro-
gen between NOE and hydrogenosomes. Within M. con-
tortus, we observe a similarly close association of the
endosymbiotic methanogen cells and the host hydrogeno-
somes. However, while the hydrogenosome-methanogen
complexes of N. ovalis appear interspersed throughout the
cell (Fig. 1c, d, Suppl. Video 1, Suppl. Fig. 5), the hydro-
genosomes (Fig. 1d, Suppl. Fig. 6) and methanogens
(Fig. 1d, f, Suppl. Video 2, Suppl. Fig. 6) in M. contortus
seem positioned more towards the outer membrane. Our
identification of hydrogenosomes and methanogens are
consistent with previous studies of both M. contortus
[15–17] and N. ovalis [5] ultrastructure. Although other
anaerobic protists exist that contain multiple species of
endosymbionts [18–20], no additional endosymbiotic
organisms could be identified neither in the cells of
N. ovalis nor in M. contortus based on FISH experiments
using a bacterial-specific probe (negative result not shown),
TEM images (Fig. 1c, d) or 16S rRNA amplicon sequen-
cing (Suppl. Figure 2).

In contrast to species of the Methanocorpusculum genus,
which are mainly found in aquatic environments (Suppl.
Fig. 4), the knownMethanobrevibacter diversity has a well-
documented association with mammalian intestinal systems
[21–23], including with humans [24, 25] (Suppl. Figure 3),
resulting in an increased effort to study the Methano-
brevibacter genus. As well as prokaryotes, the intestines of
ruminants and insects contain a variety of anaerobic ciliates
and protists that host intracellular methanogens [26, 27].
Therefore, given that many of the Methanobrevibacter
species detected from such environments are only char-
acterised based on their 16S rRNA genes (Suppl. Figure 3),
it is possible that some of them could be associated with
protists.

Cultivation-independent genomics of methanogenic
endosymbionts

We investigated whether we could observe any differences
in the degree of host adaptation at the genomic level
between the two systems. While isolation and even culti-
vation of methanogenic endosymbionts has been claimed in
previous studies [12, 28–31], conclusive evidence showing
that the isolated organisms are indeed the original endo-
symbionts, e.g. using in situ methods, has thus far been
lacking. Moreover, later studies of the same host organisms
identified different species of methanogens as the endo-
symbionts, and confirmed their findings using in situ oli-
gonucleotide probe hybridization methods [9, 21, 33]. We
therefore employed culture-independent approaches to
obtain genomic data for NOE and MCE. For NOE, a
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single-cell genomics approach was used in which we
extracted and enriched endosymbiont cells from multiple
N. ovalis host cells before sorting individual cells using
FACS. Whole-genome amplified (WGA) DNA stemming
from individual NOE cells were then identified by PCR-
amplification and sequencing of 16S rRNA genes before
pooling together for subsequent whole-genome sequencing
(see Methods for details). For MCE, we instead used a
genome-resolved metagenomics approach whereby multiple
M. contortus host cells were lysed and subjected to endo-
symbiont enrichment prior to bulk WGA and metagenomic
sequencing. After metagenomic assembly, contigs belong-
ing to the MCE genome were extracted using a combination
of metagenomic binning approaches (see Methods
for details). Both cultivation-independent approaches
resulted in high quality draft genomes for NOE and MCE.
Both genomes were estimated to be over 95% complete
(Suppl. Table 1), allowing us to make genomic inferences
about the intracellular lifestyle of the respective

methanogens and to identify potential host-adaptations at
the genomic level.

Methanogenic endosymbiont genomes undergo
pseudogenization

Compared to their free-living counterparts, neither the NOE
nor the MCE genome showed any significant reduction in
genome size (Suppl. Table 1). Whereas the genomes of
some bacterial endosymbionts have undergone extensive
reduction, especially in the obligate endosymbionts of
arthropods, where genome sizes in the range of 100–1000 kb
have been observed [33]. In other cases, genome reduction is
much less extreme, for example in Polynucleobacter neces-
sarius, the betaproteobacterial endosymbiont of the ciliate
Euplotes [34], whose genome is approximately as large as its
free-living relatives.

To investigate the genomic events potentially associated
with endosymbiosis, we performed an ancestral genome
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Fig. 1 The associations between anaerobic metopid ciliates and their
methanogenic endosymbionts, and their relationships to other organ-
isms. a A maximum-likelihood tree calculated using IQ-TREE inferred
from an alignment of ciliate 18S rRNA genes, showing the relationship
of M. contortus and N. ovalis to other ciliates. Host-associated ciliates
are marked with pink branches. b A maximum-likelihood tree calcu-
lated using IQ-TREE, inferred from an alignment of 57 concatenated
single-copy proteins genes from methanogenic archaea, showing the
relationship of MCE and NOE to their free-living relatives. The
bootstrap supports for both phylogenetic trees (a, b) are represented

with unfilled circles <50%, filled circles >50% and no circle >80%.
Branch scale bars represent the number of substitutions per site.
c, d Transmission electron microscopy (TEM) of N. ovalis (c) and
M. contortus (d) cells. The smaller electron dense bodies in M. con-
tortus (d) are likely mucocysts, as identified previously [18]. Examples
of hydrogenosomes in the TEM images are marked as ‘H’ and
endosymbionts are indicated with red arrows. e, f Confocal maximum
intensity projections of Z-stack images of N. ovalis (e) and M. con-
tortus (f) cells, fluorescently labelled with endosymbiont-specific oli-
gonucleotide probes MB and SYM5, respectively
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reconstruction of both archaeal endosymbiont genomes. In
both genomes we identified an increased number of gene
gain, loss, and duplication events in comparison to the free-
living congeners of the endosymbionts (Suppl. Table 2).
Further investigation revealed that many of these genes
were not genuine de novo gene gains and expansions, but
rather the remnants of genes undergoing pseudogenization,
and thus in the process of being lost. A detailed screen for
pseudogenized genes based on the comparison of all pre-
dicted endosymbiont genes against closely related sister-
species revealed that about 10% (187 genes) of the NOE
genes and about 5% (100 genes) of the MCE genes are
undergoing pseudogenization. The observed numbers of
pseudogenes in these endosymbiont genomes is much
higher to those observed in the genomes of their closest
free-living relatives (Suppl. Table 1). Accounting for these
pseudogenes, the coding density of the NOE genome (63%
protein coding content) is significantly lower than that of
other free-living members of the Methanobrevibacter genus
such as M. arboriphilus DH1 (72%) and M. ruminantium
(78%; Fig. 2a, Suppl. Table 1), which already have a
markedly lower coding density than other archaea. In fact,
the coding density recorded for the Methanobrevibacter sp.
NOE genome is lower than any other archaeal genome in
the NCBI RefSeq database (5th September 2017; Fig. 2a)
that has a unique species taxon ID. The MCE genome also
displays a low coding density of 78% protein coding genes,
which is lower than its closest free-living relatives Metha-
nocorpusculum labreanum and Methanocorpusculum
bavaricum (both 88%; Fig. 2a, Suppl. Table 1). The levels
of gene pseudogenization in both methanogenic endo-
symbionts is characteristic for the early reductive stages of
adaptation to an intracellular lifestyle [35]. The ancestral
reconstruction was then repeated with all of the
pseudogenes removed to recalculate gain and loss of gene
families by both endosymbionts (Suppl. Fig. 7 and Suppl.
Dataset 1). All inferences regarding gene flow discussed
below are drawn from this second, refined ancestral
reconstruction.

The functional annotation of the genes undergoing
pseudogenization in the two endosymbionts revealed that,
apart from a large number of genes with unknown func-
tions, many are involved in amino acid transport and
metabolism, cell motility, cell defence, and gene regulation
(Fig. 2b). While the overall pattern was similar in both NOE
and MCE, a larger number of pseudogenes was identified
for NOE. These functional patterns of endosymbiont
pseudogenes contrast with those observed for the closely
related free-living species, which have a more even dis-
tribution over all functional categories, with a slight over-
representation in transposones and prophages (Suppl.
Fig. 8). Interestingly, NOE has lost the ability to synthesize
cobalamin, as several genes comprising the biosynthesis

pathway were found to be missing, or pseudogenized
(Fig. 2c and Suppl. Dataset 1). We also noted that in the
genome of MCE, the cbiG gene encoding cobalt-precorrin
5A hydrolase was pseudogenized, indicating that cobalamin
biosynthesis is likely also impaired in MCE (Fig. 2c). Given
that cobalamin (or vitamin B12) is essential in the metha-
nogenesis pathway as part of cobalamin-dependent
methyltransferases [36], this indicates that the both endo-
symbionts possibly rely on an external supply of this vita-
min. Furthermore, we found that several genes of the
chorismate biosynthesis pathway were missing in the MCE
genome, and that several genes of the aromatic amino acid
biosynthesis pathways were pseudogenized or missing in
both endosymbiont genomes, indicating that these meta-
bolic pathways are likely impaired (Fig. 2c; Suppl. Data-
set 1). This idea is further supported by the fact that an
inspection of all proteins encoded by un-binned contigs of
the M. contortus metagenome did not reveal any proteins
that could represent the missing copies of these genes in
MCE. Similarly, the draft genomes of the free-living
methanogens Methanocorpusculum bavaricum and Metha-
nobrevibacter oralis appear to be missing several aromatic
amino acid biosynthesis genes (Fig. 2c). Although we
cannot fully exclude the possibility that these genes are
missing due to the incompleteness of these draft genomes
(Suppl. Table 1), it could also imply that these methanogens
are unable to biosynthesize aromatic amino acids. Most
Methanobrevibacter species generally thrive in nutrient-rich
environments, such as animal digestive tracts. M. oralis
[37], which was isolated from the human mouth-cavity in a
subgingival plaque [38], has the potential to obtain aromatic
amino acids from its local environment. Similarly, living
inside the anaerobic ciliate may provide the endosymbiont
with access to nutrients and vitamins either from the
eukaryotic host, or, in the case of cobalamin, from the
bacterial and archaeal cells ingested as food. The loss of
genes involved in the synthesis of cobalamin and aromatic
amino acids (tryptophan, tyrosine and phenylalanine;
Fig. 2c) strongly suggests that both methanogenic endo-
symbionts are dependent on their intracellular environment
for these nutrients. This is similar to insect bacterial endo-
symbionts, which have also often lost genes for cobalamin
biosynthesis [39]. One exception to this trend is the genome
of Hodgkinia cicadicola, which has likely has retained its
cobalamin synthesis pathway since it relies on the
cobalamin-dependent version (MetH) of methionine syn-
thase [39]. Most other insect endosymbionts, and the
archaeal endosymbionts presented here, use the cobalamin-
independent methionine synthase MetE (Suppl. Dataset 1).

At first glance, it appears that some of the pseudogenized
genes from the genomes of NOE and MCE could have
potentially disrupted core metabolic functions of these
organisms, like the methanogenesis pathway. For example,
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both the NOE and MCE genomes contain a pseudogenized
frhB gene (encoding coenzyme F420-reducing hydro-
genase), and the NOE genome contains pseudogenized

copies of hdrB and hdrC (encoding the B and C subunits of
heterodisulfide reductase). However, both endosymbionts
have also retained functional copies of these genes,

Fig. 2 Characterization of endosymbiotic genome reduction. a Due to
pseudogenization and gene loss both endosymbiotic genomes (marked
by red arrows) have the lowest coding densities of their respective
genera. b Both endosymbiont genomes show similar functional pat-
terns for genes undergoing pseudogenization. c Overview of presence
and absence of genes comprising the biosynthetic pathways for
cobalamin, chorismate and aromatic amino acids in the MCE and NOE
endosymbiont genomes relative to their closest free-living relatives.

Gene presence is indicated with grey circles, while gene absence and
pseudogenes are indicated by pink and purple circles, respectively.
Please note that gene absence could be the result of genome incom-
pleteness. Genes were classified as pseudogenes if a frameshift or
point mutation generated a truncated protein less than 75% of the
original protein length, and the gene was no closer than 1000 bp from a
contig edge (see Methods for details)
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indicating that only redundant copies of these genes have
been pseudogenized (Suppl. Dataset 1).

Apart from the loss of biosynthetic capacity in the NOE
and MCE genomes, both these organisms appear to have
lost genes involved in adhesion (pilus and flagellin genes),
cell surface modification (glycosyl hydrolases and S-layer
protein encoding genes) and transcription (transcriptional
regulator genes) (Fig. 3 and Suppl. Dataset 1). Furthermore,
we found that MCE lost genes involved in mobility (che-
motaxis genes) as well as genes encoding the CRISPR-Cas
system (see Suppl. Dataset 1 for details). The latter obser-
vation contrasts with most other known endosymbiotic
bacteria, which seem to have retained at least one copy of an
active CRISPR-Cas system [40, 41], possibly to control
excessive proliferation of genetic elements. Altogether, in
addition to the reduced metabolic capacity, the observed
patterns of functional loss can be interpreted as signatures of
adaptation towards the more stable environment provided
by the host cell [35].

Potential host-interaction factors

A genetic feature common in some bacterial endosymbionts
is the presence of genes encoding protein-protein interaction

motifs such as ankyrins, TPR/Sel1 and leucine-rich repeats
[42]. A search for the genes encoding these proteins in the
genomes of NOE and MCE showed that they were either
not enriched or, as in the case of TPR repeats, were actually
reduced in number in comparison to their free-living
counterparts (Suppl. Dataset 1). Bacterial intracellular
parasites are known to utilize diverse strategies to interact
with, invade and exploit their host cell including secretion
systems [43], proteins with repeat motifs (e.g. ankyrin
repeat motifs [44, 45]), and ADP/ATP translocases [46]. We
were unable to identify proteins commonly taken to be
hallmarks of the bacterial intracellular lifestyle, in the NOE
and MCE genomes. Hence, the interaction between these
archaeal endosymbionts and their host cells are unlikely to
be parasitic in nature, however they could potentially use
unidentified strategies or systems to enter and persist inside
anaerobic ciliates. This possibility is supported by a large
fraction of the proteins, encoded by gained genes in both
NOE and MCE genomes, showing either a predicted
secretion signal or a trans-membrane helix in the amino-
terminus of the protein sequence. We found that 60 (23%)
of the MCE gained genes and 77 (18%) of the NOE gained
genes encoded proteins that were potentially secreted
(Suppl. Table 4). This characteristic seems to represent a
common feature of the NOE and MCE genomes that may be
related to their shift from a free-living to an endosymbiotic
lifestyle. As these endosymbionts most likely employ novel
mechanisms for interacting with their host, such as selective
retention by the host cell and evasion of the phagocytosis
machinery, the enriched sets of putative secreted endo-
symbiont proteins represent promising targets for studies
aiming to elucidate potentially novel mechanisms under-
lying host-interactions in these organisms.

Discussion

Overall, we observed a relatively low level of potential
genomic adaptation towards an intracellular lifestyle in the
NOE and MCE genomes. This could be expected if the
endosymbionts were acquired relatively recently, and there
is evidence available to suggest that this could be the case.
Firstly, phylogenetic studies have provided evidence that
endosymbiotic methanogens and their anaerobic ciliate
hosts do not co-speciate [32, 47], suggesting that the
interaction between them is facultative in nature and that the
endosymbionts can regularly be replaced [11, 12]. In sup-
port of this, several ciliates, including M. contortus, have
been shown to survive when their endosymbionts were
removed by treatment with the methanogenesis inhibitor 2-
bromoethanesulphonate (BES), with little or no negative
affect on their growth rate and yield [16, 49]. In their
natural environments however, there could be a number of

Fig. 3 Functional patterns of gene gain and loss in archaeal endo-
symbiont genomes. Schematic overview of the main functional patterns
of gene gain and loss observed in the NOE and MCE genomes. Gained
genes encodes many proteins of unknown function and proteins that are
putatively secreted and represent possible host-interaction factors. Gene
loss and pseudogenization in MCE and NOE were functionally con-
vergent, with observed losses of genes involved in aromatic amino acid
metabolism, adhesion, cell surface modification and transcription (see
Suppl. Dataset 1 for details). Loss of genes involved in mobility and
CRISPR associated genes were specific to MCE, and of genes involved
in cobalamin biosynthesis specific to NOE
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possible mechanisms or causes to explain why ciliates lose
their methanogenic endosymbionts. One such explanation is
that, once acquired by the host cell, the methanogens are
subjected to the effect of Muller’s ratchet, due to their small
effective population size and limited opportunity for geno-
mic recombination [48]. As a result, the endosymbionts
would accumulate deleterious mutations, causing frequent
pseudogenization events and eventually resulting in
extinction. Alternatively, since the ciliates are not depen-
dent on their endosymbionts, it is possible that they could,
in some cases, relinquish them as a mechanism to adapt to
changing environmental conditions.

Despite evidence for possible cyclic loss and reacquisi-
tion of different methanogenic endosymbionts, there is data
to suggest that, at least for limited periods of evolution, the
associations with their ciliate hosts are stable. For example,
the endosymbionts of the M. contortus strain from the
present study, which was isolated in Dorset (UK), were
identified as being the same species of Methanocorpuscu-
lum as those from another M. contortus strain [14] isolated
more than 20 years earlier from a spatially distant site
(>1000 km) in Denmark [11]. Based on this, along with
similar observations from another anaerobic ciliate species
[50], it is likely that methanogenic endosymbionts in
anaerobic ciliates will exhibit genomic adaptations to their
intracellular lifestyles. In support of this, analysis of the first
genomes sequenced from methanogenic archaeal endo-
symbionts in the present study revealed an overall loss of
several biosynthetic capabilities, as well as the loss of cel-
lular functions, which are likely to be the direct result of
adaptation towards a more stable intracellular environment
provided by the ciliate hosts (Fig. 3). Furthermore, we
identified a pool of gained genes encoding proteins that are
likely to be secreted, and some of which might potentially
represent novel host-interaction factors. Future studies of
these factors might reveal details about the mechanisms
underlying selective retention in the ciliate host cell. Ulti-
mately, such studies might reveal why so few archaeal
lineages have established endosymbiotic interactions with
eukaryotes as compared to the plethora of such interactions
observed in the bacterial realm.

Methods

Ciliate isolation

Nyctotherus ovalis ciliates were isolated from the hindgut of
Blaptica dubia cockroaches via electromigration as pre-
viously described [51]. The cockroaches were obtained
from Cricket Express (Bohus, Sweden; http://www.
cricketexpress.se), kept in plastic boxes, and fed ad libi-
tum. Ciliates from the species Metopus contortus were

sampled in 2013 from a brackish lake in Poole Park, Dorset
(UK) (decimal degrees: 50.716155, −1.972559) and cul-
tured using N75S media (https://www.ccap.ac.uk/media/
documents/N75S.pdf), to which wheat grains were added,
in sealed vials flushed with N2 to maintain anoxic condi-
tions. Cells were isolated from the cultures by hand picking
using a drawn-out Pasteur pipette.

Electron microscopy

Isolated ciliates were fixed in ice cold 0.15M HEPES
(Sigma-Aldrich, CAS 7365-45-9), pH 7.4, with 2.5% glu-
taraldehyde (Sigma-Aldrich, CAS 111-30-8). Imaging was
performed by the Microscopy Imaging Center (University
of Bern, Bern, Switzerland).

Fluorescent in situ hybridization (FISH)

Endosymbiont species were identified by FISH using the fol-
lowing oligonucleotide probes designed to specifically bind to
regions of 16S rRNA: Methanocorpusculum-specific probe
(SYM5) (5′-CTGCATCGACAGGCACT) [14] and Methano-
brevibacter-specific probe (MB) (5′-CCGTTAAGGATGG-
CACT) (this study). An archaea-specific positive-control probe
(ARCH915) (5′-GTGCTCCCCCGCCAATTCCT) [52] (Suppl.
Fig. 9) and a negative-control probe (NONEUB/NON338) (5′-
ACTCCTACGGGAGGCAGC) [53] were also used in FISH
experiments. All probes were synthesised by biomers.net GmbH
and double-labelled with either 6-Fam, Cy3 or Cy5 fluorescent
dyes. Due to auto-fluorescence emitted from the sample at
emission spectra similar to 6-Fam and Cy3, only Cy5 could be
used to visualise endosymbionts of N. ovalis. Ciliate cells were
fixed in 4% paraformaldehyde at 4 °C and washed in PBS. Cells
of N. ovalis andM. contortuswere attached to gelatine or poly-L-
lysine coated slides, respectively. Sample dehydration, probe
hybridisation and washing were the same as described pre-
viously [54], except that formamide was removed from the
hybridisation buffer as its presence caused non-specific binding
of probes to samples. Therefore instead of using formamide, the
stringency of the hybridisation reactions was ensured by
increasing the hybridisation temperature according to the esti-
mated probe dissociation temperatures (Td), which were calcu-
lated as described by [52]. The Td of probe SYM5 was
calculated as 56.6 °C and the Td of probe MB was calculated as
54.2 °C. Probes were hybridised for 2 h at 2 °C lower than their
respective Td to ensure stringency. After washing, dried samples
were mounted with ProLong Diamond antifade mountant. Z-
sections were imaged using a confocal microscope (A1R,
Nikon) with a ×60/1.4 objective lens. Vertical z-stacks were
deconvolved using Huygens deconvolution software (Scientific
Volume Imaging) with empirically measured point spread
functions. Image projections were reconstructed using the pro-
gram Fiji (ImageJ).
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16S rRNA amplicon sequencing

Amplicons from washed and lysed M. contortus cells and
ciliate-free culture media, as well as washed and lysed N.
ovalis cells and hindgut extract filtered through a 5 µm
Minisart filter (Sartorius), were generated using universal
A519F [55] (5′-ACACTCTTTCCCTACACGACGCTCT
TCCGATCTNNNNNTACAGCMGCCGCGGTAA-3′) and
U1391R [56] (5′-GTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCTATACGGGCGGTGWGTRC-3′) primers
with a 5′ overhang containing Illumina sequencing primers.
An initial denaturation step was run at 94 °C for 2 min, fol-
lowed by 20 cycles of denaturation at 94 °C for 30 s,
annealing at 55 °C for 45 s and extension at 72 °C for 80 s. A
final extension was performed at 72 °C for 10min. A second
PCR reaction using forward (5′-AATGATACGGC
GACCACCGAGATCTACACXXXXXXXXACACTCTTT
CCCTACACGACG-3′) and reverse (5′-CAAGCAGAAG
ACGGCATACGAGATXXXXXXXXGTGACTGGAGTT
CAGACGTGTGCTCTTCCGATCT-3′) primers containing
barcodes (marked as ‘X’) and Illumina MiSeq adapters was
carried out using an initial denaturation at 95 °C for 15min,
followed by 10 cycles of denaturation at 95 °C for 20 s,
annealing at 61 °C for 30 s and extension at 72 °C for 80 s. A
final extension was performed at 72 °C for 7 min.

16S rRNA genetic diversity analysis

All sequences in the SILVA release 128 database classified
as belonging to the Methanocorpusculum or Methano-
brevibacter genera were downloaded. Sequences shorter
than 600 bp were removed, and remaining sequences were
clustered at 96% sequence similarity using VSEARCH [57].
Multiple sequence alignments were made using mafft-linsi
7.309 [58] and phylogenetic trees were constructed using
IQ-TREE with the following settings:

-bb 1000 -seed 123456 -m TESTNEW -mset GTR
The model selected for the Methanocorpusculum dataset

was GTR+ R3 and for the Methanobrevibacter dataset
GTR+ R5.

Endosymbiont enrichment

Isolated ciliates were cleaned from contaminating environ-
mental prokaryotes by seven cycles of centrifugation at
400×g for 1 min and replacement of electromigration buffer
[59] with filter-sterilized electromigration buffer (0.2 µm
Minisart filter, Sartorius). Purified ciliates were then left at
room temperature overnight to allow for digestion of pha-
gocytosed prokaryotes. Ciliates were mechanically lysed
using a sterile pestle. Enrichment for endosymbionts and
removal of ciliate nuclear DNA was performed by spinning
down lysed ciliates for 5 min at 400×g, thereby pelleting

nuclei and large cell debris. The supernatant was then
transferred to a new Eppendorf tube and centrifuged at
12,000×g for 5 min, and the supernatant was removed. The
pellet was re-suspended in 200 µl sterile PBS and cen-
trifuged at 400×g for 5 min to remove any remaining nuclei
or cell debris. The supernatant was consecutively filtered
through 5 µm Minisart filters (Sartorius) and 2.7 µm glass
microfiber GF/D filters (Whatman) and finally centrifuged
at 12,000×g for 15 min to pellet the endosymbionts [60].

Genome sequencing

The enriched endosymbionts from N. ovalis were sorted with
fluorescent activated cell sorting (FACS) and their DNA
amplified using multiple displacement amplification (MDA)
at the Single Cell Genomics Centre at Bigelow Laboratory for
Ocean Sciences (East Boothbay, ME, USA). A set of 19 sin-
gle amplified genomes (SAGs), positively identified as the
endosymbiotic archaea using PCR with endosymbiotic
specific primers (Forward: 5′-GGATGGGTCTGCGGCC-
GATT-3′, Reverse: 5′-CCCAGGCGGCGGACTTAACA-3′),
were selected and pooled together. Enriched endosymbionts
from M. contortus were MDA-amplified using a REPLI-g
Mini Kit (Qiagen) according to the manufacturer’s
instructions.

Illumina sequencing libraries were generated and
sequenced at the National Genomics Infrastructure
sequencing platforms at the Science for Life Laboratory at
Uppsala University. The library created from amplified
SAGs from N. ovalis endosymbionts were sequenced with
2 × 100 bp paired-end sequencing using the Illumina HiSeq,
and the M. contortus enriched endosymbiont library was
sequenced as 2 × 250 bp paired-end sequences on the Illu-
mina MiSeq. Sequencing primers were removed from read
pairs using SeqPrep [61] and low quality data was filtered
out using Trimmomatic [62], with the TRAILING:20 and
MINLEN:(80 for N. ovalis and 200 for M. contortus)
trimmers. A final screen for any remaining adapter
sequences was performed by aligning all reads to the NCBI
UniVec database using BLAST [63].

Genome assembly

The N. ovalis sequence data was assembled using SPAdes
3.5 [64] with k-mers 21,33,55,75, and the M. contortus data
using SPAdes 3.0 with k-mer values of 33,55,75,101. Both
assemblies were done using the parameters: –sc and
–careful. Assemblies were screened for any human or phiX
spike-in sequences by aligning the contigs against NCBI’s
nt database using BLASTn [63]. Contigs smaller than 1000
bp were removed. Homologues for all proteins from each
contig were identified using BLAST (using the NCBI nr
database and an e-value of 1 × 10−4. All contigs contained

2662 A. E. Lind et al.



at least 1 protein with best blast hit against Methano-
brevibacter indicating that they are not contaminating
contigs from other bacteria or archaea. All genome metrics
were calculated using Quast 2.3 [65] and completeness was
calculated with the in-house micomplete script [66], using a
custom database where marker genes not found in genomes
from the same genus (Methanobrevibacter and Methano-
corpusculum, respectively) were removed.

Metagenomic binning

All contigs from the M. contortus dataset were aligned with
BLAST against the genome of Methanocorpusculum lab-
reanum Z, and any contigs that showed homology to
M. labreanum Z with an E-value of 0 were used as a
training dataset in PhymmBL v4.0 [67] in order to identify
any remaining contigs. The endosymbiotic bin was verified
by using ESOM (Emergent Self-Organizing Maps) 1.1 [68]
using a minimum contig size of 2000 bp and maximum of
5000 bp. The output was overlaid with the bin from
PhymmBL and both analyses showed a full overlap.
Homologues for all proteins from each contig were identi-
fied using BLAST (using the NCBI nr database and an
e-value cut-off of 1 × 10-4). All contigs contained at least
1 protein with best blast hit against Methanocorpusculum
indicating that they are not contaminating contigs from
other bacteria or archaea.

Standard information for SAG and MAG quality

The standard information suggested by [69] that is required
for reporting SAG and MAG quality, as well as additional
metadata, is presented in Supplementary Table 5.

Genome annotation

Protein coding genes were predicted using Prodigal 2.5
[70]. Genes encoding ribosomal RNA were predicted using
RNAmmer 1.2 [71]. All predicted proteins were queried
against the non-redundant database of NCBI with an
E-value threshold of 10−4 using BLAST [63], and protein
domains were predicted using InterProScan 5.16.55 [72].
Each protein was assigned to either an existing arCOG or to
a newly created one, as described previously [73].

Absence of genes

Absent genes from key biosynthetic pathways were
screened for in the original M. contortus metagenome by
psi-blast of the relevant arCOGs against all proteins pre-
dicted in the metagenome. All hits were concatenated
together with the known arCOG sequences and aligned
using mafft-linsi [58] and trees were created using IQ-TREE

[74] with the following parameters: -seed 123456 -fast -alrt
1000 -m TESTONLY. The resulting trees were then
examined for any monophyletic groups between the pre-
dicted proteins of the metagenome and the species of the
same genus as the endosymbiont (Methanocorpusculum).

Pseudogene identification in endosymbiont
genomes

Pseudogenes were identified in several steps. Genes closer
than 1000 bp from a contig edge were excluded and never
annotated as true pseudogenes. A custom Perl script was
used to identify candidates, genes located next to each other,
where both shared their common best BLAST hit in the
closest relative genome (M. arboriphilus for NOE and
Methanocorpusculum labreanum in MCE). The NOE and
MCE contigs were aligned with BLAST (tblastx) to the
closest relative genome. Candidate pseudogenes were
visually inspected in ACT [75] and annotated as pseudo-
genes if they aligned to consecutive sections of the matching
gene. All genes which had a homologue in the closest
genome were also visually inspected and those which were
shorter than 75% of their homologue were annotated as
pseudogenes. Genes that had no homologue in the closest
relative genome were aligned to all proteins from genomes
in the same genus and marked as pseudogene if their top hit
had an expected value less than 1e−4 but were shorter than
75% of the top hit, and manually verified. For verifying that
any stop codons in the annotated pseudogenes were not
assembly artefacts, all reads of the assembly were mapped
using bowtie2 [76] and inspected to verify that nonsense and
frameshift mutations were involved. To compare with
numbers of pseudogenes reported for the genomes of free-
living relatives, pseudogenes were also predicted using the
NCBI Prokaryotic Genome Annotation Pipeline (PGAP),
and any predicted pseudogenes within 1000 bp of a contig
edge were ignored (also see below).

Selection of genome data for comparative analyses

For the comparative analyses, we decided to exclude partial
genes at contig ends that had been automatically annotated as
pseudogenes (Suppl. Table 1). Furthermore, genomes pre-
viously sequenced using 454 and IonTorrent sequencing
platforms, which also appeared enriched for pseudogenes,
were discarded from any comparison following an investi-
gation into this issue (see below for details). Finally, we also
excluded the published genome from a supposed archaeal
endosymbiont from our analysis, which was cultured and
deposited in a culture collection, Methanobacterium for-
micicum [77] and was isolated from its host Pelomyxa
palustris. Since previous studies have failed to confirm that
this is the actual endosymbiont of this species [8, 20, 78]
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based on FISH, it seems more likely that this isolate was a
contaminating free-living methanogen. The fact that the 16S
rRNA gene sequence of M. formicicum was identical to
another cultured methanogen [8], which was supposedly
isolated from the ciliate Metopus striatus, and that both these
hosts happened to be isolated from the same aquarium
[12, 79], also lends credibility to this idea.

Homopolymer detection in free-living
methanogenic relatives

For all genomes from free-living members of Methano-
brevibacter and Methanocorpusculum sequenced using tech-
nologies known to have issues with homopolymer sequences
(≥3 identical nucleotides in a row; 454 and IonTorrent [80]).
20 ORFs annotated as pseudogenes were selected and aligned
using mafft 7.017 [58] to the closest homologues from other
free-living archaea (based on BLAST hits). Sites causing the
pseudogenization were manually inspected to verify whether
these were homopolymer sites. Genomes where a significant
(>80%) of apparent pseudogenization events corresponded to
homopolymeric sites were discarded from the analysis (as
indicated in Suppl. Table 1).

Identification of pseudogenes in free-living
methanogenic relatives

Genomes included in NCBI’s Refseq database have pseu-
dogenes automatically annotated by PGAP (Prokaryotic
Genome Annotation Pipeline). PGAP searches for truncated
proteins, but does not take contig edges into account, which
artificially inflates the number of pseudogenes. The number
of pseudogenes thus correlates with the number of contigs
in an assembly. In order to correct for this behaviour, we
discarded pseudogenes within 1000 bp from a contig edge,
as was done for the endosymbiont genomes. The pseudo-
genes were automatically annotated by identifying homo-
logues in species of the same taxonomic order via BLAST
(blastx), using a minimum query coverage of 50%,
sequence identity of 50% and e-value of 1 × 10−4.

Furthermore, to assess potential bias in the manual
pseudogenes detection in the endosymbiont genomes (see
above) compared to the automated detection in the genomes
of their free-living relatives, we also employed the auto-
mated PGAP method for the endosymbiont genomes. This
analysis revealed no strong deviation, and retrieved about
90% of the pseudogenes detected using the manual meth-
odology (data not shown).

Coding density

Gene coding density was calculated by dividing the total
length of all non-overlapping protein coding genes with the

total genome size. Pseudogenes were not considered coding
sequences either for the endosymbionts or the free-living
species. The species selected for the analysis consisted of all
archaeal genomes in the NCBI RefSeq database (as of 5th
September 2017). A single genome of each unique species
taxonomy ID was selected in order to ensure redundant
information was not included. All genomes sequenced
using 454 or IonTorrent technology were removed, as dis-
cussed above. Genomes of the genera Methanobrevibacter
and Methanocorpusculum missing from the RefSeq
database were also included in the analysis. These include
the genomes with the following assembly accessions:
GCF_000320505.1, GCF_001639295.1, GCF_001639285.1,
GCF_001639265.1 GCF_900109595.1, GCF_002208625.1,
GCF_001729385.1, GCF_001729455.1 GCF_000621965.1,
GCF_000430905.1 and GCF_002072215.

Trans-membrane and secretion signal domain
identification

Signal peptides in the gained genes were identified in two
steps. An initial prediction was made using PRED-SIGNAL
[81]. Remaining proteins were again scanned using
TMHMM 2.0c [82] and any predicted single trans-
membrane helix located in the first 60 amino acids of the
protein was scored as a signal peptide [82]. The remaining
proteins with predicted trans-membrane helices were
annotated as trans-membrane proteins.

Phylogenetic analysis

All multiple sequence alignments were performed with
mafft-linsi 7.037b [58]. Positions missing in more than 50%
of the sequences were removed with trimAl 1.4 [83]. Phy-
logenies from concatenated proteins were based on 57
single-copy orthologs listed in Supplementary Table 2.
Phylogenetic trees of 18S rRNA genes and the 57 con-
catenated proteins were inferred with IQ-TREE 1.5.0a using
the built-in modeltest, preselecting the GTR model for the
rRNA and the LG matrix for the concatenated protein one.
The concatenated protein dataset was analysed as follows:

-bb 1000 –mset LG –m TEST –madd LG+ C10, LG+
C20, LG+C30, LG+ C40, LG+C50, LG+ C60.
The LG+ C60 model was selected for the concatenated

protein dataset [74].

Ancestral reconstruction

Clusters of orthologous groups were generated as pre-
viously described [66] and used to create a presence/
absence matrix for all taxa in the euryarchaeal tree based on
57 marker genes (as described above). Reconstruction of
gene flux was analysed using count [84] with the rates
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optimized using the gain-loss-duplication model with a
Poisson distribution at the root. All parameters were set to
default values. The family history was calculated using
posterior probabilities. Threshold for gained and lost genes
was set to 0.90. A second ancestral reconstruction was
performed in the same way but with all identified pseudo-
genes removed prior to clustering of the orthologous
groups.

Data availability

Sequence data for 16S rRNA amplicons are deposited to the
NCBI Sequence Read Archive under GenBank BioProject
PRJNA380999. Sequence data for Methanobrevibacter sp.
NOE and Methanocorpusculum sp. MCE are available
under DDBJ/EMBL/GenBank Biosamples SAMN06660699
and SAMN06660698 respectively.
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