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Abstract

The evolution of intracellular endosymbiosis marks a major transition in the biology of the host and endosymbiont. Yet, how adaptation manifests in the
genomes of the participants remains relatively understudied. We investigated this question by sequencing the genomes of Tetrahymena utriculariae, a
commensal of the aquatic carnivorous bladderwort Utricularia reflexa, and its intracellular algae, Micractinium tetrahymenae. We discovered an
expansion in copy number and negative selection in a TLD domain-bearing gene family in the genome of T. utriculariae, identifying it as a candidate
for being an adaptive response to oxidative stress resulting from the physiology of its endosymbionts. \We found that the M. tetrahymenae genome
is larger than those of other Micractinium and Chlorella and contains a greater number of rapidly expanding orthogroups. These were enriched for
Gene Ontology terms relevant to the regulation of intracellular signal transduction and cellular responses to stress and stimulus. Single-exon
tandem repeats were overrepresented in paralogs belonging to these rapidly expanding orthogroups, which implicates long terminal repeat
retrotransposons (LTRs) as potential agents of adaptation. VWe additionally performed a comparative transcriptomic analysis of M. tetrahymenae in
a free-living state and in endosymbiosis with T. utriculariae and discovered that the genes that are differentially expressed were enriched for
pathways that evidence shifts in energy generation and storage and in cellular protection strategies. Together, our results elucidate the axes along

which the participants must adapt in this young endosymbiosis and highlight evolutionary responses to stress as a shared trend.
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Introduction

The evolution of endosymbiosis between two unicellular or-
ganisms marks a substantial transition in biological organiza-
tion. The most profound example is embodied in the evolution
of chloroplasts and mitochondria from prokaryotic ancestors.
This transition released the host cells from the energetic con-
straints imposed by their surface-to-volume ratio, resulting
in a 200,000-fold increase in the number of genes expressed
and, ultimately, the diversity of eukaryotic form and function
(Lane and Martin 2010). A fundamental interest therefore lies
in understanding the processes and conditions that shape the
evolution of intracellular endosymbiosis (hereafter “endosym-
biosis”) and the genomic changes involved.

Apart from the “original” endosymbioses that ultimately
created eukaryotic cells, there exist myriad endosymbiotic re-
lationships across the tree of life that have molded the biology
of the participants. Of particular interest are symbioses
between heterotrophic hosts and autotrophic endosymbionts,
such as those of ciliates (phylum Ciliophora) and green algae
(phylum Chlorophyta). Endosymbiotic states have evolved
multiple times independently in both phyla (Esteban
et al. 2010; Proschold et al. 2011), whereby multiple algal

cells inhabit the interior of each individual host ciliate cell,
bestowing mixotrophy to the ciliate via the algae’s photosyn-
thetic products. Examples of algae-bearing ciliates can be
found from multiple classes such as Stentor pyriformis of
Heterotrichea (Hoshina et al. 2021), Paramecium chlorelli-
gerum of Oligohymenophorea (Lanzoni et al. 2016), and
Coleps viridis of Prostomatea (Proschold et al. 2021). The
majority of chlorophyte algal symbionts of ciliates, on the
other hand, belong to a single class, the Trebouxiophyceae
(Proschold et al. 2011). The associations are stable in that
the algae are inherited by the daughter ciliate cells upon div-
ision of the host; however, transmission modes can also be
mixed (Meier and Wiessner 1988). In addition to being
phylogenetically widespread, chlorophyte-harboring ciliates
can be found worldwide in a variety of wetlands and other
freshwater bodies (Esteban et al. 2010). Given the prevalence
and diversity of these ciliate-algal pairs and the predispos-
ition for endosymbiosis to evolve between these phyla, they
constitute ideal study systems in which to study how this ma-
jor step in evolution happens.

The Paramecium bursaria species complex (Spanner et al.
2022) is the most widely-used study system among algae-bearing
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ciliates. Paramecium bursaria is found primarily in association
with the green algae Chlorella variabilis and Micractinium
conductrix, although other endosymbiotic algal species have
been reported, sometimes in co-residence (Hoshina and
Fujiwara 2012). Their interactions are typically defined as mu-
tualistic in that the host receives algal photosynthates and oxy-
gen and the algae receive nitrogen supplementation, CO,, and
protection from viruses (reviewed in Fujishima and Kodama
2022). However, recent studies support an alternative model de-
scribing the benefits as being context-dependent and exploitative
on behalf of the ciliate (Lowe et al. 2016; Horas et al. 2022). The
latter view is consistent with the basic evolutionary tenet that
each partner lineage evolves with regard to its own fitness inde-
pendent of the detriment that could be inflicted on the other lin-
eage. In line with this idea are the steep biotic and abiotic
gradients that distinguish free-living and endosymbiotic states
and which the participants must negotiate upon the establish-
ment of their association. For example, the photosynthesis of
the algae would be expected to elevate the concentration of re-
active oxygen species inside the host cell, whereas the endosym-
biont must deal with changes in oxygen concentrations, pH
regimes, osmolarity, and host enzymes. Given the inherent self-
ishness of each participating lineage and the obstacles that arise
from their partner’s physiology, the fundamental question re-
mains: how does each species evolve in the first place such
that stability in the endosymbiosis is maintained?

Prior studies of algal endosymbionts that leveraged their
genomic resources have elucidated processes that mediate
their interactions with ciliates. These include evolution in nu-
tritionally relevant algal genes such as the expansion of amino
acid importers in C. variabilis (Blanc et al. 2010) that could
function to aid in the uptake of host amino acids as a nitrogen
source and the identification of a candidate pathway driving
sugar excretion by M. conductrix (Arriola et al. 2018).
RNA-RNA interactions have also been proposed as a stabiliz-
ing mechanism employed by C. variabilis in that this species
possesses mRNAs with regions that are complementary to
host transcripts. These mRNAs are released from the algae
upon digestion by the host and are processed to short RNAs
by the host’s cellular machinery (Dicer). The short RNAs
then function to knock-down host transcripts, resulting in
an inhibition of host growth and are hence thought to impose
a control on algal digestion rates (Jenkins et al. 2021).

Studies using P. bursaria genomes have also delimited
molecular mechanisms and patterns of genome evolution
that likely aid in stabilizing the endosymbiosis. RNAi experi-
ments targeting the most differentially expressed host genes
between endosymbiont-bearing and endosymbiont-free cili-
ates found that cultures with knocked-down ginA transcripts
possessed fewer endosymbiotic algae per host cell (He et al.
2019), implicating glutamine as an amino acid that the host
uses to control its algal load. Expansions in the number of
genes bearing domains relevant to endosymbiosis have also
been found in P. bursaria genomes, such as the TLD (TLDc)
domain of oxidation resistance proteins (Oliver et al. 2011;
Finelli and Oliver 2017), which could translate to an increased
tolerance of the reactive oxygen species produced during algal
photosynthesis (Cheng et al. 2020). Despite the wealth of
knowledge procured from P. bursaria and its algae, these spe-
cies are the only endosymbiotic ciliate-algal pairs with refer-
ence genomes to date (Blanc et al. 2010; Arriola et al. 2018;
He et al. 2019; Cheng et al. 2020), thus limiting our under-
standing of how endosymbiosis evolves between these phyla.
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Tetrabymena utriculariae is an intriguing example of ciliate-
algal endosymbiosis. In stark contrast to the cosmopolitan
P. bursaria, which has been isolated worldwide from a variety
of freshwater sources, T. utriculariae is endemic to the south-
ern part of Africa (Simek et al. 2017; Sirov4 et al. 2020). It has
only been isolated from the traps of the carnivorous aquatic
plant U. reflexa (Pitsch et al. 2017), which constitute a harsh,
inescapable environment characterized by the presence of
digestive enzymes, a low pH (4.2 to 7.2) (Sirova et al. 2003),
a cocktail of organic substances (Sirovd et al. 2011), and an-
oxia (Adamec 2007). Tetrabymena utriculariae is also a spe-
cialist with regard to its endosymbiotic partnership and has
only been found in association with the algae Micractinium
tetrabymenae (Fig. 1a and b). The endosymbiosis is thought
to be facultative in nature (Pitsch et al. 2017; Simek et al.
2017) and, like P. bursaria, T. utriculariae derives its energy
partially from its algal symbionts (Simek et al. 2017).
However, how these two species have adapted to endosymbi-
osis at the genomic level is still unknown.

To address this question, we performed a comparative gen-
omic analysis of T. utriculariae and M. tetrabymenae against
other members in their respective genera. Evidence of genomic
expansions was discovered in both species that are relevant
to cellular responses to stress and which were produced in
large part by tandem gene duplication events. Differential
expression analysis of free-living and endosymbiotic
M. tetrabymenae also identified shifts in metabolic pathways
that suggest transitions in primary metabolism and cellular
maintenance strategies that mirror those of endosymbiotic
C. variabilis and M. conductrix. Overall, these findings eluci-
date the adaptive changes that occur at the genomic level dur-
ing co-evolution between these endosymbiotic partners, hence
furthering our understanding of how such associations are
maintained over evolutionary timescales.

Results

We used long-read sequencing data to produce genome assem-
blies of the green T. utriculariae, its resident algae M. tetrabyme-
nae (Fig. 1a and b), and two close relatives of each species to
identify signatures of adaptation in the context of endosymbi-
osis. As Tetrabymena have two nuclear genomes constituting
diploid micronuclei (MIC) and a larger, transcriptionally active,
polyploid macronucleus (MAC) that is derived from the
MIC, we devised a genome assembly pipeline that leverages
MIC-specific DNA motifs to decontaminate the sequencing
reads and produce a MAC assembly (see Materials and
Methods section). This pipeline was benchmarked using DNA
sequencing reads produced from MAC-enriched and whole-cell
samples for T. malaccensis 23b, a close relative of our focal spe-
cies, T. utriculariae, for which we were unable to separate the
nuclear fractions physically. The overall identity of the pairwise
genome-wide alignments of the MAC-enriched and metagenom-
ic (whole-cell extract) T. malaccensis 23b assemblies was
>99.99%, with 100% of the contigs from the whole-cell sample
aligning and >95.6% of the contigs from the MAC-enriched
sample aligning (supplementary fig. S1, Supplementary
Material online). Quality metrics such as the number of gene
models inferred, intron and exon characteristics, and genome
contiguity were comparable between the two assemblies
(Table 1, supplementary table S1, Supplementary Material on-
line). The T. utriculariae assembly was similar to its closest rela-
tives, T. malaccensis and T. thermophilia, in terms of GC
content, genome length, and the number of gene models inferred.
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Fig. 1. The evolutionary history of the endosymbiosis on a geological timescale. a) Free-living Micractinium tetrahymenae. b) Tetrahymena utriculariae
with endosymbiotic M. tetrahymenae. c) Subtrees extracted from the skew-normal MCMCtree output based on the IQtree2 topology for the
Chlorella-Micractinium (top panel) and Tetrahymena (bottom panel) clades, with node bars reporting 95% Cls for date estimates. d) Mean posterior
densities of dates for the most recent nodes producing the T. utriculariae and M. tetrahymenae lineages with 95% Cls, inferred using MCMCtree.

Table 1 Comparison of Tetrahymena genome assemblies

Genome/proteome BUSCO

Species Contigs or  Total % GC N50 (Kb) Genes % % Complete % Single-copy %

scaffolds length Single-copy duplicated fragmented  Missing

(Mb) complete

T. utriculariae A2B2 328 99.8 22.8 531.7 22,852 93.6/95.3 1.2/2.9 1.2/0 4.0/1.8
T. malaccensis 23b (MAC) 179 108 22.7 1046 23,102 97.7197.1 0.6/2.3 0/0.6 1.7/0
T. malaccensis 23b (whole-cell) 171 107.7 22.7 1046.4 22,937 96.5/96.5 0.6/2.3 0/0.6 2.9/0.6
T. malaccensis 436 554 106.7 22.6 496.1 26,378 97.1/96.5 1.2/3.5 0/0 1.7/0
T. thermophila SB210 181 103.3 22.3 929.7 26,996 97.1/98.2 0.6/1.2 1.2/0 1.1/0.6
T. elliotti 4EA 331 90.8 22.9 1022.5 22,562 94.7/95.3 1.2/3.5 0.6/0.6 3.5/0.6
T. borealis X4H2 325 93.5 24 638.7 21,943 95.3/94.7 1.8/4.7 0.6/0.6 2.3/0
T. canadensis 1637 103.4 24.2 416 25,188 96.5/98.2 1.2/1.2 0/0 2.3/0.6
T. paravorax 448 108.4 28.6 5742 25,551 94.7197.7 1.2/0.6 1.2/0.6 29111
T. shanghaiensis 2660 95.6 20.1 153.6 21,982 86.5/84.2 10.5/11.1 0.6/1.8 2.4/12.9
T. empidokyrea 558 84.9 25.7 447.1 20,847 77.8/74.3 20.5/25.7 0/0 1.7/0
T. pyriformis 367 116.1 28.2 610.2 26,866 95.3/95.3 1.2/2.9 2.3/1.8 1.2/0
T. vorax 512 114.8 28.4 658.3 25,238 94.2/95.9 4.1/3.5 0.6/0 1.1/0.6

BUSCO scores were calculated using alveolata_odb10 lineage. Source databases are listed in supplementary table S2, Supplementary Material online. Genomes

and proteomes produced in the current study are underlined.

The nuclear assembly of M. tetrabymenae consisted of 18 con-
tigs (Table 2), nine of which (ptg000003l, ptg000014l,
ptg0000051, ptg000008I, ptg0000121, ptgd00011l, ptgd00002I,
ptg0000151, ptg000013l) were capped by “TTTAGGG”
canonical plant telomeric repeats on both ends and seven of which
(ptg000010l, ptg0000091, ptg0000041, ptg0000071, ptg0000061,
ptg0000011, ptgd001091) had telomeres on one end. The M. sp.
CCAP 211/92 genome assembly was less contiguous although
comparable in terms of completeness to the M. tetrabymenae gen-
ome based on BUSCO scores (Table 2).

Time-Calibrated Phylogeny With MCMCtree

We performed dating using MCMCtree with seven
fossil calibrations spanning a 104-taxon phylogeny of
Diaphoratickes, inferred via IQtree2 and ASTRAL-IV using
50 BUSCO peptide sequences that were identified using the eu-
karyota_odb10 database. The recovered phylogenies were
well-supported as the mean bootstrap support value across
nodes was 97.9% for IQtree2 (supplementary fig. S2a,
Supplementary Material online) and the mean local posterior
probability across nodes was 91.8% for ASTRAL-IV
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Table 2 Comparison of Chlorella and Micractinium genome assemblies
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Genome/proteome BUSCO

Species Contigs or Total % N50 Genes % Single-copy % Complete % Single-copy %

scaffolds length GC (Kb) complete duplicated fragmented Missing

(Mb)

M. tetrabymenae UKON-001 18 66.9 65.3 4697 14,086 94.9/97.2 0.9/2.0 1.4/0.2 2.8/0.6
M. sp. CCAP 211/92 225 50.1 65.1 372.1 11,539 94.1/96.4 0.2/0.7 1.6/0.8 4.12.1
M. conductrix SAG 241-80 300 61 67.2 1210.5 9217 93.5/94.3 1.4/1.6 1.5/0.7 3.6/3.4
C. variabilis NC64A 414 46.2 67.1 1469.6 9780 90.7/91.5 0.7/1.1 3.712.9 4.9/14.5
C. vulgaris CCAP 211/11P 45 40.4 61.6 2825.1 10,808 96.4/98.3 0.2/0.7 1.2/0.2 2.2/0.8
C. dessicata UTEX 2437 29 20.7 45 1303.9 8418 94.0/90.4 4.2/3.9 0.6/0.8 1.2/4.9
C. ohadii strain 1 486 57.1 63.9 329 10,866 94.6/94.9 0.5/0.9 1.4/1.0 3.5/3.2
C. sorokiniana UTEX 1602 159 59.6 64 2593 9526 96.2/96.6 0.5/0.9 0.9/0.6 2.4/1.9

BUSCO scores were calculated using chlorophyta_odb10 database. Source databases are listed in supplementary table S2, Supplementary Material online.

Genomes and proteomes produced in the current study are underlined.

(supplementary fig. S2b, Supplementary Material online). The
topologies of the Trebouxiophyceae differed between the two
phylogenies in that the C. variabilis-C. vulgaris clade was recov-
ered as sister to Micractinium by 1Qtree2 and C. ohadii-C. sor-
okiniana as sister to Micractinium by ASTRAL-IV. The
Oligohymenophorea clade encompassing Paramecium and
Tetrabymena was identical between the ASTRAL-IV and
IQtree2 phylogenies. Tetrabymena utriculariae and M. tetrahy-
menae were recovered as sister taxa to T. malaccensis and M.
sp. CCAP 211/92, respectively, consistent with the 18S phylog-
enies that we inferred during strain selection (Fig. Ic,
supplementary fig. S3 to S9, Supplementary Material online).
The two phylogenies were overall highly similar
(Robinson-Foulds distance =0.13) and the clades descending
from the fossil-calibrated nodes were monophyletic in both
(supplementary fig. S4 to S9, Supplementary Material online).

We performed a sensitivity analysis for the MCMCtree pipe-
line evaluating three major parameters: the distribution specified
for the node priors on the MCMCitree input tree, the method of
tree construction used to infer the input tree (IQtree2 vs.
ASTRAL-IV), and the fossil calibrations used. The age estimates
were generally robust to the removal of fossils; however, older
age estimates relative to those made by the full seven-fossil cali-
bration scheme were produced by the removal of the streptophyte
fossils using the IQtree2 input (supplementary fig. S10,
Supplementary Material online) and similarly by the removal
of the ciliophoran fossil for ASTRAL-IV, although with a mix
of node ages being under- and overestimated for the skew-normal
and uniform prior distributions (supplementary fig. S11,
Supplementary Material online). The age estimates for bifurca-
tions corresponding to the speciation events producing T. utricu-
lariae and M. tetrabymenae were likewise stable across prior
distributions, input phylogenies, and fossil calibration schemes,
although older divergence time estimates and wider 95% Cls
again resulted from the aforementioned fossil removals
(supplementary fig. S12, Supplementary Material online). The
majority of the mean divergence time estimates were between
21 and 30 M.Y.A. for the T. malaccensis-T. utriculariae split
and between 51 and 70 M.Y.A. for the M. tetrabymenae-M. sp.
CCAP 211/92 split (Fig. 1d, supplementary fig. S12),
Supplementary Material online.

Characteristics of the M. tetrahymenae Genome

We performed a comparative genomic analysis to investigate the
adaptations of M. tetrabymenae associated with an endosymbi-
otic lifestyle. The M. tetrabymenae genome was found to be

larger than other Chlorella and Micractinium genomes in terms
of overall length and in the number of genes it contains (Fig. 2a).
An analysis with CAFES was conducted to infer orthogroups
undergoing significant (i.e. rapid) changes in member size using
a subtree constituting the Chlorella-Micractinium clade that
was extracted from the time-calibrated phylogeny produced
with the IQtree2 input tree, skew-normal node priors, and the
full-fossil calibration scheme. This analysis identified M. tetraby-
menae as containing the most orthogroups undergoing signifi-
cant expansions and as having one of the lowest estimates for
the number of orthogroups undergoing significant contractions
among Chlorella and Micractinium (Fig. 2b). The most enriched
Gene Ontology (GO) terms in genes belonging to rapidly
expanding orthogroups in M. tetrabymenae were related to
response to external stimulus, intracellular signaling, and stress
responses, followed by several GO terms relevant to interactions
with nucleic acid residues, and finally positive regulation of trans-
port (Fig. 2c). The enrichment of the top three terms, “regulation
of response to stimulus” (GO:0048583), “regulation of intracel-
lular signal transduction” (GO:1902531), and “regulation of re-
sponse to stress” (GO:0080134) were driven by expansions in
three gene families as they collectively contained 84.2% of the pa-
ralogs belonging to rapidly expanding gene families bearing
these three GO terms (Fig. 2d). Using the EGGnog-mapper
annotations, these orthogroups were identified by their gene sym-
bols as CLA4 (OG0000408: GO:0048583, GO:0080134,
GO:1902531), AKAP7 (OG0000061: GO:0048583 and GO:
1902531), and OACYL (OGO0000152: GO:0048583 and
GO:0080134). The genes belonging to these orthogroups were
distributed across five contigs (Fig. 2e). Every copy from the
M. tetrabymenae genome within these three orthogroups
was found to be transcribed in our dataset, suggesting that
they are functional genes.

Given the topological differences between the 1Qtree2 and
ASTRAL-IV phylogenies for the Chlorella-Micractinium clade,
we repeated orthogroup inference and the CAFES analysis using
the corresponding MCMCtree output produced using the
ASTRAL-IV input tree. We found highly similar results in that
84 significantly expanded M. tetrabymenae orthogroups were
recovered for the ASTRAL-IV analysis compared with the
86 significantly expanded orthogroups recovered for the
IQtree2-based analysis. The significantly expanded orthogroups
between the two analyses were largely overlapping in gene con-
tent as 97.5% (596 of 611) of the genes in significantly expand-
ing M. tetrabymenae orthogroups in the IQtree2 analysis were
also present in the significantly expanding orthogroups of the
ASTRAL-IV analysis and, conversely, 99.0% (596/602) of the
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genes in the significantly expanding orthogroups inferred in
the ASTRAL-IV analysis were also found in the significantly ex-
panding orthogroups from the IQtree2 analysis. The ASTRAL-
IV-based analyses recovered the same 11 enriched GO terms
from the IQtree2 analysis and two additional terms in the “bio-
logical process” category, “response to stress” (GO:0006950)
and “response to oxygen levels” (GO:0070482). For the sake of
stringency, we considered only the GO terms that were enriched
in both analyses.

We explored the relative contributions of agents of genome
expansions including those made by different types of gene du-
plication events and the activities of transposable elements
(TEs). A total of 4.05% of the genome was detected as having
undergone segmental duplications (Fig. 2e). The genes within
the duplicons contained a significantly higher proportion of
paralogs belonging to rapidly expanding orthogroups
(Fig. 2f) although these did not include the three orthogroups
representing CLA4, AKAP7, and OACYL (Fig. 2¢). Instead,
tandem duplications produced 67% of the paralogs in these
orthogroups, which were present in four genomic clusters.
Micractinium tetrabymenae had a higher percentage of tan-
demly duplicated genes (22.1%) relative to M. sp. CCAP
211/92 (17.4%) and M. conductrix (9.7%), although this
comparison could be biased by differences in genome assem-
bly contiguity. In total, 55.8% of M. tetrahymenae paralogs
belonging to rapidly expanding orthogroups were tandem
duplicates and 7.4% were contained in segmental duplica-
tions. Micractinium tetrabymenae was found to possess the
highest per-bp content of long interspersed nuclear elements
(LINEs), CACTA transposons, and long terminal repeat retro-
transposons (LTRs) relative to other Micractinium and
Chlorella (supplementary fig. S13, Supplementary Material
online). We focused further analysis on LTRs given that they
are not only a causative factor of tandem gene duplications,
but also because the new gene copies that they generate are
identifiable by their absence of introns due to switching to
mRNA as a template during reverse transcription (reviewed
in Krasileva 2019). Thus, we screened for single-exon gene
models and found that they were present at a three-fold greater
frequency (11.4%) in tandemly duplicated genes belonging to
rapidly expanding orthogroups relative to non-tandemly du-
plicated genes (3.9%), and over a two-fold greater frequency
relative to the complete set of tandemly duplicated genes
(4.8%). The CLA4 and OACYL orthogroups each contained
two single-exon tandemly duplicated copies as well. However,
only 12.3% of the basepairs masked as LTRs in M. tetrabyme-
nae were assembled into intact LTRs by EDTA. Given this
shortcoming of the TE annotation pipeline, we were unable
to perform a comprehensive investigation into whether the
single-exon genes were nested within intact LTRs.

Differential Expression Analysis of Free-Living and
Symbiotic M. tetrahymenae

We sequenced the total pool of mRNA transcripts in free-living
and endosymbiotic M. tetrabymenae to determine which path-
ways are recruited during endosymbiosis. The transcriptome
shifted substantially in expression profiles (Fig. 3a). The differen-
tially expressed (DE) genes were enriched for two pathways in-
volving primary metabolism, KEGG pathway map00500
(starch and sucrose metabolism), and map00910 (nitrogen me-
tabolism), and map04976 (bile secretion; Fig. 3b—d). The DE
genes in map00500 form two chains through the pathway; the
first is comprised of genes involved in the synthesis and
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breakdown of cellulose and the second of genes that catalyze
the synthesis of starch and its subsequent hydrolysis to maltose
(supplementary fig. S14, Supplementary Material online).
Within map00910, the DE genes are carbonic anhydrase (can,
cab) and genes involved in ammonium conversions, both in the
capacity of primary metabolism via assimilatory nitrate reduc-
tion (ferredoxin-nitrite reductase, 7irA) and in maintaining am-
monia homeostasis  (glutamate dehydrogenase, gdhA;
supplementary fig. S15, Supplementary Material online). The en-
richment of map04976, which constitutes a pathway likely
absent in unicellular algae due to their lack of cholangiocytes
and a digestive system, was a product of DE in six copies of
ABCG2 and one copy of each AQPI1 and ATPIA
(supplementary fig. S16, Supplementary Material online).

Evolution in the T. utriculariae Genome

We performed a comparative genomic analysis for T. utriculariae
that was similar to the one conducted for M. tetrabymenae. We
discovered that the size of the T. utriculariae genome and the
number of genes that it possesses were comparable to its closest
relatives, T. thermopbhilia and T. malaccensis (Table 1). Three of
the top five most enriched PFAM terms in the set of genes be-
longing to significantly expanding orthogroups in T. utricular-
ige are related to mobile genetic elements (Fig. 4a) and include
the transposase family (HTH Tnp Tc3 2); DDE 3, a member
of the DDE domain class whose members catalyze transposition
and which were often located on T. utriculariae gene copies an-
notated as transposases (Fig. 4b); and DDE 1, which references
the DDE superfamily of endonucleases. The third and fourth
most enriched terms were RE]J, a domain whose function is un-
known but has been proposed to be active in maintaining
homeostasis via ion transport (Moy et al. 1996), and TLD
(TLDc), a domain that plays a role in protection against oxida-
tive stress (Oliver et al. 2011; Finelli et al. 2016; Finelli and
Oliver 2017). The enrichment of TLD was produced solely by
expansions in one orthogroup (OG0000067), of which 22 of
the 30 members in T. utriculariae had the domain (Fig. 4c).
None of the genes with REJ or TLD domains had transposase
or DDE annotations and the RE] and TLD-containing copies
did not appear to be clustered with genes bearing transposase
and DDE terms (Fig. 4b).

Given the relevance of the TLD domain in protecting the
ciliate against the reactive oxygen species (ROS) that would be
expected to accompany algal endosymbionts, we pursued an in-
depth evolutionary analysis of the expanded orthogroup bearing
the domain. Eighteen of the TLD-bearing copies and five of the
non-TLD bearing copies were identified as tandem duplicates
by i-Adhore and were often clustered in pairs (supplementary
fig. S17, Supplementary Material online). Seventeen of the
22 TLD-bearing members were transcriptionally active
(Fig. 4d), suggesting they encode functional proteins. Neither
Interproscan nor eggNOG-mapper retrieved functional annota-
tions for the remaining eight paralogs (represented as open circles
on Fig. 4c and d), many of which were at the ends of long branches
on the gene tree. Seven of these copies were transcriptionally
active (Fig. 4d). TLD-bearing members of this orthogroup in
T. utriculariae were found to be predominantly under negative
purifying selection (84 of the 236 codons tested by FEL) whereas
only two residues were inferred to be under positive selection
(Fig. 4e, supplementary Data S1, Supplementary Material online).
The majority of the testable sites (167 of 236 codons) were in the
TLD domain due to a much higher degree of sequence variability
in the N-terminus. Sixty-five codons (38.9% of the testable sites)


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data

Tetrahymena - Micractinium Coevolution - https://doi.org/10.1093/molbev/msaf030 7

(a) - (b) Count
© Free-living | | o map00500 ® 3
O Symbiotic Starch and | . @ ©
3 sucrose [ BH
- metabolism
o\° o . 14
~
= P © map00910 [ _BU
50 """""""""""""""""""""""" Nitrogen { [ J
< metabolism p.adjust
8 0.0030
3 o
8 map04976 | o o008
Bile secretion 00020
o 0.0015
-50 0 50 100 0.035 0.045 0.055 0.065
PCA 1 (53.3%) GeneRatio
(©)
Phenotype
ptg0000011.126 (amyA) 1.5

ptg0000091.318 (bcsA)
ptg0000081.1112 (bglX)
ptg0000031.339 (E3.2.1.4)
ptg0000031.340 (E3.2.1.4)
ptg0000101.239 (E3.2.1.4)
ptg0000101.1140 (E3.2.1.4)
ptg0000151.472 (E3.2.1.4)

ptg0000151.950 (glgA)
ptg0000141.287 (glgA)
ptg0000141.895 (glgA)
ptg000005!.129 (glgB)
ptg0000031.1145 (glgC)
ptg0000051.990 (treX)
ptg0000051.1236 (WAXY)
ptg0000051.834 (arcC)
ptg0000071.165 (cah)
ptg0000071.166 (cah)

(ca

(

ptg0000051.718 (cah)
ptg0000141.332 (can)
ptg0000101.289 (gdhA)
ptg0000011.82 (gdhA)
ptg0000061.184 (nirA)
ptg0000061.185 (nirA)

(
ptg0000051.293 (ABCBI)
ptg0000151.448 (ABCG2)
ptg0000141.578 (ABCG2)
ptg0000021.844 (ABCG2)
ptg0000051.1372 (ABCG2)
ptg0000051.1599 (ABCG2)
ptg0000071.316 (AQP1)
ptg0000081.327 (ATP1A)

Kemyjeq

ptg0000151.471 (E3.2.1.4/dexA)

1 Phenotype

. Free-living

0.5 Endosymbiotic
0 Pathway
map00500 Starch and sucrose metabolism
05 map00910 Nitrogen metabolism
B map04976 Bile secretion
-1
-1.5
(d)
300 ol 1 °
CI
I |
I |
I |
] |
P
200 ! !
a 4
2 L
g I le
3
1 ® ‘l :
100 Lo
a5 |
? |
—
[ -oﬂl-——-lr ———————————————
-10 0 10

Log; fold change

Fig. 3. Shift in expression profiles of Micractinium tetrahymenae between free-living and endosymbiotic states. a) PCA produced using the “prcomp”
function in R with the normalized count matrix of transcriptomic reads for all genes. Each point corresponds to a separate sample. b) KEGG pathways
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M. tetrahymenae with the gene symbols taken from the KO annotations made by eggNOG-mapper. Columns represent a given experimental replicate.
The color gradient is scaled and centered based on the values within each row. d) Volcano plot highlighting DE genes in a free-living versus. endosymbiotic
state of M. tetrahymenae. Enlarged points correspond to the genes within the three enriched pathways.

in the TLD domain were inferred to be under negative selection,
consistent with the TLD domain’s function and structure being
highly sensitive to mutations (Finelli et al. 2016).

Discussion
The Age of the T. utriculariae and M. tetrahymenae
Endosymbiosis

By studying the evolutionary processes that are at play in lin-
eages that have recently made the transition to endosymbiosis,

we can better understand how stability might be first achieved
in its early stages. We found that the endosymbiotic phenotype
of T. utriculariae is relatively new on geological timescales.
Specifically, the majority of posterior means of divergence
times for the T. malaccensis-T. utriculariae bifurcation were
estimated between 21 and 30 M.Y.A. which, following the
principal of maximum parsimony in that the symbiotic pheno-
type was derived only once and not lost in any lineages, pro-
vides an upper boundary for its age. The recency of the
endosymbiosis matches with the observation that it is
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facultative and the prediction that endosymbiosis evolves
higher dependence over time, and from a facultative to an ob-
ligate interaction (Estrela et al. 2016). The young age of the
phenotype could also help account for the observation that
the genome expansion of M. tetrabymenae is a characteristic
that evolved rapidly, at least in the context of the Chlorella
and Micractinium clade, since its divergence from M. sp.
CCAP 211/92. A previous study investigating trends in gen-
ome size evolution in the Arsenophonus endosymbionts of in-
sects found evidence that more recent endosymbionts tended
to have larger genomes (Siozios et al. 2024), a pattern which
the authors argued is consistent with the rapid gain of new
functions and evolutionary innovation. A hypothesis that
warrants further investigation is that the endosymbiotic asso-
ciation between M. tetrabymenae and T. utriculariae is young-
er than those between P. bursaria and M. conductrix or
C. variabilis, two algal species that do not have expanded ge-
nomes. Indeed, a genus-wide 18S rRNA phylogenetic analysis
recovered P. bursaria as the earliest branching lineage within
Paramecium (Fokin et al. 2004), leaving the possibility for
an earlier establishment of algal endosymbiosis.

The Role of Genome Expansions as Agents of
Adaptation in Endosymbiosis

Adaptation can occur within a lineage through the rapid ex-
pansion of orthogroups (i.e. gene families; Kondrashov
2012; Nakjang et al. 2013; Pan et al. 2013; Xu et al. 2016).
We found that the M. tetrabymenae genome possessed a great-
er number of rapidly proliferating orthogroups relative to

other Micractinium and Chlorella, consistent with its larger
genome size. Both tandem and segmental duplications re-
ceived support for being active in driving paralog generation
within these orthogroups; however, tandem duplication was
the more dominant process. The M. tetrabymenae genome
was also distinguished from congeners by its high TE content
with LTRs as one of the most abundant classes, which can pro-
duce tandem duplications that are identifiable by their lack of
introns (Krasileva 2019). Indeed, single-exon genes were over-
represented in the tandem duplicates of rapidly expanding or-
thogroups, thus highlighting a potential role of LTRs in
driving adaptive evolution in M. tetrabymenae.

We investigated the functional consequences of the genome
expansion in M. tetrabymenae and discovered that the rapidly
expanding orthogroups were enriched for genes related to
stress responses and intracellular signaling, which was driven
by expansions in three orthogroups, two of which contained
single-exon copies as tandem repeats (CLA4 and OACYL).
The first was identified as the serine/threonine-protein kinase
CLA4, which in Saccharomyces cerevisiae is required for po-
larized cell growth and proper timing of cytokinesis
(Cvrekova et al. 1995) and is also involved in activating cellu-
lar signaling cascades in response to severe osmotic stress
(Raitt 20005 Viéitez et al. 2020). The second is AKAP7 (syno-
nym of AKAP18, AKAP15), a gene that belongs to the family
of A-kinase-anchoring proteins (AKAPs) that tether the ubi-
quitous cAMP-dependent protein kinase (PKA) and localize
it to subcellular compartments, thus bestowing specificity to
cAMP/PKA (Trotter et al. 1999; Dema et al. 2015). The vari-
ous isoforms of AKAP7 in humans and mice are involved in
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regulating the activities of Ca** and Na* channels at the mem-
brane surface (AKAPa,B; Gray et al. 1998; Tibbs et al. 1998)
and in mediating the increase of aquaporin-2 (AQP2) insertion
into the apical surface of the cell membrane (AKAPS), thus par-
ticipating in the maintenance of cell water balance (Horner
et al. 2012). The third orthogroup was identified as OACYL,
a gene that lacks thorough investigation into its function.
However, all members of this orthogroup were annotated as
bearing domain similarity to DnaJ/Hsp40, a molecular chaper-
one that is highly conserved across prokaryotes and eukaryotes
(Hennessy et al. 2000) and which acts in concert with DnaK/
Hsp70 and GrpE to refold denatured or incorrectly folded pro-
teins (Szabo et al. 1996; Winter and Jakob 2004; Celaya et al.
2016). The concerted activity of these enzymes helps ensure
normal protein folding under oxidative stress in Salmonella
(Kim et al. 2018, 2021), although numerous other functions
have been proposed for Dna] homologues including chaperon-
ing of steroid receptors (Moffatt et al. 2008), regulation of the
cell cycle (Tsai et al. 2006), and tolerance to heat and cellular
toxins such as ethanol (Susin et al. 2006).

Micractinium  tetrabymenae must perform in two
distinct environments given the facultative symbiosis with T.
utriculariae, inside the ciliate and in the free-living state, which
likely require different adaptations that could be mediated by
the different sets of paralogs within the M. tetrabymenae gen-
ome. This pattern of adaptation is supported by the differen-
tial expression of multiple members within a given gene
family between free-living and endosymbiotic M. tetrahyme-
nae. One such example is ABCG2, whose members are in-
volved in suberin production and maintaining pH and
osmotic balance in Arabidopsis thaliana (Yadav et al. 2014;
de Silva et al. 2021) and are involved in the expulsion of a
broad array of xenobiotics and endogenous compounds
from the cell in humans and mice (Kusuhara and Sugiyama
2007). Two other gene families fitting this pattern are gdhA,
coding for glutamate dehydrogenase, which performs
the reversible conversion of glutamate to o-ketoglutarate
and ammonia and is thus implicated in maintaining ammonia
homeostasis in mammals (Spanaki and Plaitakis 2012)
and submerged macrophytes (Xian et al. 2020); and endoglu-
canase E3.2.1.4, which can hydrolyze a broad range
of polysaccharide substrates in rice (Yoshida and Komae
2006).

Physiological Changes in M. tetrahymenae Upon
Transitioning to Endosymbiosis

The resources that are available to M. tetrabymenae likely shift
upon switching to endosymbiosis. Acquisition of nitrogen by
free-living chlorophytes can be performed via assimilatory ni-
trate reduction, whereby extracellular nitrate is imported into
the cell and reduced to nitrite by nitrate reductase (NR), which
is further reduced to ammonium by nitrite reductase (nirA;
Guerrero et al. 1981). The downregulation of nirA, which pro-
duces the controlling enzyme of this pathway in Arabidopsis
(Takahashi et al. 2001), suggests a departure from reliance on
extracellular nitrate in endosymbiotic M. tetrabymenae. A po-
tential parallel is seen with P. bursaria and C. variabilis in
that endosymbiotic C. variabilis switch to using amino acids
from Paramecium as a nitrogen source (Kato et al. 2006;
Blanc et al. 2010; Kodama et al. 2014; He et al. 2019).
Leveraging the algae’s reliance on amino acids, P. bursaria
appears to control its symbiont population by adjusting subsid-
ies of glutamine (He et al. 2019). Such a transition in which

nitrogen sources are obtained and how they are metabolized
might also be present in M. tetrabymenae.

Plants and algae polymerize excess glucose into starch as a
means for energy storage. In short, starch biosynthesis is a
three-step process that is initiated by glucose-1-phosphate ad-
enylyltransferase (EC:2.7.7.27, glgC), which takes glucose-1-
phosphate and ATP as substrates to produce ADP-glucose.
Next, starch synthases (EC:2.4.1.21, glgA and EC:2.4.1.242,
WAXY) add ADP-glucose molecules to a growing amylose
chain, which is then concatenated as a branch to a growing
cluster of other such chains by starch branching enzymes
(EC:2.4.1.18, glgB; Martin and Smith 19935). The starch mol-
ecules can then be hydrolyzed by isoamylase (EC:3.2.1.68,
treX) to produce maltodextrin (Yokobayashi et al. 1970),
which is then further hydrolyzed into maltose molecules by
alpha-amylase (EC:3.2.1.1, amyA) (Janecek 1997). In endo-
symbiotic M. tetrahymenae, all the aforementioned genes
leading to the production of starch and its subsequent hydroly-
sis are collectively downregulated. One possible reason for this
expression pattern is that endosymbiotic M. tetrabymenae
transfer excess sugars to the Tetrabymena host, a phenom-
enon that is well-documented between C. wvariabilis and
P. bursaria (Brown and Nielsen 1974; Pardy et al. 1989)
and is likely also performed by M. conductrix based on experi-
mental evidence of maltose excretion (Arriola et al. 2018).

The Evolution of Oxidation Resistance Genes in
T. utriculariae

We discovered that the genome of T. utriculariae was less
differentiated than M. tetrahymenae from its congeners
regarding its size, the number of genes it possesses, and in the
number of rapidly expanding orthogroups. The best-supported
signal of adaptation that we found was in the expansion of an
orthogroup bearing TLD, a domain that characterizes the
OXR1 oxidation resistance gene family and is evolutionarily
conserved across eukaryotes (Volkert et al. 2000; Durand
etal. 2007). The TLD domain is alone sufficient to bestow pro-
teins with protective properties against oxidative stress (Oliver
et al. 2011) and has been demonstrated to play essential roles
in oxidation resistance across distantly related organisms in-
cluding mice (Oliver et al. 2011), Anopheles gambiae
(Jaramillo-Gutierrez et al. 2010), and Saccharomyces cerevisiae
(Elliott and Volkert 2004). This gene family also contains a high
frequency of tandem duplicates in T. utriculariae, but given the
high background rate of single-exon genes in Tetrahymena and
the inference that LTRs only constitute 0.1% of the genome,
we did not pursue LTRs as a causative factor. Tandem dupli-
cates have previously been found to be concentrated in and
near the centromeres of T. thermophilia MIC chromosomes
and were hence proposed to be the consequence of a greater
rate of illegitimate recombination events in this region
(Hamilton et al. 2016). We therefore suggest that the next
step towards identifying the mechanisms underlying the pro-
duction of new copies within this gene family should involve
the production of a MIC genome assembly to explore this pos-
sibility. This could perhaps be accomplished by using chromo-
somal conformation capture techniques as the MIC and MAC
likely possess different chromatin geometries owing to their
differences in ploidy and transcriptional profiles.

ROS are reduced forms of oxygen that are byproducts of
photosynthesis and respiration (Muller 2000; Han et al.
2001; Edreva 2005) that can also function as cellular signaling
molecules (Laloi et al. 2004). ROS are damaging in excess
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concentrations to organisms as they are more reactive to bio-
molecules than molecular oxygen (Lesser 2006; Khorobrykh
et al. 2020). Extracellular ROS production is common among
aquatic organisms (Hansel and Diaz 2021) and, in eukaryotic
phytoplankton, extracellular H,O, and O>~ production has
been reported to span from 0.01 to 10° fmol cell™* h™! (Diaz
and Plummer 2018). ROS production can be increased in re-
sponse to cellular stress and can trigger ROS waves that func-
tion in cell-to-cell communication, a phenomenon originally
described in vascular plants (Miller et al. 2009) that is evolu-
tionarily conserved across eukaryotes (Fichman et al. 2023).
Among the species that have been evaluated and in which
stress-elicited ROS waves were detected in the form of H,O»
bursts were the chlorophytes Chlamydomonas reinhardtii
and Chlorella vulgaris, the latter a close relative of the
Micractinium and Chlorella symbionts of ciliates (Fichman
etal. 2023). Thus, ROS concentrations may be elevated inside
the ciliate cytoplasm due to stress-induced signaling by the al-
gal symbionts and due to the algae’s cellular respiration and
photosynthesis.

In P. bursaria, ROS production by algae has been proposed
as a destabilizing influence on the endosymbiosis (Kawano
et al. 2004) and at least two mediation strategies have been
identified. The first is behavioral and involves the expulsion
of algae by P. bursaria when oxygen concentrations in the
growth media are experimentally elevated, thus stimulating
ROS production by the algae (Kawano et al. 2010). The se-
cond is the evolution of greater resistance towards ROS spe-
cies, which has been demonstrated experimentally by a
greater LDso of H,O, in P. bursaria in both aposymbiotic
states (ciliates where the algal endosymbionts have been ex-
perimentally removed) and algal-bearing states compared
with Paramecium species that do not establish endosymbiosis
with algae (Kawano et al. 2004). Therefore, we postulate that
the convergent expansions of TLD-bearing gene families in P.
bursaria (Cheng et al. 2020) and T. utriculariae constitute a
shared evolutionary response to oxidative stress caused by
their algal endosymbionts.

Conclusion

Identifying how participating lineages evolve during the early
stages of endosymbiosis is pivotal to understanding how sta-
bility is maintained in the partnership. To this end, we ana-
lyzed the genomes of T. utriculariae and M. tetrabymenae, a
ciliate host and its endosymbiotic algae. Based on the principal
of maximum parsimony and the recent speciation event pro-
ducing the T. utriculariae lineage from a nonsymbiotic ances-
tor, the endosymbiosis can be reasoned to be relatively young
on geological timescales. Rapid expansions in gene families
were discovered in both organisms that appear to be evolu-
tionary responses to stress, consistent with the idea that novel
paralogs can facilitate the gain of new functions that help or-
ganisms adapt to the steep biotic and abiotic clines that would
be expected in a nascent endosymbiosis. These include a TLD
domain-bearing orthogroup in T. utriculariae that represents
an example of convergent evolution between this ciliate and
P. bursaria, and which is likely an adaptation to elevated
ROS levels from the algal symbionts. In M. tetrabymenae,
an overrepresentation of single-exon tandem repeats was
also discovered in the rapidly expanding orthogroups, which
highlights LTR retrotransposons as potential vehicles for
adaptation in this species. Among the rapidly expanding
gene families that contain single-exon tandem repeats were
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ones whose candidate functions involve stress responses,
such as ensuring proper folding of proteins under oxidative
stress and activating intracellular signaling in response to
osmotic stress. Additionally, a differential expression analysis
of mRNA transcripts of M. tetrabymenae in a free-living ver-
sus an endosymbiotic state revealed transitions in nitrogen
sources, cell wall restructuring, and the discontinuation
of storage of excess sugars. These expression patterns could
underlie parallel physiological changes that are elicited upon
endosymbiosis in M. tetrabymenae and the algal symbionts
of P. bursaria, C. variabilis and M. conductrix. Thus, the
T. utriculariae and M. tetrabymenae genomes chronicle adap-
tation and the nature of host-endosymbiont crosstalk in the
early stages of this association and help elucidate how this
major evolutionary step in biological organization occurs be-
tween ciliates and algae.

Materials and Methods

Strain Selection

A search for the closest relatives of our focal species was per-
formed using the web-based version of BLASTn (Altschul et al.
1990) via the NCBI website. The publicly available M. tetra-
hymenae 1TS1-5.8S rRNA-ITS2 sequence (NCBI accession:
LT605003.1) and T. utriculariae 18S rRNA sequence (NCBI
accession: LT605001.1) were queried against the complete
nonredundant (nr/nt) database. The sequences for the top
100 HSPs of each search were filtered to remove duplicates
and subjected to multiple sequence alignment with the corre-
sponding query sequence in MAFFT v7.490 (Katoh and
Standley 2013). The model of nucleotide substitution best fit-
ting each alignment was then inferred using ModelFinder
(Kalyaanamoorthy et al. 2017), identifying SYM +1+ G for
Chlorellaceae and GTR +1+G for Tetrabymena according
to BIC scores. Phylogenetic tree inference was performed in
MrBayes v3.2.6 (Ronquist et al. 2012) using two runs each
with four MCMCs of a length of 50,000,000 generations.
Consensus trees were calculated for each alignment following
a 25% burn-in. The next closest relatives to M. tetrabymena
and T. utriculariae were selected based on nearest phylogenet-
ic distance and the criteria that the strain could be obtained
from a culture collection (supplementary fig. S3a and b,
Supplementary Material online). Tetrabymena malaccensis
strain 23b was chosen as the next closest relative to T. utricu-
lariae as a draft genome is not yet available for this strain and,
given that it mates with T. malaccensis strain 436, a draft gen-
ome would help enable this species’ further use as a model sys-
tem. Micractinium sp. strain CCAP 211/92 was identified as
the corresponding algal strain for sequencing. The sequence
alignments and accompanying MrBayes code blocks are sup-
plied as supplementary Data Files S2 and S3, Supplementary
Material online.

Culture Source and Maintenance

A fresh culture of T. malaccensis strain 23b (Tetrahymena
Stock Center Strain ID: SD01730) was obtained from the
Tetrahymena Stock Center, Cornell University, and M. sp. strain
CCAP 211/92 was obtained from the Culture Collection of
Algae and Protozoa, The Scottish Association for Marine
Science, Oban, Scotland. Tetrahymena utriculariae was isolated
by picking individual single cells from a disrupted trap
of Utricularia reflexa originating from Okavango Swamp,
Botswana, by hand using a pipette under a dissecting microscope


http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf030#supplementary-data

Tetrahymena - Micractinium Coevolution - https://doi.org/10.1093/molbev/msaf030 1

and transferring each to rich wheat grass medium (doi:10.1101/
pdb.rec12079) in 40 uL volumes. A single isolate was main-
tained as strain “A2B2”. Micractinium tetrahymenae was iso-
lated from T. utriculariae A2B2 by transferring individual cells
of T. utriculariae through five sequential droplets of Woods
Hole Culture Medium (WC) media (Guillard and Lorenzen
1972) to wash away extracellular algae. The rinsed ciliate cells
were subsequently plated on WC agar, which resulted in the
bursting of the ciliates, thus releasing the algae. Algal cells grow-
ing from this plate were established in liquid culture and then re-
plated in serial dilutions to obtain a clonal lineage, designated
strain “UKON-001”. For standard culturing, T. malaccensis
23b was maintained in SPP media (Gorovsky et al. 1975), T.
utriculariae in rich wheat grass medium, M. tetrabymenae in
WC media, and M. sp. CCAP 211/92 in modified Bold’s Basal
Media (MBBM) media with ammonium replacing nitrate as
the nitrogen source (Frickel et al. 2016) at 20 °C.

Nuclear Isolation of T. malaccensis 23b and HMW
DNA Isolations

Two hundred milliliters of T. malaccensis 23b cells in early
stationary phase were pelletized at 4 °C and 1800 X g (rotor
break off) for 15 minutes. Cells were resuspended in 14 mL
of nuclear isolation buffer (NIB: 292 mM sucrose, 210 uM
MgCl,, 0.1% spermidine [v/v], pH 6.75, with 0.125%
NP-40 [v/v]) and incubated for five min on ice, vortexing every
15 seconds. The resulting suspension was filtered across a
10 um nylon mesh and centrifuged at 4 °C and 1200 x g for
12 minutes. The pellet was rinsed in 15 mL NIB and re-
pelletized at 4 °C and 1400 x g for 12 minutes. The pellet
was resuspended in 1 mL Tris-EDTA buffer and stained
with DAPI in a 3 uM final concentration. Micro (MIC) and
macronuclear (MAC) fractions were then separated using a
BD FACSAria™ III with a gating strategy using DAPI inten-
sity, size (FSC), and granularity (SSC). Only MAC fractions
with over 99% purity were used for DNA isolation. A similar
pipeline was attempted for T. witriculariae but was
unsuccessful.

DNA was isolated from five samples using the Wizard
HMW DNA Isolation Kit (Promega catalogue number
A2920). The first sample was highly enriched for DNA origin-
ating from the T. malaccensis 23b MAC and was produced
from the sorted fraction. The second and third were produced
from pelletized intact cells from 200 mL of T. malaccensis 23b
culture and 400 mL of T. utriculariae culture, the latter of
which was washed across a 10 um mesh to deplete any bacter-
ial or fungal cells present in the culture. The fourth and fifth
samples were from 400 mL of each M. tetrabymenae and M.
sp. CCAP 211/92 cultures in early stationary phase, which
were pelletized and pulverized in liquid nitrogen prior to
chemical lysis. The DNA isolations underwent library prepar-
ation with the SMRTbell Express Template Prep Kit 2.0 and
sequencing on a PacBio Sequel II with one SMRT cell 8 M de-
voted to each sample.

RNAseq of Ciliates and Algae

We performed an experiment to identify genes that are differ-
entially expressed in M. tetrabymenae in a free-living state ver-
sus a state of endosymbiosis within T. wutriculariae. Five
monocultures of M. tetrabymenae and five cultures of T. utri-
culariae bearing symbiotic M. tetrabymenae were grown to
late log growth phase in WC media under 50 gmol m=2s~!

constant light intensity at 18 °C. Free-living M. tetrabymenae
cells were separated from the T. utriculariae cells in the “sym-
biotic” treatment by filtering the culture across a cell strainer
with a 10 um mesh size and subsequently washing the cells
with 30 mL of WC media, at which point a negligible density
of free-living M. tetrabymenae was observed. Cells from all
cultures were pelletized at 4 °C and 1800 x g (rotor break
off) and immediately snap-frozen in liquid nitrogen. Cell pel-
lets were resuspended in 350 ul. of buffer RLT from the
RNeasy Micro Kit (Qiagen, catalogue number: 74004) sup-
plemented with 0.143 M B-mercaptoethanol, transferred to
BeadBug™ prefilled tubes, 2.0 mL capacity (Merck, catalogue
number Z763764) and disrupted on a MP Biomedicals
FastPrep-24™ 5G using three consecutive 120 s runs at a
speed of 6 m/s. RNA was isolated from the lysate using the
RNeasy Micro Kit following the manufacturer’s instructions.
To aid in gene model inference, RNA was also isolated from
cultures of T. malaccensis 23b and M. sp. CCAP 211/92 in
late log growth phase, pelletized according to the above spec-
ifications for T. wutriculariae. All RNA samples underwent
library preparation that included the enrichment of eukaryotic
mRNA via poly-A pulldown and were sequenced using 2 x
150 PE chemistry on an Illumina NovaSeq 6000 targeting
30 Gb of raw data for each the T. malaccensis 23b and
M. sp. CCAP 211/92 samples, 9 Gb per monoculture sample
of M. tetrabymenae, and 18 Gb per T. utriculariae sample.

Genome Assembly

We used the long-read sequencing data from the MAC-enriched
and whole-cell gDNA samples of T. malaccensis 23b to devise
and benchmark an assembly pipeline that we could then use to
assemble the MAC genome of T. utriculariae. We built the pipe-
line around two features of Tetrabymena genomes that theoret-
ically could be used to tease apart MAC and MIC DNA
sequences. The first are the chromosomal breakage sequences
(CBS), which are 15-bp-long motifs that are highly conserved
among Tetrahymena (Hamilton et al. 2016). CBSs are specific
to the MIC and mark the chromosomal coordinates that are
cleaved during the production of the MAC genome (Yao
et al. 1987). By removing reads bearing CBS from the raw
data, the assembly of chimeric contigs would be prevented as
such reads could bridge MAC-destined and MIC-specific gen-
omic sequences. The resulting assembly would then be expected
to contain MIC-specific contigs that represent stretches of
chromosome between MAC-destined fragments and separate
MAC contigs. The second biological characteristic of the nu-
clear dimorphism we leveraged is the difference in ploidy be-
tween the MAC and MIC genomes of Tetrabymena, in that
the much larger MAC contains >20-fold greater DNA content
relative to the MICs (Prescott 1994). Thus, the MIC-specific
contigs could be identified on the basis of their much lower
coverage and removed from the dataset, producing a
MAC-only assembly.

We implemented this pipeline by first removing raw reads
bearing CBS motifs from the whole-cell T. malaccensis 23b se-
quencing dataset, which were present in 0.13% of the reads.
Given the short length of CBSs and the low error rate of
PacBio HiFi CCS reads, we decided to remove reads only if
they contained a 15-mer bearing 100% identity to a given
CBS sequence or its reverse complement. As an additional
quality control step to further validate the purity of the sorted
MAC:s from which the MAC-enriched sequencing data were
produced, we checked the MAC-enriched T. malaccensis
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23b reads for CBS motifs, again requiring 100% identity to a
CBS, and found none. Contigs were then assembled for both the
MAC-enriched reads and the whole-cell read set with
CBS-bearing  sequences removed using Flye v2.9.1
(Kolmogorov et al. 2019). The raw reads were then mapped
back to these preliminary assemblies using minimap v2.24 (Li
2018) to generate coverages of each contig. The contigs were
then processed with PurgeHaplotigs v1.1.2 (Roach et al.
2018), which identifies assembly artefacts on the basis of redun-
dancy and coverage. The degree of similarity between the
MAC-enriched assembly and the MAC assembly produced
from the whole-cell sample was evaluated by performing
whole-genome alignment in nucmer v4.0.0 of the MUMmer4
package (Marcais et al. 2018). Assembly completeness was eval-
uated with BUSCO v5.4.3 (Manni et al. 2021) run on “genome”
mode with the alveolata_odb10 lineage specified. Additional
quality metrics were calculated using QUAST v5.0.2
(Mikheenko et al. 2018). We then repeated the assembly pipeline
for T. utriculariae, in which 0.64% of the reads bore CBS and
were removed. An additional decontamination step was per-
formed since reads of at least algal and bacterial origin were ex-
pected to be present. This was accomplished using Kraken
2.0.7-beta (Wood et al. 2019) to classify the raw T. utriculariae
reads by taxonomy. Only those annotated as being ciliophoran
(or child terms) were retained for further processing

We screened the assemblies for mitochondrial sequences by
querying the assemblies against three Tetrabymena mitochon-
drial genomes (NCBI accessions AF396436.1, DQ927303.1,
and DQ927305.1) using BLASTn v2.10.0+ (Altschul et al.
1990) and found that the ~52 kb T. utriculariae and the
~54 kb T. malaccensis 23b mitochondrial genomes were re-
covered as single linear contigs, consistent with the observa-
tion of linear mitochondrial genomes of other Tetrabymena
(Brunk 2003; Moradian et al. 2007).

Algal genome assemblies were produced using hifiasm v0.16.1
(Cheng et al. 2021) and curated using PurgeHaplotigs. Assembly
metrics were calculated using BUSCO with the chlorophy-
ta_odb10 lineage specified and with QUAST. Circular organellar
assemblies were produced by rerunning hifiasm using only reads
larger than 21 kb. The organellar origin of the assemblies was
determined by querying the contigs against the publicly available
C. variabilis and C. sorokiniana plastid and mitochondrial
assemblies (NCBI accessions: CM009642.1, CM009641.1,
KP271968.1, KP271969.1) using BLASTn. Contaminating or-
ganellar contigs were identified and removed from the original
hifiasm assemblies by querying each contig against the circular
organellar contigs using BLASTn, producing a nuclear-only as-
sembly for each alga. All subsequent comparative genomic ana-
lyses were performed on the nuclear genome assemblies for both
Tetrabymena and the algae. Additionally, prior to further com-
parative genomic analysis, organellar contigs were removed
from the publicly available Tetrahymena and trebouxiophyte
genome assemblies and any corresponding gene models.
For the sake of resource generation, the Tetrabhymena and
Micractinium organellar assemblies are submitted alongside
the nuclear assemblies.

Gene Model Inference and Functional Annotations

The nuclear contigs of M. tetrabymenae, M. sp. CCAP 211/92,
T. utriculariae, and the two T. malaccensis 23b assemblies
were soft-masked with RepeatMasker v4.0.7 (Smit & Green,
RepeatMasker at http:/www.repeatmasker.org), using a de
novo inferred library from RepeatModeler v2.0.1 (Flynn
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etal. 2020) and the existing Tetrabymena and Chlorella repeat
libraries (specified using “-species”). Raw RNA sequencing
reads were filtered and trimmed using fastp v0.19.6 (Chen
2023) with the settings “poly_g_min_len 10” and “poly_-
x_min_len 10”. De novo transcriptomes were assembled in
Trinity v2.5.1 (Grabherr et al. 2011). The resulting assemblies
were then used to construct spliced transcript alignments with
PASA v2.5.2 (Haas 2003). The spliced alignments with
complete ORFs were then used to train the gene prediction
software Augustus v3.2.2 (Stanke et al. 2008). Publicly avail-
able proteomes from close relatives of our focal species
(supplementary table S2, Supplementary Material online)
were aligned to the contigs using miniprot v0.12 (Li 2023).
The miniprot protein alignments and PASA alignments were
then supplied as hints for the final round of gene prediction in
Augustus. The miniprot alignments were also supplied to
GeneMark-EP, packaged in the GeneMark-ES/ET/EP Suite
v4.71 (Briina et al. 2020), to generate a second source of ab ini-
tio gene models. EVidenceModeler v2.1.0 (Haas et al. 2008)
was then used to generate consensus gene models from the
PASA alignments, miniprot alignments, Augustus and
GeneMark gene models. Summary statistics of the gene models
were generated using AGAT v1.0.0 (https:/www.doi.org/10.
5281/zen0d0.3552717) and by calculating the BUSCO scores
of the proteomes with the appropriate lineage-specific database
specified (alveolata_odb10 lineage for Tetrabymena and chlor-
ophyta_odb10 for Chlorella-Micractinium). The full pipeline of
EDTA v2.0.0 (Ou et al. 2019) was also run to provide a more
comprehensive annotation and classification of the transpos-
able elements. Functional annotations of the gene models
were inferred for the publicly available Tetrahymena and algal
genome assemblies and for our four genome assemblies using
eggNOG-mapper v2.1.12 (Cantalapiedra et al. 2021) for
KEGG pathways, preferred gene names, and GO terms and
Interproscan v5.39-77.0 (Jones et al. 2014) for PFAM terms.

Phylogenetic Inference and Fossil Dating

One hundred and one publicly-available proteomes represent-
ing a broad taxonomic sampling of the eukaryotic
Diaphoratickes superclade (supplementary table S2,
Supplementary Material online) were combined with the pro-
teomes generated in the current study, producing an initial da-
taset of 105 taxa. Protein sequences corresponding to
eukaryotic BUSCOs were identified by running BUSCO on
“proteome” mode on each proteome specifying the eukaryo-
ta_odb10 lineage. A representative copy was chosen at ran-
dom if the BUSCO was complete but duplicated. Amino acid
residues were aligned within each BUSCO across taxa using
Muscle v5.1 (Edgar 2004). Alignments were filtered using
Gblocks v0.91b (Castresana 2000) with default parameters,
except “-b=h”. BUSCOs that were present in <25% of the
taxa or that had filtered alignment lengths of <50 positions
were removed from the dataset. Additionally, Euplotes van-
nus was removed as it had >75% missing data.

To investigate the sensitivity of the comparative genomic
pipeline (below) to the method of phylogenetic inference
used, we performed tree construction using two independent
methods, IQtree v2.2.3 (Minh et al. 2020) and ASTRAL-IV
v1.19.4.5 (Zhang and Mirarab 2022). For the IQtree2 ana-
lysis, the model of protein evolution best fitting each alignment
was inferred using ModelFinder (Kalyaanamoorthy et al.
2017), implemented in IQtree v2.2.3 (Minh et al. 2020).
Any alignments that failed the composition chi® test were
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removed, resulting in a final set of 50 BUSCO alignments for
the 104 taxa. Phylogenetic tree inference was performed using
IQtree2 on the concatenated alignment of 50 BUSCOs, which
had a final length of 7,181 positions, using a partitioned ana-
lysis that specified the models of AA evolution identified by
ModelFinder for each individual BUSCO and by running
10,000 ultrafast bootstrap replicates (Hoang et al. 2018).
Gene trees were inferred to provide as input for the
ASTRAL-IV analysis for the same 50 BUSCOs using RAXML
v8.2.9 (Stamatakis 2014), for which 20 independent runs on
distinct starting trees, a gamma model of rate heterogeneity,
and automatic protein substitution model selection were speci-
fied. ASTRAL-IV was then run using 32 initial rounds of place-
ment and 32 subsampling rounds per exploration step (-r 32 -s
32). The final alignment and partition are supplied in
supplementary Data Files $4 and S5, Supplementary Material
online.

The phylogenies were time-calibrated using MCMCtree in
PAML v4.9 (Yang 2007) using seven fossil calibrations fol-
lowing the age specifications of Morris et al. 2018 and
Strassert et al. 2021 (supplementary table S3, Supplementary
Material online). We performed a sensitivity analysis by re-
peating the MCMCitree pipeline specifying either the skew-
normal, uniform, or Cauchy prior node distribution using
both the IQtree2 and ASTRAL-IV as input trees and four fossil
calibration schemes. The first fossil calibration scheme con-
sisted of the full set of seven calibration points. The second
and third involved the removal of either the Ciliophora or
Chlorophyta fossils (the fossils “closest” to the focal taxa of
this paper on the phylogenies), and the fourth involved the re-
moval of the embryophyte, angiosperm-gymnosperm, and
angiosperm fossils, as they represented a bias within strepto-
phytes by virtue of having more fossil calibrations relative to
other clades. Input files were prepared using MCMCtreeR
(Puttick 2019). MCMCtree was performed with each of the
aforementioned combinations of parameters using two inde-
pendent runs, each with a length of 20,000,000 generations,
sampling every 100 generations, after a 200,000 generation
burn-in. Each run was initialized from a different seed that
was randomly generated from a uniform distribution set to
range from 1 to 1,000,000 using the “runif” function in
R. For each run we assumed independent rates model for the
molecular clock, birth-death priors, a=2 and p=14.21 for
the Dirichlet-gamma prior for the mean substitution rate,
and a=2 and B=2 for the Dirichlet-gamma prior for the
rate drift parameter. Convergence and sufficiently large ESS
(>200) of parameter estimates was confirmed using Tracer
v1.7.2 (Rambaut et al. 2018).

Inference of Rapidly Contracting and Expanding
Gene Families

Orthogroups were inferred using the subtrees representing the
Chlorella-Micractinium and Tetrabymena clades, extracted
from the skew-normal MCMCctree output tree, and the corre-
sponding taxa’s proteomes using OrthoFinder v2.5.4 (Emms
and Kelly 2019) specifying BLASTp for homolog detection.
CAFES (Mendes et al. 2021) was then run using the orthogroup
count file and the aforementioned subtrees, restricted to taxa
with a minimum single-copy complete proteome BUSCO score
of 90% (alveolata_odb10 lineage for Tetrabymena and chloro-
phyta_odb10 for Chlorella-Micractinium) to mitigate differen-
ces in genome completeness. The optimal number of gamma
categories was determined for each tree by allowing K to

vary from 2 to 5 and by repeating each model five times to evalu-
ate convergence and -Inl values. Additionally, a Poisson distribu-
tion was specified at the root. A P-value cutoff of 0.01 was
implemented to designate an orthogroup as undergoing sig-
nificant change in copy number along a branch. Given that
the branching order of the Micractinium-Chlorella clade dif-
fered between the IQtee2 and ASTRAL-IV analyses in that C.
vulgaris-C. variabilis were sister to Micractinium in the
IQtree2 phylogeny and C. sorokiniana-C. ohadii were sister
to Micractinium in the ASTRAL-IV phylogeny, we repeated
this pipeline using the MCMCetree time-calibrated phylogeny
inferred using the ASTRAL-IV input tree starting from the
OrthoFinder step to determine if the topological incongru-
ency affected the results.

Gene Duplication Analysis

Segmental and tandem duplications were identified with
iAdhore v3.0 (Proost et al. 2012) using the OrthoFinder-inferred
orthogroups as the input for the homology table. The analysis
was run on collinear mode with a gap size of 30, g-value cutoff
of 0.75, FDR multiple hypothesis correction, P-value cutoff of
0.01, three anchor points, and using the gg2 alignment method.

Comparative Transcriptomic Analysis of

M. Tetrahymenae

Raw RNA sequencing reads were trimmed and filtered with
fastp as described above. Splice-aware alignments were con-
ducted against the M. tetrabymenae and T. utriculariae nu-
clear genome assemblies with STAR v2.7.3a (Dobin et al.
2013) using default mapping parameters. A read count matrix
of transcripts was compiled with featureCounts v2.0.0 (Liao
et al. 2014) that discarded multi-mapping, multi-overlapping,
and chimeric reads, counted only primary alignments, and re-
quired the mapping of both ends to the transcript.
Differentially expressed genes were identified between the
endosymbiotic and free-living M. tetrabymenae samples using
the R package DEseq2 v1.36.0 (Love et al. 2014) specifying
the “apeglm” shrinkage estimator (Zhu et al. 2019).

Functional Enrichment Analysis

An enrichment analysis was performed for the differentially
expressed genes in M. tetrabymenae in a symbiotic versus free-
living state and the genes contained in significantly expanding
orthogroups in M. tetrahymenae and T. utriculariae using the
“enricher” function of the R package clusterProfiler v4.4.4
(Wu et al. 2021). A P-value cutoff of 0.01 was used with
FDR P-value corrections, requiring a minimum gene set size
of 20 members and default settings for other parameters.

Analysis of TLD Domain-bearing Novel Protein
Family in Tetrahymena

FEL (Kosakovsky Pond and Frost 2005), implemented in
HyPhy v2.5.60 (Kosakovsky Pond et al. 2020), was used to
identify positions in the codon-aware multiple sequence
alignment under positive and negative selection for the
TLD-bearing members of the Tetrahymena orthogroup
0OG0000067 in T. utriculariae using a phylogeny-wide ana-
lysis. As a three-dimensional alternative to an amino acid
alignment, we used ColabFold (Jumper et al. 2021; Mirdita
et al. 2022) implemented in ChimeraX (Pettersen et al.
2021) specifying PDB templates and energy-minimization
to predict the structure of a representative TLD-bearing
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copy of this orthogroup in T. utriculariae, selected as it had
the highest RPKM value. The codon-aware alignment of
these copies is also provided as supplementary Data File
S1, Supplementary Material online.
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Supplementary material is available at Molecular Biology and
Evolution online.
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