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The ciliate Spirostomum semivirescensis a large freshwater protist densely packed with endosymbiotic
algae and capable of building a protective coating from surrounding particles. The species has been
rarely recorded and it lacks any molecular investigations. We obtained such data from S. semivirescens
isolated in the UK and Sweden. Using single-cell RNA sequencing of isolates from both countries, the
transcriptome of S. semivirescens was generated. A phylogenetic analysis identified S. semivirescens
as a close relative to S. minus. Additionally, rRNA sequence analysis of the green algal endosymbiont
revealed that it is closely related to Chlorella vulgaris. Along with the molecular species identification,
an analysis of the ciliates’ stop codons was carried out, which revealed a relationship where TGA stop
codon frequency decreased with increasing gene expression levels. The observed codon bias suggests
that S. semivirescens could be in an early stage of reassigning the TGA stop codon. Analysis of the
transcriptome indicates that S. semivirescens potentially uses rhodoquinol-dependent fumarate reduc-
tion to respire in the oxygen-depleted habitats where it lives. The data also shows that despite large
geographical distances (over 1,600 km) between the sampling sites investigated, a morphologically-
identical species can share an exact molecular signature, suggesting that some ciliate species, even
those over 1 mm in size, could have a global biogeographical distribution.

© 2018 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
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Introduction
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otes can be found in high abundances, and some
species can obtain body sizes that are visible to
the naked eye, e.g. S. ambiguum. The ciliate S.
semivirescens is a large (usually over 1mm in
length) protist with densely-packed endosymbiotic
green algae that resemble Chlorella (Esteban et al.
2009a; Kreutz and Foissner 2006). Despite its large
size and conspicuous bright green color, it is still
largely absent from published global ciliate species
lists, with only a few sparse records of the species.
This makes the species an ideal candidate in which
to investigate its biogeography. Neither the algal
endosymbiont nor the ciliate host have benefitted
from molecular examinations, even though this is
an active area of research for other species of
ciliates, especially Paramecium bursaria (Hoshina
and Imamura 2008; Hoshina and Kusuoka 2016).

Different ways to adapt to anoxic environ-
ments have been described among ciliate species
(Esteban et al. 2009b; Finlay et al. 1983; Yarlett
et al. 1981). Ciliates are also known for their wide
diversity of genetic codes, where stop codons are
recoded to be translated into amino acids (Knight
et al. 2001). To get insight into how such traits
have evolved, large-scale data sets, which cover
the whole genome content of the species of inter-
est, are needed. In this study we generate such
data by RNA sequencing at the single cell level.
S. semivirescens was specifically targeted, as it
has been missing from earlier examinations of this
well-studied genus (Boscaro et al. 2014; Shazib
et al. 2014). In the research presented here, S.
semivirescens was isolated from freshwater habi-
tats in the UK and Sweden. Transcriptome data
was also generated from another Spirostomum
species to complement our investigation into S.
semivirescens. Data generated in this study is a
necessary piece for improved understanding of the
Spirostomum genus and the whole suborder Het-
erotricha. Molecular data for S. semivirescens is
provided for the first time, along with the first molec-
ular identification of the symbiotic algae associated
with this species.

Results

The Spirostomum semivirescens found thriving in
the UK’s anoxic ditch sediments matched exactly
the previously described records of occurrence
and morphology from a fen pond ~100meters
away (Esteban et al. 2009a). Densities of up to
15 cells per mL were observed, with cells being
maintained in natural samples for one week after
collection. When left undisturbed for about one hour
the ciliate builds an external case or coating; the

ciliate is contractile, and retracts into the casing if
disturbed. This could provide protection during a
dispersal event (e.g. wind, birds). S. semivirescens
was not observed to form cysts; however, there
are records of other Spirostomum species being
able to form cyst precursors (Ford 1986, and own
observations in cultures of S. ambiguum). Cells
were always found to be densely packed with bright
green endosymbiotic algae (Fig. 1).

S. semivirescens from Swedish study sites was
immediately identified from the freshly-collected
samples from both locations as being morphologi-
cally identical to the UK strain, and the additional
diagnostic literature (Esteban et al. 2009a). S.
semivirescens was found to be 800-1,500 pm in
length and 25-45 um in width with more than 50
cells being measured (Fig. 1). Densities of up to
30 cells per mL were observed, but more often
were found to be 5 per mL from both locations,
each showing productive ciliate concentrations,
with green Frontonia reaching up to ~1,000 per mL,
especially from an algal mat sampled in Stadssko-
gen. The S. semivirescens cells were observed to
build a loose casing, be contractile, and always
densely-packed with endosymbiotic green algae.
The casing observed in the Swedish specimens
of S. semivirescens was larger (wider) and less
densely packed than observed in the UK, perhaps
due to different composition of available sediments
and/or to the length of time that the ciliate samples
were left undisturbed, allowing them to build a larger
protective coat. The samples were collected during
awarm period in August 2015, but S. semivirescens
was later found to thrive during much colder peri-
ods in winter, even being regularly recovered from
the habitat under a ~15 cm thick layer of ice.

Sequencing and Transcriptome Quality

For all seven transcriptomes (Table 1) a total of
9.3 Gb sequencing data was generated. Low lev-
els of contamination were indicated by MEGAN
that assigned less than 5% of the contigs as
prokaryotic in each assembly. Less than 4% of
the contigs were classified as Viridiplantae, despite
the high number of algal endosymbionts in S.
semivirescens. For 17% of the 23,933 transcripts
in the co-assembly more than 10 reads from each
of the six S. semivirescens mapped and for 49% of
the transcripts 10 reads or more from at least three
different replicates mapped. Based on this level
of consistency between the transcriptomes and
the similar relative expression level of transcripts
between replicates (Supplementary Material Fig.
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Figure 1. Spirostomum semivirescens in vivo micrographs of the specimens collected from UK and Sweden.
A: S. semivirescens collected from Sweden. Note the long moniliform macronucleus (arrow) running along
the center of the ciliate. The cell is packed with endosymbiotic green algae, a diagnostic characteristic. Scale
bar 200 um. B: S. semivirescens collected from UK. The cell is shown here after leaving it undisturbed for a
few hours on a counting chamber, as evident by the thick casing (arrow) it has produced. C: S. semivirescens’
nuclear apparatus from a UK cell. Note the nodes of the macronucleus, and the small micronucleus at top of the
oval shapes. The densely-packed endosymbiotic green algae are clearly in view in this cell. D: S. semivirescens
collected from the UK. This specimen has begun to build its coating, which is the thin layer (arrow) around the
center of the ciliate.

Table 1. Transcriptome data generated. The sum of the pro- and eukaryotic fraction of contigs will not be 100%.
This is due to the high number of contigs where diamond could not find any hit in the nr database and therefore
no MEGAN assignment could be done.

Species Sampling site Contigs Prokaryotic contigs (%) Eukaryotic contigs (%)~
S. semivirescens Stadsskogen 22,396 2.6 44
S. semivirescens Stadsskogen 34,101 2.3 49
S. semivirescens Oxhagen 25,329 2.5 48
S. semivirescens Oxhagen 31,377 29 51
S. semivirescens Dorset 17,644 4.3 46
S. semivirescens Dorset 27,952 2.8 53
Spirostomum sp. Stadsskogen 35,543 3.2 47

:!\lumber of contigs in assembly after 95% CD-HIT reduction.
Fraction of contigs in assembly assigned by MEGAN as pro- or eukaryotic.

S1) we decided to use the co-assembly (Table 2)  gene, 28S rRNA gene and the internal transcribed
in downstream analysis. spacer region in between the two rRNA sequences.

The tree topology showed that members of major

Spirostomum clades grouped together in the same
Phylogeny way as observed in earlier studies (Boscaro et al.
The phylogenetic analysis of the Spirostomum 2014; Shazib et al. 2014). However, relation-
genus was based on a concatenation of 185 rRNA  ships between these clades changed and S. teres
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Figure 2. Phylogenetic relationships for the Spirostomum genus. Topology is inferred from a concatenation of
18S rRNA gene, 28S rRNA gene and the ITS region with PhyloBayes using the CAT + GTR model, bootstrap
values from the maximum likelihood analysis is mapped on the tree as well. The branch length of the outgroup is
reduced by ten times for visual purposes. For taxa where the different rRNA sequences have different accession
numbers, i.e. are not available as one contig, the accession number for the 18S rRNA gene is displayed. The
concatenated rRNA sequences assembled from each of the S. semivirescens replicates were identical or within
the expected error from polymerase, therefore only one S. semivirescens taxon was placed in the tree (see
text). The minus clade 1 and 2 is marked on the tree based on how these two clades are referred to in earlier
literature (Boscaro et al. 2014; Shazib et al. 2014). The sequence for Spirostomum sp. MH295832 was also

generated by this study (see text).



Table 2. Assembly statistics for the co-assembly of
six S. semivirescens replicates.

Total number of contigs 23,933
Transcriptome size (Mb) 31.5
Average contig length (nucleotides) 1317
Longest contig (nucleotides) 12,455
Shortest contig (nucleotides) 210
Average GC content (%) 51
Total amount of data assembled (Gb) 6.3

together with S. yahiui, S. dharwarensis and S.
caudatum was placed as a sister clade next to S.
minus. The regions used to infer the phylogeny
shared only a total of one mismatch in the 18S
rRNA region, no mismatches in the ITS region and
three in the 28S rRNA region between the six repli-
cates. Based on the number of PCR cycles used
prior to sequencing this is in line with what could
be expected from polymerase errors. Therefore,
only one S. semivirescens taxon is placed in the
tree (Fig. 2). The phylogenetic analysis indicates
that S. semivirescens is most closely related to
the members of the clade earlier referred to as
“minus clade 2” (Boscaro et al. 2014). This clade
consists of Spirostomum minus and an unnamed
species (KU848234) first discovered by Shazib
etal. (2014). The unnamed species in “minus clade
2” was placed as sister taxon with high support
together with the colorless Spirostomum species
(MH295832) found during this study which was not
identified prior to sequencing.

28S rRNA gene
PP/BS

0.04
0.86/61
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No algal 185 rRNA gene could be found
in any of the transcriptome assemblies, despite
the high number of algal endosymbionts in S.
semivirescens. It is possibly that lysis of the algae
was inefficient leading to poor transcriptome cov-
erage of the endosymbiont. However, in five of the
six S. semivirescens transcriptome assemblies a
28S rBNA gene could be found with high iden-
tity to Chlorella vulgaris. Transcriptome data of
another ciliate that harbors similar endosymbiotic
algae, Stentor polymorphus, has been generated
for species from the same pond in Stadsskogen
sampled in this study (Onsbring et al. 2018). If the
algae observed in the S. semivirescens transcrip-
tomes are contamination, the same contamination
could potentially be observedin the S. polymorphus
transcriptome. No 28S rRNA gene identical to the
assumed S. semivirescens endosymbiont could be
found in the S. polymorphus data. Instead another
28S rRNA gene with high identity to Chlorella vul-
garis was found. Except for the 28S rRNA gene
with high identity to Chlorella vulgaris, no other
algae related rRNA sequence was detected more
than once in each transcriptome. Both the Spiros-
tomum and Stentor algal endosymbiont sequences
branched together with Chlorella vulgarisin the tree

(Fig. 3).

Identification of Anaerobic Metabolism

Members of the Spirostomum genus are often
encountered in the oxygen-depleted sediment
layers of waterbodies. Thriving in these habi-

0% ————— Nl | Chlorophyceae

Stentor polymorphus algae endosymbiont MH295835
08861 Spirostomum semivirescens algae endosymbiont MH295834

1186 Chlorella vulgaris AB237642

Chlorella variabilis AB437257

1100 Micractinium reisseri AB506071

Micractinium reisseri AB437244

1/100

Trebouxia sp. KU716051

1/100

Oocystis sp. KI871027
Stichococcus bacillaris HE610125
Koliella longiseta HE610126

0.61/61
1/100

——=—"_ | Chlorodendrophyceae

— Oltmannsiellopsis viridis AB491616
\—Oltmannsiellopsis sp. HE610120

1/100 <— Pedinophyceae

Figure 3. Phylogenetic relationships for green algae species of the class Trebouxiophyceae and other close
relatives. The endosymbiont obtained from within the Spirostomum semivirescens sequences is in bold. Topol-
ogy is inferred from the 28S rRNA gene with PhyloBayes using the CAT + GTR model, bootstrap values from the
maximum likelihood analysis is mapped on the tree as well. A closely related, but not identical, 28S rRNA gene
was found in the algal endosymbiont of Stentor polymorphus sampled from the same pond as S. semivirescens

(Stadsskogen, Sweden).
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Figure 4. Relationship between stop codon frequency and gene expression levels. Spirostomum semivirescens
transcripts ranked by expression level and then separated by groups of 500. Each bar displays the fraction of
500 genes using a specific stop codon, except for the lowest expressed group which had a total number of
transcripts not evenly divided by 500. A trend is shown such that the fraction of transcripts terminating the
translation with TGA is decreasing as the expression level is increasing.

tats would require the ciliate to be able to
respire under anoxic conditions. Therefore, proteins
involved in previously described anaerobic respi-
ration pathways (Muller et al. 2012; Stairs et al.
2015) were searched for in the S. semivirescens
transcriptome to get better insight into its anaer-
obic lifestyle. A tblastn search could identify a
match for the rhodoquinone biosynthesis protein
RquA of the bacterium Rhodospirillum rubrum
(WP_011390975). The match had an 86% query
coverage and 47% sequence identity. The putative
RquA sequence from S. semivirescens carried a
21 amino acid mitochondrial targeting sequence
at the N terminus with a predicted probability to
be targeted to the mitochondrion of 86% (Claros
and Vincens 1996). This is consistent with previous
reports that have shown eukaryotic RquA has pre-
dicted mitochondrial localization (Stairs et al. 2014).
The assumption that the identified potential RquA
sequence in the S. semivirescens transcriptome is

indeed a true RquA is further supported by the pres-
ence of a 9 amino acid motif (Lonjers et al. 2012).
This motif contains glutamine and valine in RquA
instead of aspartate and glycine used by UbiE and
UbiG at corresponding positions. UbiE and UbiG
are methyl transferases involved in the ubiquinone
biosynthesis, which has a high sequence simi-
larity to RquA. Based on the tblastn search we
could not find any evidence for the presence of
hydrogenosomes, pyruvate formate lyase activity
or dissimilatory nitrate reduction, which have been
found in other microbial eukaryotes (Muller et al.
2012; Stairs et al. 2015).

Codon Usage

The investigation of the codon usage showed that
TAA, TAG and TGA are used by S. semivirescens as
stop codons. A relationship between gene expres-
sion levels and TGA frequency could be observed



where TGA was more common among the genes
with low expression (Fig. 4). Only 3% of the 500
genes with the highest expression had TGA as a
stop codon while 19% of the 500 genes with the low-
est expression were terminated with TGA. A similar
relationship between TGA stop codon frequency
and gene expression level was observed when ana-
lyzing the Spirostomum transcriptome generated in
this study and the Stentor polymorphus transcrip-
tome previously generated (Onsbring et al. 2018;
data not shown).

Discussion

Specimens of S. semivirescens have been
recorded from oxygen-depleted, freshwater habi-
tats in the UK before (Esteban et al. 2009a); the
isolates used in this study represents a further
habitat in the UK, and new records for Sweden
from two sites separated by ~30km. All strains
were observed to be morphologically identical.
The molecular analysis revealed identical molecu-
lar sequence between strains at the highly variable
18S rRNA level, confirming the match between
the two sample groups of this large >1 mm cili-
ate. By investigating this species at a wider global
resolution, the geographical distribution of these
micro-organisms has been expanded; at a distance
of over 1,600 km between the sampling sites inves-
tigated in the UK and Sweden, the discovery of a
strain with matching molecular sequences supports
previous findings that microbial species thrive wher-
ever the right conditions for their growth are found
globally (Finlay 2002; Hines et al. 2016). This has
wider implications for global microbial dispersal,
particularly ciliate biogeography and biodiversity,
with this species being a good target to investi-
gate from other world regions (i.e. the tropics) for
comparisons at a global level.

S. semivirescens has thus far been recorded
from Germany (Kreutz and Foissner 2006), UK
(Bradley et al. 2010; Esteban et al. 2009a, and this
study), and now Sweden. The Spirostomum minus
viride investigated by Foissner and Gschwind
(1998) in Germany fits the morphological fea-
tures of S. semivirescens and both are probably
conspecific. Records from Russia (Boscaro et al.
2014) and Japan have also been reported (Esteban
et al. 2009a), which comes to demonstrate that
species’ biogeography expands as sampling efforts
increase.

The phylogenetic relationships found in this study
show that the S. ambiguum clade was placed
differently compared to previously published phylo-
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genies (Boscaro et al. 2014; Shazib et al. 2014).
When using RAxXML (Stamatakis 2014) instead
of IQ-TREE to calculate the phylogeny the same
topology as in Shazib et al. (2014) was achieved
with 66 in bootstrap support for S. ambiguum
together with S. subtilis branch as sister clade to
both groups of S. minus. The bootstrap support
for S. subtilis as sister clade to S. ambiguum was
56. Since the IQ-TREE package contains a wider
selection of evolutionary models to choose from
and is reported to often find topologies with higher
likelihoods (Nguyen et al. 2015) than RAXML, the
bootstrap values from IQ-TREE were maped on
the bayesian tree (Fig. 2). S. subtilis was placed
as the deepest branching taxa in the Spirostomum
genus as seen before in Boscaro et al. (2014) but
not in Shazib et al. (2014). S. semivirescens could
be placed with high support in the Bayesian tree
as a close relative to S. minus. This is consistent
with the similar morphology of the nuclear appa-
ratus, where S. semivirescens and S. minus share
the moniliform macronucleus shape (Shazib et al.
2014). The closest relatives found for the endosym-
biotic algae were C. vulgaris and C. variabilis, both
reported as endosymbionts in other ciliate species
(Zagata et al. 2016).

The TGA frequency was estimated to 11% of
the stop codons in S. semivirescens, based on the
genes used to investigate the relationship between
expression level and stop codon frequency. In
another heterotrich, Stentor coeruleus, the TGA fre-
quency is 9%, based on the CDS file available from
the online database StentorDB. Swart et al. (2016)
report 5% and 1% TGA stop codon frequency for
Climacostomum virens and Fabrea salina, respec-
tively. However these estimations for C. virens and
F. salina were only based on 285 and 96 proteins,
respectively. Only 38 species out of 283 had a
TGA stop codon frequency below 12% (Swart et al.
2016), several of these species could have already
had their TGA reassigned since Swart et al. (2016)
predicted less than 10 TGA stop codons for 11
of these cases. The relatively low TGA frequency
among these heterotrichs indicates that TGA termi-
nation could have a higher fitness cost compared
to the other stop codons. Therefore, there could
potentially be a higher fitness gain in replacing the
TGA codon for genes with a high expression level
compared to genes with a lower expression level.
Such selection pressure could cause the observed
bias with fewer TGA in highly expressed genes as
in S. semivirescens. Since it has been suggested
that codon frequency is reduced prior to reassign-
ment of codons (Muhlhausen et al. 2016), this leads
to the question if S. semivirescens could be in an
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early stage of codon reassignment. Close relatives
such as Blepharisma have already reassigned the
TGA stop codon (Lozupone et al. 2001), Condy-
lostoma magnum can use all three stop codons,
uncluding TGA, as both stop and sense codon
(Swart et al. 2016) and Climacostomum virens has
been suggested to be in a transitory state of stop
codon reassignment (Heaphy et al. 2016). Given
these observations in other heterotrichs, the con-
nection between stop codon reassignment and stop
codon bias with expression level could be worth
further investigations. Gene expression levels for
different stop codons have been investigated before
in model organisms, but have turned out to have
no relationship (Sun et al. 2005). Gene expres-
sion levels for different codons have mainly been
investigated for sense codons before and have
been observed in eukaryotes, e.g. Saccharomyces
pombe, whoes stop codon frequency also correlate
with expression level (Hiraoka et al. 2009). How-
ever, in S. semivirescens for most sense codons the
frequency is changed slightly for the top 1,000 high-
est or lowest expressed genes and for some sense
codons the frequency is not affected by expression
level at all (Supplementary Material Figs. S2—-S5).
Interestingly, the TAA frequency, which seems to be
affected by mutational biases (Swart et al. 2016),
is rather constant for S. semivirescens when com-
paring different expression levels (Fig. 4). In S.
semivirescens the decrease in TGA frequency with
higher expression levels is leading to an increase in
TAG frequency, a change that requires the change
of two nucleotides, instead of one.

We suggest that S. semivirescens uses
rhodoquinol-dependent fumarate reduction to
respire under anaerobic conditions. This is based
on the high sequence identity to RquA found in
Rhodospirillum rubrum, and the presence of the
expected motif and mitochondrial targeting tag.
A potential RqQUA sequence could also be found
as well in the Spirostomum sp. data generated
in this study. In both cases the sequence identity
to R. rubrum RquA was above 40% and query
coverage above 85%, the RquA motif was found
and probability of export to mitochondria were over
70%. Since a putative rquA gene was found in
the two Spirostomum species and this gene has
also been reported in several other ciliates from
the class Heterotrichea (Stairs et al. 2018), the
whole Spirostomum genus might use this pathway
for anaerobic respiration. The heterotrichs formed
a monophyletic group in a phylogenetic analysis
of the RquA protein from both prokaryotic and
eukaryotic species. The relationship between the
heterotrichs in the RquA phylogeny mirrored the

topology of a phylogenetic analysis for their respec-
tive 18S rBRNA genes (Supplementary Material
Fig. S6). Additionally, Stairs et al. (2018) located a
potential rquA sequence in the Stentor coeruleus
genome, generated by Slabodnick et al. (2017),
which gives further support to that heterotrichs
code for rquA within their genome. Therefore we
suggest that the identified rquA genes in this study
are highly unlikely to be a contamination.

Conclusion

As more data are generated at the genomic level
for different species in the Spirostomum genus,
the relationship between major clades can be
resolved. With the rRNA data that is currently
available, S. semivirescens can be assigned as
closest relative to S. minus and the endosymbiotic
algae was identified as a member of the Chlorella
genus. Insights into the transcriptome suggest
that S. semivirescens use rhodoquinol-dependent
fumarate reduction for respiration under anoxic
conditions, which is likely also used by the other
members of the genus since it has been observed
in other species from the class Heterotrichea (Stairs
et al. 2018) that also thrive in anoxic habitats sim-
ilar to those where S. semivirescens is found. Our
observations indicate that S. semivirescens could
be in an early stage of codon reassignment. There-
fore S. semivirescens could potentially be a relevant
species to study for a better understanding of the
evolution of the genetic code. Our results also indi-
cate that it is possible for ciliates with identical
morphologies, but from distant geographical areas,
to also have identical molecular signatures.

Methods

Study sites: UK study site. Ciliates were sampled during June
2015 in Dorset, South England from a fen pond (50°40'44.5”"N
2°11/29.5”"W) and from a freshwater ditch, both located on the
flood plain of the River Frome (50°40'52.0"N 2°11'21.8"W).
Spirostomum semivirescens had previously been shown to
thrive within this area (Esteban et al. 2009a) and this site is
known to be a hotspot of ciliate biodiversity, with sampling
efforts often revealing the S. semivirescens species. The fen
habitat is densely wooded and dimly-lit with temporary ponds
rich in organic sediment. The ditch had similar parameters,
and was about 100 meters away from the fen. Oxygen levels
were very low (<5%). The sediment-water interface was sam-
pled using a corked 500 mL caged sample bottle on a line.
The corked line was pulled once the apparatus had sunk, to
allow water and sediment within the desired oxygen-depleted
depths to be collected. The area sampled in the fen pond and
the ditch had a depth of less than 30cm. 1 mL subsamples



were observed in a Sedgewick Rafter chamber. Many cells were
encountered and examined, with densities of up to 15 cells per
mL of sediment subsample.

S. semivirescens cells collected from this location
were hand-picked under a dissecting microscope using a
micropipette, and were stored in RNAlater (Thermo Fisher
Scientific) for transport to Uppsala University, Sweden for
transcriptome analyses. cDNA synthesis (see below) was
performed within three days of removal from the UK sampling
site and storage.

Sweden study sites. Samples were collected from two
freshwater locations (see below) during August 2015. Air tem-
perature was 25 °C in full sun, with water temperature of 18°C
recorded. The first location investigated was Stadsskogen “city
forest” — an ancient, densely-wooded and dimly-lit forest area
(59°50'19.0”N 17°37’'21.4”E). Within this habitat, a small pond
location was chosen, and a pH of 6.0 was recorded, with a
conductivity of 47 wS/cm. Samples collected ranged from a
~30cm depth to shallow ~4cm samples obtained by hand
along the shoreline and on submerged algal mats. The sec-
ond location sampled was a shallow eutrophic farmland pond
with dense organic sediment, at “Oxhagen” in full sunlight with
some aquatic plant coverage (60°5'47.6”"N 17°46'4.7"E). Within
this location, a pH of 6.6 was recorded, with a conductivity of
292 u.S/cm. Samples were taken from 30 cm deep zones from
various areas along the middle and edge of the pond.

Sampling methods were identical to the technique used in
the UK (see above). Samples were taken back to the labora-
tory at Uppsala University, with subsamples being analyzed on
a 1mL Sedgewick Rafter chamber. 1 liter of water was taken
from the sampling locations for laboratory analysis of the pH
using a handheld PW9420 pH meter (Philips). To determine
conductivity a Crison conductimeter 522 was also utilized on
the removed samples within 2 hours of collection.

Samples were examined within 3 hours of removal, and the
ciliates were found to thrive naturally for at least one week in
the 500 mL bottles. Both sites were extremely productive for cili-
ates, with many harboring endosymbiotic algae such as Stentor
polymorphus, Frontonia sp. and Loxodes rostrum. Anaerobic
ciliates of the genus Plagiopyla, Metopus and Caenomor-
pha were present, as the sediment layer was largely oxygen
depleted.

cDNA generation and sequencing: Both preserved and
fresh ciliates were washed twice in double distilled water before
single cells were picked in a 0.4pL volume into a 0.2mL
PCR tube (VWR). cDNA synthesis was done according to
the Smart-seq2 protocol (Picelli et al. 2014). Aliquots were
diluted to 0.2 ng/pL based on dsDNA concentration measured
with a Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). The
diluted aliquots were prepared for sequencing using Nextera XT
DNA Library Preparation Kit (lllumina). Two S. semivirescens
replicates were sampled from each sampling site, i.e. the fen
in Dorset, the pond in Stadsskogen and the pond in Oxha-
gen. The Spirostomum species lacking algae were sampled in
Stadsskogen. For all six S. semivirescens replicates sequenc-
ing was done on lllumina MiSeq, 300 base pair, pair-end reads
using v3 chemistry. The unidentified Spirostomum species
were sequenced on lllumina HiSeq, 250 base pair, pair-end
reads.

Transcriptome assembly: Raw reads were trimmed with
Trimmomatic v0.35 (Bolger et al. 2014) by first removing primer
sequences and DNA library preparation related sequences
with the settings ILLUMINACLIP:2:30:10. Also in the follow-
ing order LEADING:5, TRAILING:5 SLIDINGWINDOW:5:16
and MINLEN:80 were applied. Atrtificial reads were identified
and removed using BLAST v2.2.30+ (Altschul et al. 1990)
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by a blastn search against the NCBI UniVec database. Tran-
scriptome assembly was both carried out with Trinity v2.2.0
(Grabherr et al. 2011) and SPAdes v3.9.0 (Bankevich et al.
2012). The SPAdes assembly was done with a k-mer size
of 99 and only used for the phylogenetic analysis since the
rRNA contigs assembled by SPAdes were larger than in the
Trinity assembly. In all other analysis, the Trinity assemblies
were used. Full transcriptome alignment to NCBI nr database
was done with DIAMOND v0.8.37 on sensitive blastx mode
(Buchfink et al. 2015). The alignment results were analyzed
with MEGAN v5.8.3 (Huson et al. 2007), which contig assign-
ments were used to estimate the fraction of the data originating
from the host, algae or prokaryotes.

Identification of anaerobic respiration pathway: Anaer-
obic respiration proteins previously found in other eukaryotes
(Muller et al. 2012; Stairs et al. 2015) were searched for in
the transcriptomes via tblastn search. To search for the pres-
ence of hydrogenosomes queries with [FeFe] hydrogenase,
pyruvate:ferredoxin oxidoreductase and the maturase proteins
HydE, HydF and HydG were used. Both pyruvate formate lyase
and the enzyme to activate this protein were search for to detect
pyruvate formate lyase activity. Also nitrate reductase, fumarase
and RquA were used as queries to detect other anaerobic path-
ways.

Phylogenetic analysis: The rRNA sequences used in the
phylogenies were identified with Barrnap (Seemann 2013).
The ciliate sequences used to infer the phylogeny (Supple-
mentary Material Table S1) were gathered by downloading all
Spirostomum sequences available in the SILVA database and
all sequences generated by Shazib et al. (2014). The algae
sequences were gathered by using the identified 28S rRNA
gene from S. semivirescens as a seed in a blastn search against
NCBI nt database. CD-HIT V4.6.6 (Li and Godzik 2006) was
used to remove identical sequences. Multiple sequence align-
ments were produced by MAFFT X-INS-i (Katoh 2002) where
the CONTRAfold algorithm (Do et al. 2006) was used for pair-
wise structural alignment. The multiple sequence alignments
were manually curated. BMGE was used to trim the curated
alignment (Criscuolo and Gribaldo 2010). Bayesian inference
tree topology was calculated with PhyloBayes v1.5a (Lartillot
and Philippe 2004) using the CAT + GTR model. Four chains
were used and both trees ran until maxdiff calculated by the
PhyloBayes bpcomp-command were below 0.1. Burn-in was
selected by monitoring — log likelihood plotted against gen-
eration of trees. For the ciliate Tree 13000 generations was
generated and the burn-in was set to 1000. For the algae Tree
37000 generations was generated and the burn-in was set to
1000. Maximum likelihood trees were calculated with IQ-TREE
(Nguyen et al. 2015) using the TIM+R2 model for the cili-
ate and TN+ R3 model for the algae. The model tester in the
IQ-TREE package selected the models in the maximum likeli-
hood tree according to the Bayesian Information Criterion. Two
long branches were removed in both the ciliate and the algae
phylogeny that could potentially produce artifacts in the tree
topology. To rule out that that the identified rquA sequences from
the tblastn search were contamination we repeated the phylo-
genetic analysis by Stairs et al. (2018). Additional sequences
added in this phylogeny were the potential rquA sequences
identified in this study and a potential rquA sequence from the
transcriptome of Stentor polymorphus (Onsbring et al. 2018).
Multiple sequence alignment done by MAFFT L-INS-i (Katoh
2002) was trimmed with trimal (Capella-Gutiérrez et al. 2009)
and the tree topology was calculated with 1Q-TREE (Nguyen
et al. 2015), using ultrafast bootstrap approximation with the
LG + C50 model that was selected by the Bayesian Information
Criterion.
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Stop codon usage analysis: To analyze codon usage all six
S. semivirescens replicates were assembled with Trinity v2.2.0
to a single assembly. To this assembly raw reads were mapped
using Bowtie 2 (Langmead and Salzberg 2012) with the set-
tings “—end-to-end -k 20-D20-R3-N 1 -L 20 -i S,1,0.50 -X
1000”. Because of the redundancy, often caused when assem-
bling transcriptomes de novo (Duan et al. 2012), the contigs
were clustered to transcripts using Corset v1.06 (Davidson
and Oshlack 2014). The longest open reading frame from the
longest contig in each cluster where then extracted. A blastp
search against NCBI nr database using DIAMOND v0.8.37
(Buchfink et al. 2015) was then used to select all contigs with
hits to Stentor coeruleus, Paramecium tetraurelia, Oxytricha
trifallax, Stylonychia lemnae, Tetrahymena thermophila, Pseu-
docohnilembus persalinus and Ichthyophthirius multifiliis to
discard contamination for downstream analysis. The species
used to select contigs for further analysis represented the seven
ciliates with the most blast hits. Selecting contigs based on more
species would not have changed the outcome of the analysis
since potential additional species had few hits and would in
most cases have a hit as well to any of the seven mentioned
species. The count matrix calculated with Corset during the
clustering step was then used to rank the extracted open read-
ing frames based on their expression level. To take different
sequencing depth for each library into consideration, the total
number of mapped reads for each species were used to nor-
malize the number of mapped reads to each transcript. These
values were then added together for each transcript to rank
all the transcripts based on their normalized sum of mapped
reads. The statistics for stop codon usage and the relationship
to expression level was finally collected based on the transcripts
selected by the blast search and the ranking of the normalized
sum of mapped reads. Additionally, the transcripts were ranked
based on expression level for each of the individual replicates,
for comparison with the average, to assess the feasibility of
averaging out the noise and the consistency between replicates
(Supplementary Material Fig. S1). The redundancy-reduced
co-assembly used in the codon analysis has been deposited
in GenBank under the accession GGNT00000000. An assem-
bly for the unidentified Spirostomum species was generated
in the same way and deposited in GenBank under the acces-
sion GGNUO0000000. The first versions for both transcriptome
assemblies are described in this paper. The accession number
for the raw reads reported in this paper is SRA: SRP145156.
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