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Abstract

How two species engage in stable endosymbiosis is a biological quandary. The study of facultative endosymbiotic interactions has
emerged as a useful approach to understand how endosymbiotic functions can arise. The ciliate protist Paramecium bursaria hosts
green algae of the order Chlorellales in a facultative photo-endosymbiosis. \We have recently reported RNAI as a tool for understanding
gene function in P. bursaria 186b (CCAP strain 1660/18). To complement this work, here we report a near complete host genome and
transcriptome sequence dataset, using both lllumina and PacBio sequencing methods, in order to aid genome analysis and to enable
the design of RNAI experiments. Our analyses demonstrate P. bursaria 186D, like other ciliates such as diverse species of Paramecia,
possess numerous tiny introns. These data patterns, combined with the alternative genetic code common to ciliates, make gene iden-
tification and annotation challenging; as such, we identify gene models using Iso-Seq methodologies. These data will aid the inves-
tigation of genome evolution in the Paramecia and provide additional source data for the exploration of endosymbiotic functions.
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Significance

How two species engage in endosymbiosis, with one cell living within the other, is a biological quandary. Paramecium
bursaria is a single-celled protist which hosts hundreds of green algae in a nascent photo-endosymbiosis. Here we report
host genome and transcriptome sequence datasets of one strain of P. bursaria. Combined with development of reverse
genetic methodologies for this strain, these data will enable the design of genetic experiments to manipulate host func-
tion. The genome assembly will therefore aid the investigation of genome evolution in the Paramecia and provide add-
itional source data for the exploration of endosymbiotic functions.

Introduction and the diversification of eukaryotic forms from algae
Endosymbiosis is a key phenomenon which has played an to corals to insects (e.g. Archibald (2009); Curtis et al.
important role in the early evolution of eukaryotic cellular (2012); Keeling (2013); Kwong et al. (2019); McCutcheon
complexity (Bonen and Doolittle 1975; Bonen et al. 1977) et al. (2024)). Paramecium bursaria (Pb) is a ciliate protist
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and a member of the Alveolata supergroup (Adl et al.
2019). Like all ciliates, Pb possesses two nuclei: a macronu-
cleus which encodes somatic function and is typically char-
acterized by short chromosomes with a high ploidy count
and a transcriptionally inactive diploid micronucleus which
engages in infrequent sexual reproduction (Aury et al.
2006). This single-celled organism, in its natural state, hosts
in excess of 100 green algae in a stable but facultative
endosymbiosis (Siegel 1960). Cell sampling, culturing,
and rDNA marker sequencing combined with phyloge-
netics have shown that the Pb species complex is composed
of numerous “syngens” (i.e. complementary mating type
groups) with variant biogeographical provenance and
which may represent cryptic species (Greczek-Stachura
et al. 2012; Spanner et al. 2022).

The Pb system has emerged as a powerful model system
for conducting experimental research on how two distinct
organisms’ function within an endosymbiotic interaction
(e.g. Siegel (1960); Karakashian and Karakashian (1965);
Kato and Imamura (2009); Kodama and Fujishima (2013);
Lowe et al. (2016)). As a photosymbiotic protist, Pb cultures
are easy to grow, and several characteristics of the endosym-
biotic interaction are directly observable using microscopy.
These characteristics include, for example, the chlorophyll
status of Pb cells (a proxy for the wider status of the algal
population) (Jenkins et al. 2021a). Important work has also
shown that the endosymbiosis is based on algal secretion
of photosynthesis-derived fixed carbon in the form of the
dissacharide maltose. This behavior is triggered by moder-
ately acidic pH conditions, a likely outcome induced when
the algae become enclosed within the host phagotrophic-
derived symbiosome, known as the perialgal vacuole
(Muscatine et al. 1967; Kessler et al. 1991; Kato and
Imamura 2009). Much of the experimental progress for
this system is underpinned by the capacity to separate host
and endosymbiont, culture the partners separately, and
then re-initiate the endosymbiosis (Kessler et al. 1991;
Kato and Imamura 2009). The capacity to separate the part-
ners has been used to explore compatibility between differ-
ent strains of host and endosymbiont, demonstrating variant
interaction responses (Bomford 1965; Reisser 1987; Takeda
et al. 1998; Minter et al. 2018; Sarensen et al. 2021). This
indicates that variant syngens have distinct genetic, pheno-
typic, and endosymbiotic interaction characteristics.

Our long-term aim is to develop Pb 186b as a model or-
ganism for studying the cell biology of facultative photo-
trophic endosymbiotic interactions in order to understand
how cellular mechanisms that support endosymbiotic inter-
actions evolved to allow for interaction stability. To this end,
we, and others, have developed RNA interference (RNAI)
gene knockdown methods which can enable rapid assess-
ment of gene functions which control endosymbiotic inter-
actions (He et al. 2019; Jenkins et al. 2021a, 2021b). We
found Pb 186b (CCAP 1660/18) (Spanner et al. 2020, 2022)

is readily tractable for RNAi and suspect that specific culture
conditions would make other strains also RNA| tractable.
We note that sequencing initiatives have produced draft
genome assemblies for five additional strains of Pb
(Kodama and Fujishima 2013; He et al. 2019; Cheng
et al. 2020). To further facilitate the use of Pb 186b
for functional experimentation, we report the draft
macronuclear genome assembly and annotation of this
RNAi-inducible strain. Genome annotation of ciliates such
as Paramecium with a macronuclear chromosome struc-
ture, non-universal genetic code (Prescott 1994) and tiny
introns (Russell et al. 1994; Jaillon et al. 2008) is a significant
challenge. In response to this challenge we have sequenced
the transcriptome using Iso-Seq methods.

Results and Discussion

Genome Assembly and Annotation

Here, we have generated genome and transcriptome se-
guencing data using PacBio and lllumina technologies for
Pb 186b (CCAP 1660/18). The Pb culture represents a con-
sortium of the host ciliate, one or more species of endosym-
biotic green algae from the order Chlorellales, candidate
bacterial endosymbionts, and bacterial food. We separated
the initial read libraries into putative taxonomically distinct
bins. Bins containing Pb signal were combined to form an
initial assembly of 333 contigs totaling 29.95 Mbp, with
an N50 of >130 kbp (where 90.64% of the genome is con-
tained in contigs >50 kbp). As expected for Paramecia spe-
cies (Aury et al. 2006; McGrath et al. 2014), this assembly
had a low GC content of 27.22% (Fig. 1a).

The assembly profile is consistent with the short numerous
chromosome  structures typical of Paramecia macronuclei
(Aury et al. 2006) and shows similar assembly statistics to pre-
viously sequenced Pb strains across most metrics (Fig. 1b and
Table 1). Coverage of the genome assembly with the recov-
ered PacBio HiFi-style reads (mean: 168.31x, SD: 85.33x), re-
maining PacBio CLR reads (mean: 134.38x, SD: 76.15x), and
lllumina NovaSeq reads (mean: 4,730.97x, SD: 2,542.16x)
was highly variable. Genome size estimation using
GenomeScope 2.0 (Ranallo-Benavidez et al. 2020) and the
lllumina NovaSeq data suggests a length between 30 and
34 Mbp, which is comparable to some previously sequenced
Pb strains (Dd1=26.8 Mbp and 110224 =29.2 Mbp) and
Paramecium caudatum (Pc) with 30.5 Mbp and is only slightly
larger than the total reported size of our 186b assembly of
29.9 Mbp (Table 1). BUSCO (Manni et al. 2021a, 2021b)
analyses indicate a completion score of 58.4% using the
Eukaryota ODB10 database, 57.8% using the Ciliate
ODB12 database, and 88.3% using the Alveolate ODB10
database (using MetaEuk and “codon table 6” as the gene
prediction software within BUSCO). The program OMArk
(Nevers et al. 2022, 2024) (alignment free proteome
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Fig. 1. Summary of genome assembly statistics and comparison with other Paramecia genomes. a) A snail diagram from Blobtools demonstrates
the summary assembly data for Pb 186D, including GC content, overall size (Mbp), number and length of the longest scaffold(s), and including the
N50/N90 statistics. Circumferential (30 M) and radial scales (365 k) are shown, top right. b) Summary cladogram showing a basic tree topology for
three Paramecia species. Genome source data includes Aury et al. (2006), McGrath et al. (2014), He et al. (2019), and Cheng et al. (2020). Species
nodes are labeled with BUSCO and OMArk assembly completion statistics (in concentric rings) and evidence of telomere structures is notated
when recovered; see key for further details. Question marks denote no candidate telomeric sequences have been found and/or telomeres are
unconfirmed in the original assembly source and associated publication. Intron size distribution and dominant intron sequences illustrated using
gglogo (Schneider and Stephens et al. 1990) for Pb 186b (c), Pc (d), and Pt (e).
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completeness assessment using the OMA orthology data-
base) gave a completeness score of 69.4% using the LUCA
dataset (with Oligohymenophorea identified as the best taxo-
nomic affiliation).

Ciliate macronuclear genomes are often composed of nu-
merous short chromosomes (Le Mouél et al. 2003; Eisen et al.
2006; Cheng et al. 2020). To further investigate chromosome
structure in the Pb assemblies, we searched for identifiable
telomere-like sequence tracks using both BLASTn-short and
Tapestry searches (Davey et al. 2020, 2021) using the previ-
ously identified ciliate telomere sequence (Eisen et al. 2006)
of “5’-CCCCAACCCCAA-3"" and its reverse complement
"TTGGGGTTGGGG". To test for other repeat motifs which
could represent variant telomere structures, we used
TelFinder (Sun et al. 2023) which searches for repeat motifs
via k-mer analysis at the ends of scaffolds. While several other
putative repeat motifs were found, none were represented
more than once across the scaffolds (at either end) and so
they are unlikely to represent any varied, missed, or alterna-
tive telomere-like nucleotide sequence.

In total, we identified 208 (63.4%) contigs with telomere-
like sequence motifs; of which, 52 (~15%) contained
telomere-like sequence motifs at both ends of the contig
and 156 that contained a single telomere (~47%). These
numbers suggest that the nuclear genome sampled contained
~130(156/2 + 52) chromosomes in 333 fragments. The same
analyses were conducted for all five additional publicly avail-
able Pb genome assemblies (He et al. 2019; Cheng et al.
2020), along with Pc (McGrath et al. 2014) and Paramecium
tetraurelia (Pt) (Aury et al. 2006) genome sequence datasets,
identifying additional “complete” chromosome-like struc-
tures in only the Pb 110224 and Pt assemblies (Fig. 1b).
Considering only contigs with putative telomeres on both
ends, these data demonstrate mean chromosome lengths of
89,973 bp (n=52, median=286,647 bp) for Pb 186D,
88,121 bp (n=42, median=79,007 bp) for Pb 110224,
and 221,083 bp (n=6, median=284,010) for Pt (Fig. 1b).
These data show some variability in chromosome size but
are consistent with Pb 186b possessing small macronuclear
chromosomes (Cheng et al. 2020), although these data could
be affected by biased recovery leading to higher assembly
completion rates among the shorter chromosomes. Indeed,
if we consider the estimation of 130 chromosomes and the re-
covered genomessize of 29.95 Mb as accurate, these data sug-
gest a mean chromosome size of 0.23 Mb.

To further explore genome completion and to facilitate
gene prediction and annotation, we generated a PacBio
Iso-Seq transcriptome library. Gene predictions were com-
pleted using GeneMark-ES v7.4 (Lomsadze 2005) in ET
mode, using the “—gcode 6" option (to account for alternative
stop codon usage of ciliates), incorporating the Iso-Seq data—
mapping intron locations to the genome assembly. This
produced 21,279 putative genes, with a mean size of
1,352 bp (median of 965 bp), a mean intron size of 28 bp

(median of 25 bp), and a mean exon size of 405 bp (median
of 214 bp). The PacBio Iso-Seq refinement and clustering
workflow (PacBio 2025a) includes a step for mapping the final
reads to the genomic scaffolds. This identified 44,631 Pb can-
didate transcripts with 99.9% mapping directly to the gen-
ome assembly. This mapping result is consistent with a high
level of completion for the macronuclear genome assembly.

Pb Intron Repertoire

Paramecia have been shown to possess a high number of
short introns (Russell et al. 1994). This feature, combined
with the reduced repertoire of stop codons within the ciliate
nonstandard genetic code (Prescott 1994), means that identi-
fying accurate open reading frames and, therefore, gene
models is a significant challenge. Candidate introns were re-
covered by extracting putative intron sequences from the
gene predictions (see Materials and Methods). These data
demonstrate 46,491 introns, with 3,861 genes possessing
no introns, 17,418 genes possessing one or more intron,
and 11,475 genes with two or more introns. This is an aver-
age of 2.6 introns per gene, somewhat similar to other
Paramecia when processed using the same bioinformatic
pipeline (Table 1). These results also suggest a higher number
of introns per gene for Pt (2.8 introns per gene using the same
pipeline) than previously reported ((Russell et al. 1994,
Saudemont et al. 2017)—2.3 introns per gene), but among
a smaller number of gene models identified using the gene
annotation pipeline applied here (Table 1). However, we
note that intron predictions are sensitive to changes in gene
annotation models, and the increase in intron recovery iden-
tified here may be due to changing sensitivity, different com-
binations of the biocinformatic software, and the type of
transcriptome data used. Previous work suggests that Pt pos-
sesses a large number of “cryptic introns” (Russell et al. 1994;
Saudemont et al. 2017), which may lead to variant estima-
tions of intron number using different bioinformatic methods.

These data also showed a dominant proportion of 23 bp
introns (highlighted in blue in Fig. 1c) in Pb 186b and all
other Pb genomes (Fig. S1). In contrast, Pc has a dominant
intron size of 22 bp (Fig. 1d), while Pt has a dominant intron
size of 25 bp (Aury et al. 2006) (Fig. 1e). The dominance of
23 bp introns in the Pb genomes is notable as it is the same
size as the small interfering RNAs (siRNAs) used by the RNAI
pathway in both Pb and Pt (Jenkins et al. 202 1b) to facilitate
gene knockdown (Galvani and Sperling 2002), and en-
dogenous small RNAs (sRNAs) of this size have been shown
to regulate expression of both cis and trans gene targets in
Pt (Karunanithi et al. 2019). Given the overlap in size of the
dominant intron population and sRNA population in Pb
186b (Jenkins et al. 2021a), we tested for the possibility
that the Pb 23 bp introns are present in the Pb SRNA popu-
lation. To do this, we searched the assembled sRNA se-
guencing data from Pb 186b (Jenkins et al. 2021a) with

Genome Biol. Evol. 17(10)  https://doi.org/10.1093/gbe/evaf183  Advance Access publication 25 September 2025 5


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf183#supplementary-data

Leonard et al.

BLAT (enabling -minScore = 15), identifying no evidence
that the Pb 23 bp introns are detectable among the Pb
186b sRNA transcripts. This is consistent with similar ana-
lysis from Pt (Carradec et al. 2015; Davey et al. 202 1), which
demonstrated a low rate of recovery for sSRNAs containing
intron sequences.

To explore intron sequence variation, we calculated se-
guence logos revealing that the 23 bp introns of Pb are
largely composed of a core AT rich region and bear
GT-AG splice sites like other Paramecia introns (Fig. 1c to
e and Fig. S1) (Jaillon et al. 2008).

Alternative Splicing in Pb

The results reported here provide evidence for 21,279 pre-
dicted genes with 44,631 distinct Iso-Seq transcripts. This is
suggestive of a substantial level of alternative splicing (AS)
and is consistent with previous suggestions for other
Paramecia species (Saudemont et al. 2017). To further explore
these data, we detected AS events by mapping the Iso-Seq
full-length non-concatemer transcripts using the program
HISAT2 (Kim et al. 2019) onto the gene models and then
used IsoQuant (Prjibelski et al. 2023) for isoform classification.
This approach detected 29,322 candidate alternatively spliced
events mapping to 6,532 Pb genes, demonstrating that
~30% of the Pb 186b gene repertoire shows putative evi-
dence of AS.

Next, we used the IsoQuant pipeline to identify AS corre-
sponding to putative intron retention (IR) events. IsoQuant
identifies three categories of IR: “incomplete_intron_reten-
tion_right” which are IR events at the 3’ end of the mRNA
that led to partial or truncated splice variants (183 events iden-
tified); “incomplete_intron_retention_left” which are IR
events at the 5’ end that led to partial or truncated splice var-
iants (163 events); and standard “intron_retention” splice var-
iants (723 events) where the intron is retained within the core
of the mMRNA sequence. The IsoQuant pipeline identifies an
additional category called “fake_micro_intron_retention”,
which includes annotated introns <50 bp in length which
aredescribedin the IsoQuant manual as “artifacts”, i.e. “short
annotated introns that are often missed or excluded by the
aligners” (bioinformatic software is usually not designed
with non-model organisms in mind, causing such analysis
complications for other divergent taxa). Nonetheless, as de-
monstrated Pb possesses short introns, we checked all
4,912 of these events (~10% of the candidate AS events)
across the alignments and found that they represent true IR
events in all cases. These IR events correspond to 2,590 genes
or ~12% of the gene repertoire and 8% of the AS events
identified.

Conclusion

Here, we report a highly complete host Pb 186b macronuc-
lear genome assembly along with replete transcriptome

sequencing data using both Illumina and PacBio sequen-
cing methods. This work complements our previous publi-
cations which include sRNA sequence datasets (Jenkins
et al. 2021a) and a description of RNAI methodology for
targeted knockdown of host-encoded genes (Jenkins
et al. 2021b). These data are provided to aid genome ana-
lysis and to enable the design of forward and reverse gen-
etic experiments for the 186b strain of Pb.

Materials and Methods

Pb 186b Culture Preparation and DNA/RNA Extraction

Cultures of Pb 186b (CCAP 1660/18) were grown in New
Cereal Leaf—Prescott Liquid media (NCL). NCL media was
prepared by adding 4.3 mgL~" CaCl,.2H,0, 1.6 mgL™" KCl,
5.1 mgL™" K;HPO,, 2.8 mgL™" MgS0,4.7H,0 to deionized
water. A 1gL™" wheat bran was added, and the solution
boiled for 5 min. Once cooled, media was filtered once
through Whatman Grade 1 filter paper and then through
Whatman GF/C glass microfiber filter paper. Filtered NCL
media was autoclaved at 121 °C for 30 min to sterilize prior
to use.

NCL medium was bacterized with Klebsiella pneumoniae
SMC and supplemented with 0.8 mgL™" B-sitosterol prior to
propagation. Pb cells were subcultured 1:9 into fresh bacter-
ized NCL media every two months and maintained between
20 °C and 23 °C with a light-dark (LD) cycle of 12:12 h.

Pb cells for genomic DNA extractions were concentrated
through centrifugation of 10 x 150 mL cultures (10 min at
800xg) followed by removal of ~80% of the supernatant.
Concentrated cultures were then filtered using 15 pum
PluriStrainers® and were washed repeatedly with sterile
Milli-Q in order to reduce bacterial contamination.
Genomic DNA was extracted from pooled cultures using
the Qiagen DNeasy Blood and Tissue kit, and then the DNA
was purified using a Qiagen DNeasy Power Cleanup kit.
Long-read sequencing was performed using the SMRT Link
software version 10.2.0.133434 on a Sequel lle Pacific
Biosciences (PacBio) device using 6x SMRT Cells following
size selection (>3 kb) with AMPure PB Beads. The “Run
Design Application” was set to CLR with default settings.

The resulting PacBio long-read sequence data
comprised of six libraries: (i) Pb1_A05: 5,015,777 reads,
22,472,249,345 bp; (i) Pb1_A08: 4,287,200 reads,
18,071,618,742 bp; (i) Pb2_A01: 3,985,316 reads,
20,238,646,378 bp; (iv) Pb2_G10: 3,983,413 reads,
18,192,570,661 bp; (v) Pb3_A01: 3,019,403 reads,
13,420,246,768 bp; and (vi) Pb3_B01: 3,258,680 reads,
13,820,315,188 bp. In total, this includes 23,549,789 reads
and 106,215,647,082 bp of sequence.

For Iso-Seq, ~750,000 Pb cells in stationary phase were
harvested. For NovaSeq, six replicate Pb cultures were fed
for 6 d with HT115 E. coli expressing non-hit, “scramble”

6 Genome Biol. Evol. 17(10)  https://doi.org/10.1093/gbe/evaf183  Advance Access publication 25 September 2025


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaf183#supplementary-data

De Novo Genome Assembly of the RNAi-Tractable Paramecium bursaria 186b

dsRNA (Jenkins et al. 2021a, 202 1b) and ~500,000 Pb cells
were harvested. For Iso-Seq and lllumina NovaSeq, Pb cells
were collected on an 11 um filter, washed with NCL, and
rinsed into 1 mL of TRIzol reagent. RNA was extracted using
the Zymoprep RNA extraction kit and stored in nuclease-
free water at —20 °C. For RNA-Seq experiments, Pb sam-
ples were harvested at different points within the LD cycle
(10.5h into dark cycle “#1”; 6 h into light cycle "#3";
1.5h into dark cycle “#5"), as described previously
(Jenkins et al. 2021a).

Short-Read DNA Sequencing Using an Illumina NovaSeq

DNA was processed using the lllumina NovaSeq 6000 v1.5
workflow (lllumina) with polyA selection. A 150 bp paired-end
library was prepared and resulted in 1,184,917,880 reads total
consisting of 177,737,682,000 bp.

RNA-Seq Sequencing Using lllumina

RNA from a LD cycle time-course (11 samples: #1A-C,E;
#3A,C-E; #5B-D) was prepared for sequencing as described
previously (Jenkins et al. 2021a).

Iso-Seq Sequencing Using Pacific Biosciences (PacBio)

RNA was processed using the Iso-Seq Express 2.0 workflow
(PacBio), targeting transcripts up to 2 kb. Libraries were
cleaned using the Express TPK 2.0 (PacBio) and SMRTbell
Enzyme Clean-up kit v1 (PacBio) and prepared using the
Sequel Il Binding Kit 2.2 (PacBio), Sequencing Primer v5
(PacBio), and Sequel Il Sequencing Plate v2.0 (PacBio).
Sequencing was performed using SMRT link software
(10.2.0.133434) on a Sequel lle machine (PacBio). The “Run
Design Application” was set to CCS (circular consensus se-
guencing) with default settings. The resulting PacBio HiFilong-
read library consisted of 3,664,630 reads, with total length
8,734,233,994 bp, average length 2,383, and longest length
15,915.

Long-Read Genome Assembly

The BAM files from the Exeter Sequencing Service were con-
verted to FASTQ using SAMTOOLS v1.15 (Li et al. 2009) and
then concatenated together. The program LRBinner
v2021-06-22 (Wickramarachchi and Lin 2022) was used to
bin the reads using composition and coverage information
via a variational auto-encoder. This resulted in 22 bins.
These bins were then individually assembled using Flye
(Kolmogorov et al. 2019) with standard settings. Following
these preliminary assemblies, the BUSCO (Manni et al.
20214, 2021b) tool in “auto-lineage” mode was used to as-
sess each assembly bin for its basic taxonomic profile.
This identified three bins (0, 1, and 2) as having strong alveo-
late signal, three other bins (3, 5, and 7) as having strong
bacterial signal (these were not included in any assembly

presented here), and all other bins as unclassified (also not in-
cluded). Binning and subsequent classifications are not exact,
and so some of the reads (and subsequent contigs) included
may not represent the major taxonomic identity of the bin
(i.e. the bins are not 100% clean and therefore may contain
some cross “contamination”). The raw reads from the bins
with strong alveolate signal (which made up the bulk of the
sequencing libraries) were then further split into two sets.
Although the sequencing performed in this experiment was
PacBio CLR, we found that the bioinformatic part of the
PacBio CCS (HiFi) pipeline could still be used to produce a
set of high quality HiFi-style reads. All other reads, labeled
as "failed” from this process, are in fact the remaining CLR
reads. After splitting the initial reads into these two sets,
we then used Flye again, but in a two-step hybrid assembly
protocol utilizing both the HiFi-like and CLR reads. The result-
ing assembly was subsequently further polished using Pilon
(Walker et al. 2014) and the lllumina NovaSeq reads (adapter
trimmed using FastP (Chen et al. 2018)), making sure to trim
any poly-G tails to account for the 2-color chemistry of the
NovaSeq for one round. Finally, basic cleaning of the resulting
contigs (removal of any duplicates) and repeat masking was
completed with “funannotate clean & sort” (Palmer and
Stajich 2020). Repeat masking was completed using both
Repeat Modeler 2 (Flynn et al. 2020) and Repeat Masker
v4.1.4 (Smit et al. 2025). This resulted in an assembly with
333 contigs, the largest being 364,712 bp, with an N50 of
130,222 bp.

Mitochondrion Assembly

The mitochondrial genomes of P. aurelia complex
(NC_001324), Pc (NC_014262), and P. gigas and T. ther-
mophila (NC_003029) were retrieved from NCBI using
MitoHIFI (Uliano-Silva et al. 2023). Pb 110224's mitochon-
dria were extracted from the main assembly (as contig:
GWHAAFB00000001 (He et al. 2019). The aforementioned
PacBio HiFi sequences were then mapped against these mt
genomes using minimap2 (Li 2018, 2021); mapped reads
were then extracted to fastq files and deduplicated using
SeqKit2 (Shen et al. 2024). The resulting FASTQ was then
assembled with Flye (Kolmogorov et al. 2019) producing
one 56,624 bp contig.

Iso-Seq Assembly

The PacBio software “lima” (PacBio 2025b) (to remove bar-
codes/primers) and the “isoseg3 refine” and “isoseq3 clus-
ter” (PacBio 2025a) (to remove polyA tails and cluster de
novo isoforms, respectively) were used to prepare the data
from the raw reads (reads: 3,664,630, total length:
8,734,233,994 bp, mean length: 2,383 bp, longest:
15,915 bp). The resulting 97,280 full-length non-concatemer
transcripts (total length: 231,414,816 bp) were mapped to
the genome assembly using “isoseq3 align” and then
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isoforms were collapsed with “isoseq collapse”. This pro-
duced 44,631 full-length transcripts. The final set of tran-
scripts was then translated to amino acids using the
“TransDecoder” (Haas 2025) pipeline with the Ciliate stop
codon usage settings, producing 44,518 peptide sequences.
The final set of transcripts was subjected to BUSCO (Manni
et al. 2021a, 2021b) analysis and returned Eukaryota
ODB10: complete:55.7% [single: 28.6%, duplicated:
27.1%], fragmented: 3.5%, missing: 40.8%, n: 255 and
Alveolata ODB10: complete: 87.1% [single: 36.8%, dupli-
cated: 50.3%], fragmented: 0.6%, missing: 12.3%, n:
171. This suggested that we had good coverage of the
transcriptome. To further assess the coverage of the
Iso-Seq transcriptome, we used pBLAT (Wang and
Kong 2019) to search the transcript CDS against the gen-
ome, resulting in 44,111 matches at >97% identity sug-
gesting 99% coverage (dropping to >87% ID returns at
100% coverage). Furthermore, 42,422 lIso-Seq tran-
scripts map directly to 12,785 Pb mRNAs giving us a tran-
scriptome representation of 60% of the candidate genes
identified on the Pb genome.

Genome Annotation

Annotation of the cleaned genome assembly was conducted
with GeneMark-ES (Ter-Hovhannisyan et al. 2008; Brdna
et al. 2024) using the Ciliate genetic code table in "ET”
mode and using introns identified from the mapping of
the Iso-Seq transcripts to the genome assembly. Other
settings used in this analysis included; constraining intergenic
spaces to 100 bp minimum, max introns to 100 bp,
‘intron_DUR min’ to 10 bp, and the minimum gene size to
100 bp. Functional annotation was provided using multiple
databases from InterProScan (PFAM' (Paysan Lafosse et al.
2024)), EGGNOG (Huerta-Cepas et al. 2016), BUSCO
(Manni et al. 2021a, 2021b), Phobius (Madeira et al. 2019),
and antiSMASH (Blin et al. 2021)) and integrated by the
FUNANNOTATE (Palmer and Stajich 2020) pipeline in the
“other” mode. Commands for the majority of processes in
the methods can be found in the GitHub repository (https:/
github.com/guyleonard/paramecium).

Mitochondrion Genome Annotation

The tool Oatk (Zhou et al. 2024) was used to annotate the
single contig representing a candidate mitochondrion as-
sembly. Firstly, an OatkDB was built using the NCBI
Ciliophora taxonomy ID “5878" in mitochondrion mode
and setting the genetic code table to “4". This allowed
the most coverage of genes from previously submitted
mitochondrial genomes to be searched using HMM profiles
generated by OatkDB. Secondly, the program Oatk takes
the genome graph from the assembly along with HMM
models created in the previous step and scans for matching
candidate genes. Contig annotation revealed a ~11.4 kbp

inverted repeat containing the genes rpl6, ymf64, atp9,
nad1, rpl16, ymf65, yejR, nad3, and nad9 and confirms
that the current mitochondrial assembly is not circular.
Other mitochondrial genes located included cox | and
cox Il; cob; nad 1, 4, 5, 6, 7, and 10; rpl 2 and 14, rps 3,
12, 13, 14, and 19; and rrnS and rrnL, showing similar
patterns to other Paramecium mitochondrial genomes
(Johri et al. 2019).

Intron Identification and Mapping

Introns were extracted from the final set of gene predic-
tions, using the script “agat_sp_add_introns.pl” (Dainat
et al. 2023) which adds intron boundaries to the General
Feature Format file (GFF) based on the predicted gene
structures (exons are present in the GFF but introns are
not commonly annotated directly). Their sequences were
subsequently extracted using “bedtools getfasta” from
the nuclear genome. This was repeated for the other five
Pb macronuclear genomes (He et al. 2019; Cheng et al.
2020), Pc (McGrath et al. 2014), and Pt (Aury et al.
2006). All genomic data and gene prediction GFF files
were downloaded from ParameciumDB (Arnaiz et al.
2019). These were then tallied in R (using phytools (Revell
2012), stringr (Wickham 2023), dplyr (Wickham 2025),
Biostrings (Pages et al. 2025), and ggplot2 (Wickham
2009)) (see GitHub for code).

AS Identification

The program IsoQuant (Prjibelski et al. 2023) was used
with a copy of the final gene predictions in GFF format,
the nuclear genomic scaffolds, and the full-length non-
concatemer Iso-Seq transcripts mapped to the genome
(using HISAT2 (Kim et al. 2019)) to produce a transcript ta-
ble of all putative alternate splicing events and their genom-
ic location paired with coverage data and the type of AS
event identified.

Supplementary Material

Supplementary material is available at Genome Biology and
Evolution online.
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