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SUMMARY

N®-adenine DNA methylation (6mA), a rediscovered epigenetic mark in eukaryotic
organisms, diversifies in abundance, distribution, and function across species,
necessitating its study in more taxa. Paramecium bursaria is a typical model organ-
ism with endosymbiotic algae of the species Chlorella variabilis. This consortium
therefore serves as a valuable system to investigate the functional role of 6mA
in endosymbiosis, as well as the evolutionary importance of 6mA among eukary-
otes. In this study, we report the first genome-wide, base pair-resolution map of
6mA in P. bursaria and identify its methyltransferase PbAMT1. Functionally, 6mA
exhibits a bimodal distribution at the 5 end of RNA polymerase ll-transcribed
genes and possibly participates in transcription by facilitating alternative splicing.
Evolutionarily, 6mA co-evolves with gene age and likely serves as a reverse mark
of endosymbiosis-related genes. Our results offer new insights for the functional
diversification of 6mA in eukaryotes as an important epigenetic mark.

INTRODUCTION

As a prevalent epigenetic modification, the crucial roles of N®-adenine DNA methylation (6mA) were first
implicated in prokaryotic organisms.'~ With improvement in detection sensitivity, émA has recently been
detected in a broad range of eukaryotes, from unicellular (protists and basal fungi) to multicellular (animals
and plants) organisms, illustrating a wide variety in its abundance, distribution, and function.*""

Ciliates (i.e., members of the phylum Ciliophora) are unicellular eukaryotes that have served as model systems in
many fields of research including molecular biology, epigenetics, and evolutionary biology.'”'® Notably, 6mA
ratio in ciliates is several orders of magnitude higher than that in metazoans (e.g., ~1% in Tetrahymena vs.
~0.0006-0.007% in mouse embryonic stem cells),®'*?° although 6mA findings in higher vertebrates are contro-
versial.?'"?® Furthermore, another DNA methylation, namely 5-methylcytosine (5mC), is not detectable in most
ciliates,”’~** effectively minimizing its confounding effects on 6mA analysis. Along with the intense research ef-
forts for mammalian 6mA, 6mA in ciliates was also reinvestigated.”'"'”** 6mA in the oligohymenophorean
ciliate Tetrahymena thermophila (referred to hereafter as Tetrahymena) and Paramecium tetraurelia and the hy-
potrich ciliate Oxytricha trifallax (referred to hereafter as Oxytricha) is located in the sequence of 5-ApT-3’ and
specifically accumulates in nucleosomal linker DNA regions downstream of transcription start sites.'"'” Tetrahy-
mena6mA functions as an integral part of the chromatin landscape, sharing a similar distribution pattern with the
chromatin remodeler-controlled histone variant H2A.Z and affecting the stability of nucleosomes.'? Oxytricha
6mA locally repels nucleosome occupancy in vitro but not in vivo, suggesting that the intrinsic interactivity be-
tween 6mA and the nucleosome can be modulated by the endogenous chromatin environment.'"*
P. tetraurelia shows a positive correlation between émA enrichment and gene expression.”* More importantly,
a distinct clade of MT-A70 family methyltransferase—AMT1 reported in Tetrahymena—differs from metazoan
METTL4 homologs in its distribution, sequence preference, methylation abundance, and potential correlation
with transcription among different organisms.® These findings demonstrate that ciliates provide an ideal system
for studying the evolutionary diversification of eukaryotic 6mA. >4

The fact that Ciliophora is such a highly diversified lineage necessitates the investigation of émA in more
ciliate species. P. bursaria harbors hundreds of endosymbiotic Chlorella variabilis cells in its cytoplasm. The
P. bursaria/C. variabilis consortium not only helps to reveal the representative 6mA characteristics of the
genus Paramecium but also provides a valuable resource for investigating the role of émA in
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Figure 1. Global distribution of 6mA in Paramecium bursaria

(A) Photomicrographs of P. bursaria in vivo (a, b) and after silver carbonate staining (c). Bar = 25 um. Note the green algae
inside the P. bursaria cell indicated by arrowheads.

(B) Immunofluorescence staining of 6mA in vegetative P. bursaria cells. Note the absence of 6mA signal in the
micronucleus (MIC, dashed circles). Bar = 15 um.

(C) Representative interpulse duration (IPD) ratios of SMRT sequencing data of vegetative P. bursaria cells. IPD peaks
(columns) and detected 6mA signals (balloons) on both the Watson (purple) and Crick (orange) strands are indicated,
respectively. The representative sequence is shown, and only 6mA sites with significantly high IPD ratio are indicated.
(D) Normalized é6mA ratio in Paramecium bursaria (green), Paramecium tetraurelia (purple), Tetrahymena thermophila
(red), and Oxytricha trifallax (blue) genomes. 6mA ratio was defined as the number of methylated adenine sites divided by
the total adenine sites (6mA/A).

endosymbiosis. In this study, we 1) reanalyze the published SMRT (single molecule, real-time) sequencing
(SMRT-seq) data for P. bursaria®'; 2) provide the first genome-wide map of 6mA in P. bursaria with single
base pair resolution; 3) reveal the correlation of 6mA with ApT dinucleotides, Pol Il transcription, alternative
splicing (AS), horizontal gene transfer, and endosymbiosis-related genes; and 4) identify and functionally
confirm a 6mA methyltransferase PboAMT1 in P. bursaria.

RESULTS

6mA occurs in the macronucleus (MAC) of P. bursaria

To demonstrate the existence of 6mA in P. bursaria, first we imaged living and fixed P. bursaria cells (Figure 1A)
and then performed immunofluorescence (IF) staining with anti-6mA antibody.'” Cells were pretreated with cold
acetone to preclude the autofluorescence of symbiotic algae."” In vegetative P. bursaria cells, 5mA was observed
in the somatic MAC with active transcription but was undetectable in the germline transcriptionally inert micro-
nucleus (MIC) (Figure 1B), resembling the 6mA distribution pattern in Tei.“rahymen,:-z.w9

To determine the precise amount of émA, we reanalyzed the published SMRT-seq data of P. bursaria.”’
6mA was detected with high confidence (coverage >30% and Qv > 30 for mean coverage 123 SMRT-
seq data) on 266,215 adenines, all with the typical kinetic signature (Figure 1C), corresponding to 1.28%
of the total adenines in the P. bursaria genome (Figure 1D). This content is slightly lower than that in its
congener Paramecium aurelia (~2.5%),”® possibly due to species divergence and the different methods
used for 5mA measurement, i.e., strict cutoff with SMRT-seq data in P. bursaria vs. no cutoff with high-per-
formance liquid chromatography (HPLC) in P. aurelia. Furthermore, we reanalyzed the émA ratio with the
comparable cutoff value of 6mA in P. bursaria in the other three ciliates reported previously, P. tetraurelia
(coverage >100x for mean coverage 400 data), Tetrahymena (coverage >36X for mean coverage 144x
data), and Oxytricha (coverage >70X for mean coverage 278 data) (Table S1), from published data.' 1734
Only 6mA sites with high confidence were selected for subsequent analysis. The 6mA ratio in P. bursaria
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was the highest (1.28%) compared with that in P. tetraurelia (1.06%), Tetrahymena (0.54%), and Oxytricha
(0.38%) (Figure 1D and Table S1). The discrepancy of 6mA ratio in Oxytricha (0.38% in this study vs. 0.78-
1.04% in Beh et al., 2019)"" and P. tetraurelia (1.06% in this study vs. 1.6% in Hardy et al., 2021)** resulted
from different ways of SMRT-seq data processing (see Table S1).

6mA occurs preferentially in the AT motif (5'-ApT-3’) mainly as symmetrically and highly
methylated sites

6mA was distributed throughout the whole genome in P. bursaria (Figures 2A and S1A). The majority of
6mA (99.60%) in P. bursaria was located at the consensus sequence of 5-ApT-3' (Figures 2B and S1B,
Tables ST and $2), similar to that of P. tetraurelia (99.63%),* Tetrahymena (87.76%),%"? and Oxytricha
(95.98%)."" It was worth mentioning that 6mA in P. bursaria displayed a slight VATB (V = A, C, or G and
B =C, G, or T) motif, as previously observed in Oxytricha'' and P. tetraurelia.>* 6mA in P. bursaria presented
a stronger preference to the 5-ApT-3' sequence than that in Tetrahymena (3.48% vs. 1.38% in émApT/total
ApT) (Figure 2C, Table S2), even though the former contains a less AT-rich genome than the latter (71.27%
vs. 77.70%).*® Consistent with the ApT enrichment, 6mA depositions on three other dinucleotides (ApA,
ApC, ApG) were quite low (Figures 2C and S1B, Table S2).

6mA sites within palindromic ApT dinucleotides consist of two possible methylated status: symmetric
(methylated on both DNA strands) and asymmetric (methylated on either one of the two strands).
79.23% of 6mA sites were symmetrically methylated, which fell among the proportions in P. tetraurelia
(80.86%), Tetrahymena (61.06%), and Oxytricha (81.27%) (Figure 2D and Table S3). 20.37% of sites were
methylated asymmetrically (Figure 2D, Table S3) without strand specificity between the Watson and Crick
strands (Figures 2E, S1C, and S1D), like that in P. tetraurelia, Tetrahymena, and Oxyl“richa.g'w“9'34 Thus,
6mA in P. bursaria occurred mainly as symmetric methylation.

In the polyploid MAC of P. bursaria, different émA sites possessed various methylation levels. We classified
6mA sites into ten quantiles according to their methylation levels (Figure 2F). Most 6mA sites (97.22%) were
methylated with 50-100% methylation level, the majority (71.98% of 6mA) being in the range 70-100%
(Figure 2F and Table S4). This is similar to Tetrahymena wherein 64.51% of 6mA sites were enriched with
a 60-90% methylation level (Figure 2F)*'” but slightly different from Oxytricha wherein émA has a more
even distribution (50-90%) and a slight enrichment (22.53% of émA) of 90-100% (Figure 2F)"" and from
P. tetraurelia with an enrichment of 40-80% methylation level (75.55% of 6mA).**

Interestingly, symmetric 6mA of P. bursaria was in direct proportion to high-methylated 6mA (80-100%).
Symmetric 6mA in P. bursaria was more enriched on 80-100% methylation level compared to asymmetric
6mA and non-ApT 6mA (Figures S2A-S2C). Symmetric 6mA shared a significant overlap with high-methyl-
ated 6mA (44.0% of total 6mA; representation factor: 1.1) (Figure 2G). In addition, methylation levels
showed an obvious positive association with symmetric 6mA (r = 0.78) (Figure 2H). These findings suggest
that 6mA in P. bursaria mainly exists as symmetrically and highly methylated sites.

6mA is exclusively present on Pol ll-transcribed genes

Composite analysis showed that 6mA was accumulated toward the 5" end of the gene body (8,220 well-an-
notated long genes, >1 kb) in P. bursaria, like in P. tetraurelia, Tetrahymena, and Oxytricha (Fig-
ure 3A).511 1934 This distribution was attributable more to symmetric 6mA than asymmetric 6mA (Figure 3B).
Interestingly, 6mA in P. bursaria exhibited a bimodal distribution around transcription start sites (TSSs)
(Figures 3A and 3C). This pattern is similar to that in Chlamydomonas reinhardtii* and P. tetraurelia but
is different from that in Tetrahymena and Oxytricha wherein émA accumulates downstream, but not up-
stream, of TSS.>"""** Fourier analysis showed that 6mA exhibited a periodic profile with a frequency of
~150 bp (Figures S3A and S3B). This was further confirmed by the genome-wide distribution analysis be-
tween 6mA and nucleosomes, revealing two damped oscillations with the same periodicity but with oppo-
site phases (Figure 3C). 6mA, especially high-methylated 6mA, was specifically excluded from nucleosomal
DNA (Figure 3D), similar to P. tetraurelia, Tetrahymena, and Oxytricha.g'”‘m In addition, genes bearing
6mA presented more prominent nucleosome arrays than genes without 6mA (Figure S3C).

The aforementioned enrichment of 6mA stimulated us to investigate the relationship between 6mA and
three eukaryotic RNA polymerases (Pol |, II, and Ill) -transcribed genes. We first analyzed 6mA distribution
on Pol I-transcribed rRNA and Pol lll-transcribed non-coding RNA genes (Table S5). 6mA was not detected
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Figure 2. Different genomic features of 6mA in P. bursaria

(A) Circos plots of 6mA distribution across 10 longest contigs. Six rings from outside to inner show distribution of 6mA in different motifs (symmetric,
asymmetric, non-ApT), different methylation levels (high 80%-100%, intermediate 20%—-80%), or all 6mA sites. See color notes on the right for more details.
(B) Conserved motif for 6mA sites (at position 0) in P. bursaria, P. tetraurelia, T. thermophila, and O. trifallax.

(C) Relative distribution of 6mA in ApN (ApA/ApT/ApC/ApG) dinucleotides in P. bursaria (green), P. tetraurelia (purple), T. thermophila (red), and O. trifallax
(blue). The relative distribution of 6mA in ApN was calculated by the number of methylated adenines in a particular ApN dinucleotide divided by the number
of the corresponding ApN dinucleotides in the genome, e.g., 6mApT/ApT.

(D) Classification of 6mA sites based on their symmetry in P. bursaria (green), P. tetraurelia (purple), T. thermophila (red), and O. trifallax (blue). The Y axis
represents percentage (of a given class of 6mA/all 6mA). See Table S3 for details.

(E) Density plot of 6mA distribution by methylation levels on Watson (x axis) or Crick strands (y axis) in P. bursaria.

(F) Comparison of 6mA methylation levels in P. bursaria (green), P. tetraurelia (purple), T. thermophila (red), and O. trifallax (blue). Methylation levels are
ranked from low to high and divided into 10 quantiles.

(G) Area-proportional Venn diagram shows the overlap of highly methylated (80-100%) and symmetrically methylated 6mA in P. bursaria.

(H) Correlation analysis between methylation levels (x axis) and proportion of symmetric émA sites (y axis: symmetric émA/total 6mA). Note the percentage
of symmetric 6mA is calculated only for 6mA sites, not all A sites.

on either category. Considering that 6mA was previously reported in the human mitochondrial DNA”*
transcribed by the mitochondrial RNA polymerase (POLRMT),”® we also examined the presence of mito-
chondrial 6mA in P. bursaria. 6mA was detected with high confidence (coverage >25%, Qv > 30 for
100x, coverage = 2,684 %) on only three sites in the mitochondrial genome, which were likely to be false
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Figure 3. 6mA in P. bursaria is correlated with Pol Il genes transcription

(A) Composite analysis of 6mA distribution on the gene body of P. bursaria (green), P. tetraurelia (purple), T. thermophila (red), and O. trifallax (blue). The
gene body length is scaled to one unit and extended to each side for locus statistical analysis (bin size = 0.05). Distribution frequency is calculated as “émA
amount at a certain position/total 6mA amount”.

(B) Composite analysis of symmetric, asymmetric, and ensemble 6mA distribution on the gene body of P. bursaria. Genes are scaled to unit length and
extended to each side by unit length as above. Note that symmetric 6mA is a predominant attributor to the trend.

(C) Distribution profiles of 6mA (green) and nucleosome (blue) around transcription start sites (TSS) in P. bursaria. Note the bimodal distribution around TSS
(arrowheads).

(D) 6mA distribution relative to the called nucleosome dyad in P. bursaria cells grouped by methylation level. The violin plots indicate the 6mA ratio between
adjacent nucleosome dyads, except the low-methylated 6mA (0-30%).

(E) Validating the methylation status of nine GATC sites by Dpnl/Dpnll digestion coupled with gPCR analysis. The sites were selected for their location on
genes transcribed by different RNA polymerases (Pol |, II, and ll), and their methylation levels calculated from SMRT sequencing data (H1-H3: high
methylation; 11-12: intermediate methylation; N1-N2: no methylation; all these are transcribed by Pol Il. N3: no methylation transcribed by Pol I; N4: no
methylation transcribed by Pol IIl.). See STAR Methods for details. Data are represented as mean + SD.

(F) The distribution plot of two groups of genes with high (FPKM >1) and low (FPKM <1) expression levels around TSS shows that the 6mA methylation is
correlated with active genes.

(G) Statistical analysis of expression levels (log2 transformation of FPKM) in genes with (6mA+) or without 6mA (6mA-). Student's t test was performed. Data
are represented as mean + SEM. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant, p > 0.05.

(H) 6mA amount (number of 6mA sites in the first 1 kb of gene body) of genes with different expression levels downstream the TSS. Genes are ranked from low
to high by their expression levels (log2 transformation of FPKM) and divided into ten quantiles.

positives as they had lower interpulse duration (IPD) ratios and methylation levels than Pol ll-transcribed
genes and presented no 6mA kinetic signature (Figures S4A-S4C). Together, we conclude that émA in
P. bursaria is exclusively related with Pol ll-transcribed genes (Figure 1C).

To validate the SMRT-seq results, we performed restriction-enzyme digestion coupled with gPCR analysis,
based on the fact that Dpnl cleaves methylated GATC sites with a strong preference for symmetric rather

iScience 26, 106676, May 19, 2023 5
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than asymmetric methylation whereas Dpnll cuts unmethylated GATC sites.'**° The results showed that the
five methylated sites in Pol ll-transcribed genes (three sites at 80-100% high levels, two sites at 20-80% in-
termediate levels) were all sensitive to Dpnl digestion, while unmethylated sites (two for Pol Il, one for Pol I,
and one for Pol lll) were sensitive to Dpnll digestion (Figure 3E), further supporting the assertion that 6mA is
exclusively present on Pol Il-transcribed genes.

The relationship between 6mA and Pol ll-transcribed genes inspired us to further investigate whether 6mA
is linked to transcription. In one approach, we classified genes by gene expression level (high expression:
80% of all genes; low expression: 20%) and examined their normalized 6mA distribution around TSS. Lowly
expressed genes tended to have lower 6mA occupancies around TSS and vice versa (Figure 3F). In another
approach, we classified genes by the presence or absence of 6mA. Genes with 6mA were expressed at
significantly higher levels than genes without 6mA (p < 0.0001) (Figure 3G). We then compared 6mA
amount (number of 6mA sites in the first 1 kb of the gene body) in ten gene quantiles according to their
expression levels. 5mA amount was significantly lower in quantile 1 and progressively increased from quan-
tile 2 to quantile 10 (Figure 3H). Consistent with these findings, both of 6mA amount and methylation level
were correlated, although weakly, with expression levels of associated genes (r=0.24, p < 0.001; r= 0.24,
p < 0.001). These results indicate that 6mA in P. bursaria was related with transcription of Pol ll-transcribed

genes, as reported previously in Tetrahymena and Oxytricha.®'""?

6mA is more enriched in retained introns than that in spliced introns

We next investigated the genomic features of 6mA in P. bursaria and found that 6mA was preferentially
localized in genic regions (92.2%) (Figures 4A and S5A and Table 56),""% resembling the pattern in
P. tetraurelia, Tetrahymena, and Oxytricha.g'1 119,34 Specifically, the 6mA ratio (total 6mA sites number/total
A number of corresponding sequence) of exonic, intronic, and intergenic region in P. bursaria is all higher
than that in Tetrahymena and Oxytricha (Figure S5A, right panel). In P. bursaria, despite the fact that the
average AT content of introns (74.46%) is higher than that of exons (69.75%), the 6mA ratio is significantly
lower in intronic regions (1.58% vs. 1.92%, p < 0.0001) (Figure S5B). This was corroborated by observed/
simulated ratio analysis, which showed an enrichment of 6mA in exons and a depletion in introns
(Figures 4A and S5A).

Particular exons and introns of a gene are likely to be skipped or retained during the formation of mature
messenger RNA (mRNA), which are examples of AS.*/~* By analyzing RNA sequencing (RNA-seq) data, it
was found that 360 genes (2.02% of all genes) (referred to as AS genes below) in P. bursaria generated AS
isoforms, which is consistent with previous findings that AS events in unicellular eukaryotes occur in less
than 5% of genes.”™ In total, 825 AS events were detected. All three basic types of AS events were found
(Figure 4B), i.e., cassette-exon inclusion or skipping (ES, 8 events), alternative 5’ or 3’ splice-site selection
(AE, 65 events), and intron retention (IR) (752 events, the majority type), indicating that splice-site recogni-
tionin P. bursariais executed by intron definition (Jaillon et al., 2008; Saudemont et al., 2017) as observed in
Tetrahymena™ instead of by exon definition in humans.”'

It has been suggested that AS events in multicellular eukaryotes are associated with intragenic 5mC.%>>* In
P. bursaria, the absence of 5 mC and the preferential enrichment of 6mA in exons stimulated us to examine
the correlation of 6mA and AS events. On the one hand, compared to genes without 6mA (5,894), methyl-
ated genes (11,908) were enriched for splice variants in P. bursaria (89.72% vs. 67.00%), P. tetraurelia
(87.80% vs. 85.89%), and Tetrahymena (96.39% vs. 79.88%). On the other hand, the émA ratio (Figure 4C,
left panel) in AS genes and the expression level of these genes (Figure 4C, right panel) were notably higher
than those in other genes, among P. bursaria (p < 0.001), P. tetraurelia (p < 0.001), and Tetrahymena
(p < 0.001). Given that the major type of AS event in P. bursaria is IR, we focused on the retained introns.
Intriguingly, the retained introns of AS genes in P. bursaria carried higher methylation levels (average
methylation level of per intron) (p < 0.01) (Figure 4D, left panel) and émA ratios (p < 0.05) (Figure 4D, right
panel) than other introns of AS genes or introns of non-AS genes. Therefore, in the category of introns, émA
preferentially distributes on the retained introns of AS genes.

IR events decrease with reduced 6mA ratios

Based on the 6mA comparison in retained introns and spliced introns above, we hypothesized that if 6mA
ratio in P. bursaria was reduced, IR events would be decreased. To perturb the 6mA ratio, we first tried to
identify 6mA-specific methyltransferase(s) in P. bursaria. By homology search, five proteins from the
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Figure 4. 6mA is related to alternative splicing

(A) Comparison of observed versus simulated distributions of émA in P. bursaria genome suggests that émA is enriched in
exons rather than introns.

(B) The ratio of different alternative splicing events (IR: intron retention, AE: alternative 5’ or 3’ splice-site selection, ES:
exon skipping) in P. bursaria.

(C) Statistical analysis of émA ratio (left panel) and expression level (right panel) indicated by log2 transformation of FPKM
(fragments per kilobase per million) in P. bursaria (n1 = 360; n2 = 17,442), P. tetraurelia (n1 = 3369; n2 = 30,048), and

T. thermophila (n1 = 1,066; n2 = 25,151) shows that AS genes contain obviously higher expression levels and amounts of
6mA compared with other genes. Student’s t test was performed, and n represents the number of corresponding genes
per group. Data are represented as mean + SEM. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant,
p > 0.05. 6mA ratio was defined as the number of methylated adenine sites divided by the total adenine sites (6mA/A) in
the corresponding genomic sequence.

(D) Statistical analysis of methylation level (left panel) and 6mA ratio (right panel) in P. bursaria demonstrates that the level
of 6mA in retained introns of AS (AS-RI) genes (n = 150) is higher than that in normal introns of AS (AS-NI) genes (n = 423)
and other introns of non-AS (other introns) genes (n = 24,818). Student's t test was performed, and n represents the
number of corresponding introns per group. Data are represented as mean + SEM. ****p < 0.0001; ***p < 0.001;

**p < 0.01; *p < 0.05; ns: not significant (p > 0.05). Methylation level here was calculated as average methylation level of
per intron.

MT-A70 family were predicted as the putative DNA 6mA methyltransferases of P. bursaria, named here as
P. bursaria adenine MTases (PbAMTs) (Figures 5A and 5B and Tables S7 and S8). PbAMT1 was split into two
peptides (PbAMT1a and PbAMT1b) according to the initial annotation. We then refined the annotation on
the PbAMT1 gene model by sequencing the genomic DNA and cDNA (Figures S6A and Sé6B, Table S7). The
PbAMT1-coding DNA sequence was 1,075 bp in size, and the gene contained five introns and six exons
encoding a protein of 309 amino acids (Figure S6A). PbAMT1 contained the conserved MT-A70 domain,
which harbors the DPPW signature motif required for substrate recognition and catalytic activity of
MTases”>>® at the N terminus and the ciliate-specific GNEL motif at the C terminus, respectively (Fig-
ure S6A). PbAMT1 belongs to a distinct eukaryotic subclade (Figure 5B), resembling the major 6mA MTase
AMT1 in Tetrahymena,8 with orthologs distributed in lower eukaryotes (protists and basal fungi) but not in
higher eukaryotes (animals, plants, and true fungi). PbAMTé is grouped in the AMT6-AMT7 subclade, mem-
bers of which are AMT1-associated proteins required for its MTase activity.®'? PbAMT2 belongs to the pro-
tist-specific subclade which is homologous to the AMT2/5 clade that contains ZZ-type zinc fingers.™
PbAMT4 is the METTL3 ortholog, and POAMT3 is the METTL14 ortholog; both are associated with RNA
N®-adenosine methylation (Mb6A).> As expected, no PbAMTs clustered with METTL4 homologs, the re-
ported 6mA MTases in metazoans and plants (Figure 5B).%%°7
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Figure 5. Phylogenetic analysis of PbAMTs 1-6

(A) Domain structure of PbAMTs 1-6. MT-A70 domains of PbAMTs 1-4 are predicted by CD-Search, while that of PbAMTé is inferred from sequence
alignment with PbAMTs 1-4. The structure of AMTs 1-7 of T. thermophila (AMT2 is also referred to as TAMT-1) is also shown for comparison. MT-A70
domain, DPPW, and GNEL motif are highlighted by purple, red, and green, respectively.

(B) Phylogenetic analysis of MT-A70 proteins. Putative DNA émA (subclades AMT1, AMT2/5, AMTé6/7, and METTL4/DAMT1) and RNA méA (subclades
METTL3 and METTL14) methyltransferase candidates are separated by a dashed curve. The eukaryotic tree (top left panel) is shown with different colors
according to their phylogenetic position. PbAMTs 1-6 of P. bursaria are shown in bold plus cyan in different clades. The scale bar is 0.5. Species full name and
NCBI Gl number are shown in Table S13.

To determine whether PODAMT1 regulates 6mA in P. bursaria, we generated PbAMT1 knockdown cells
(PbAMT1-KD) by RNA interference (Figure S6C). The expression of PbAMT1 was downregulated after three
days of induction and was more significantly reduced after six days of induction, as demonstrated by the
gRT-PCR analysis (Figure 6A). Accordingly, 6mA ratio in PbAMT1-KD cells was significantly lower than
that in control cells (fed with empty vector) after 3 days and 6 days of induction, as shown by IF staining
(Figures 6B and 6C). Interestingly, PBAMT1-KD cells grew more slowly, and about 22.49% of them con-
tained an abnormally large contractile vacuole (Figure 6D), similar to the phenotype of Tetrahymena cells
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Figure 6. Intron retention events decrease with reduced 6mA ratios

(A) Expression profile of PBAMTT in control and PbAMT1-KD cells. Expression levels are represented by normalized quantitative RT-PCR data. Data are
represented as mean £ SD. Student's t test was performed. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant, p > 0.05.

(B) Immunofluorescence (IF) staining of DNA 6mA in vegetative control and PbAMT1-KD cells. The absence of 6mA signal in the micronucleus is indicated.
(C) Statistical analysis of émA IF signal intensity in B. Cell images were randomly selected (control: n = 110, PbAMT1-KD: n = 119) and processed by ImageJ.
Data are shown as boxplots. Student's t test was performed, and n represents the number of corresponding cells per group. ****p < 0.0001; ***p < 0.001;
**p < 0.01; *p < 0.05; ns: not significant, p > 0.05. The DAPI signal was used to confirm the range of nucleus, and then the 6mA signal of nucleus was circled
and the signal intensity was quantified.

(D) The cell proliferation profile of control and PBAMT1-KD cells within six days, feeding with E. coli HT115. The original cell density is 400 cells/mL.
Significant differences are labeled by * (Student'’s t test was performed). ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant, p > 0.05. Note
that abnormal contractile vacuoles (CVs) were observed in a large portion (22.49%) of PbAMT1-KD cells but not in control cells.

(E) The 6mA profiles on gene body between control and PbAMT1-KD cells. 6mA is significantly decreased in PDAMT1-KD cells, and the 6mA peaks are more
enriched in gene body.
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Figure 6. Continued

(F) Heatmap of intron retention density (characterized by normalized reads of retained introns) in control and PBAMT1-KD cells. IR is significantly reduced in
PbAMT1-KD cells.

(G) Alternative splicing events and 6mA distribution on a representative gene locus (partial gene g716, contig GWHAAFB00000006) in control and PbAMT1-
KD cells, respectively. The region of intron retention is highlighted by the dashed green box and the yellow asterisk.

wherein the 6mA MTase AMT1 was deleted.? Together, these results indicate that PbAMT1 is a 6mA meth-
yltransferase in P. bursaria, regulating 6mA ratio and being required for normal cell growth.

To confirm the correlation between émA and AS, we performed 6mA immunoprecipitation sequencing
(bma-IP-seq) to track 6mA level. Meanwhile, we explored Oxford Nanopore Technologies (ONT)
sequencing (ONT-seq) and lllumina-based RNA-seq to detect the variants of retained introns. Compared
to the control cells, global 6mA level in PBAMT1-KD cells showed a significant reduction (Figure 6E), consis-
tent with the IF results (Figures 6B and 6C). Correspondingly, the number of IR events in PbAMT1-KD cells
was reduced (PbAMT1-KD vs. control: 609 vs. 689 for ONT, 472 vs. 648 and 412 vs. 540, respectively, for two
RNA-seq replicates) (Figure 6F), along with the reduced 6mA ratio (Figures STA-S7D, Table S16). The two
RNA-seq replicates shared a small overlap of the IR events (~30% in wild type [WT], 18% in PbAMT1-KD)
despite the comparable total event number (Figure S7C), possibly attributable to the dynamic nature of
AS. In control cells, representative IR regions harbored high levels of 6mA, which were eliminated in
PbAMT1-KD cells (Figure 6G). Meanwhile, several IR isoforms with considerable read counts were detected
in control cells by ONT-seq and RNA-seq, which were nearly undetectable in PbAMT1-KD cells (Figures 6G,
S7D, and S7E). We therefore conclude that 6mA possibly participates in AS especially for IR in P. bursaria.

Potential roles of 6mA in gene age and endosymbiosis

The P. bursaria/C. variabilis consortium serves as a model to investigate endosymbiosis,”' a phenomenon
that a symbiont dwells within the body of its symbiotic partner. Given that 6mA ratio of C. variabilis NC64A
was reported to be ~0.6%,°’ we supposed that the higher 6mA ratio of P. bursaria might be attributable to
horizontal gene transfer (HGT) genes from C. variabilis. In total, we identified 159 putative genes possibly
involved in HGT, referred to as HGT-like genes. Indeed, HGT-like genes showed higher 6mA ratios, as well
as higher expression levels, than other genes (Figures 7A, 7B, and S8A), partially explaining the higher 6mA
ratio in P. bursaria. More interestingly, we found the HGT-like genes with high gene methylation level tend
to be much older genes (phylostratigraphic levels 1-2 vs. 1-10) (Figures S8B and S8C), which impelled us to
investigate the relationship between 6mA and gene age. We further calculated gene age of all annotated
genes in P. bursaria and found that gene methylation level of older genes was significantly higher than that
of younger genes (Figure 7C, left panel; p value of Tukey’s multiple comparisons test in Table S9), suggest-
ing that 6mA in P. bursaria co-evolved with gene age. However, the detailed mechanism between 6mA and
gene age requires further research. A similar trend was observed with gene expression levels (Figure 7C,
right panel; Table S10). Together, these results suggested that the 6mA in P. bursaria co-evolved with
gene age.

Considering that 5mC methylation in the gene body is essential for the maintenance of the symbiotic states
in the model coral Aiptasia,®’ we next investigated whether 6mA is associated with endosymbiosis-corre-
lated genes. Gene Ontology analysis of differentially methylated genes revealed that methylated genes
were not enriched in any pathways (p > 0.05) (Figures S8D-S8F). This finding is not surprising as most genes
(~67%) in P. bursaria are methylated with 6mA. In contrast, unmethylated genes (~33% of all annotated
genes) were significantly enriched in pathways such as ion channel activity (p = 3.00E-09), response to
mechanism stimulus (p = 1.31E-06), and transmembrane transporter activity (p = 3.64E-06) (Figures 7D
and 7E), partial members of which are reported to be involved in endosymbiosis of P. bursaria.®”** There-
fore, we focused on some well-annotated endosymbiosis-related proteins, including seven cation channel
family proteins, one globin, and three multidrug and toxin extrusion (MATE) family genes.”’ All of these
contained little or even no 6mA, but there was no clear trend in their expression level, which was higher
in some genes but lower in other genes (Table S11). These results lead us to speculate that 6mA might
act as a reverse mark to distinguish the endosymbiosis-related genes.

DISCUSSION

Here we focused on its congener P. bursaria to delineate the features of 6mA and its role in endosymbiosis.
Four model ciliates, P. bursaria, P. tetraurelia, Tetrahymena, and Oxytricha, have similar 6mA features
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Figure 7. Potential roles of 6mA in gene age and endosymbiosis

(A) Composite analysis of 6mA distribution in HGT-like genes (159 genes) and other genes (17,643 genes) on the gene body of P. bursaria. Note that 6mA of
HGT-like genes is obviously more than émA of other genes.

(B) Statistical analysis of expression levels (log2 transformation of FPKM) of HGT-like genes (159 genes) and other genes (17,643 genes). Student's t test was
performed. Data are represented as mean + SEM. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant, p > 0.05.

(C) Comparative analysis of gene methylation level and expression level of all genes divided into different gene age groups in P. bursaria. The gene
methylation level was calculated by the sum of methylation levels at each site per gene. The expression level was calculated by the TPM methods. Data are
represented as mean + SEM. The detailed information of Tukey’s multiple comparisons test among the gene age groups is shown in Tables S9 and S10.
**4*n < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; ns: not significant, p > 0.05.

(D) Gene ontology enrichment analysis of unmethylated genes. The R package ggplot2 was performed. The size of dot represents the gene number, and the
color bar shows the p value.

(E) The GSEA analysis of émA-depleted genes enriched in the ligand-gated ion channel activity pathways.

including distribution patterns (5'-ApT-3' and 5 end of gene body around TSS) and correlated factors
(Pol ll-transcribed genes and gene transcription), but the 6mA ratio in P. bursaria is higher than that in
Tetrahymena and Oxytricha.>"""'? A comparatively high 6mA ratio is likely a common feature of the genus
Paramecium, given that the émA ratio of its congener P. aurelia has been reported to be ~2.5% detected by
DNA chromatography®® and 1.6% detected by SMRT-seq in P. tetraurelia during late autogamy (T50).** In
the present study, we found that vegetative P. tetraurelia, Paramecium caudatum, and Paramecium multi-
micronucleatum, each of which was fed with dam-/dcm- Escherichia coli, also had a higher 6mA ratio
(2.35%, 1.64%, and 1.66%, respectively) than Tetrahymena (0.54%) and Oxytricha (0.38%) (Figure S9A).
P. bursaria has a bimodal distribution of 5mA around TSS, unlike Tetrahymena and Oxytricha both of which
have a unimodal distribution downstream of TSS (Figure 3C).5"1173% This bimodal distribution of 6mA was
also reported in the green alga Chlamydomonas,” raising the possibility that the endosymbiotic alga
C. variabilis may also exhibit a bimodal distribution of 6mA and in turn affect its host P. bursaria. However,
P. tetraurelia without endosymbiotic algae also shows a weak bimodal peak, arguing for the alternative sce-
nario that the bimodal distribution is a feature to the genus Paramecium. Considering that the intergenic
region in P. bursaria is considerably shorter than that in Tetrahymena (average 1,184 bp vs. 2,339 bp), i.e.,
compact genome (Figure S9B), we selected divergently transcribed genes with long intergenic regions
(>500 bp and >1,000 bp) to rule out interference from neighboring genes. However, the bimodal distribu-
tion of 6mA around TSS still exists (Figure S?C), excluding the possibility that 6mA peaks upstream of TSS
are actually the peaks downstream of TSS in adjacent genes. Further studies of more species of
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Paramecium, especially those without endosymbiotic algae, and of other ciliate species will help to eluci-
date the phenomenon.

8111934 \which could

6mA is depleted at the TSS in P. bursaria, P. tetraurelia, Tetrahymena, and Oxytricha,
be attributable to two not mutually exclusive factors. On the one hand, many transcription factors, such as
TFIIE and TFIIH of the preinitiation complex (PIC),** assemble at TSS and might hinder 6mA methyltrans-
ferase binding, thus contributing to the absence of 6mA. On the other hand, the intrinsic interactivity be-
tween 6mA and the nucleosome may also be an important contributor. In Tetrahymena, as 6mA is prefer-
entially localized in linker DNA regions flanked by well-positioned/H2A Z-containing nucleosomes,'” the
nucleosome-free regions (NFRs) wherein TSS resides are not ideal for the occurrence of dmA. In Oxytricha,
TSS is flanked on only one side by +1 nucleosome as nucleosome upstream TSS is precluded in nanochro-
mosomes, thereby reducing the 6mA at TSS."" In P. bursaria, TSS was flanked by well-positioned nucleo-
somes downstream and by a slightly above-background nucleosome upstream; such an imbalance may
also result in the absence of émA at TSS. Given that 6mA locally affects nucleosome occupancy and stabil-

ity,>"""'? we speculate that 6mA may act both as a contributor and as a recipient of the chromatin structure.

AS-generated protein diversity is essential for normal cell development in higher eukaryotes.*’*%*>*’ It has
been reported that RNA méA plays an important role in mRNA splicing of the Drosophila sex determination
gene 5xI°®¢” and MyD88 of human dental pulp cells.”” Nuclear m6A reader YTHDC1 has also been implicated
in the maintenance of a dynamic interaction network of different families of splicing-related proteins.”' 5mCis
linked with AS by two different mechanisms. The first is executed by CCCTC-binding factor (CTCF) and
methyl-CpG binding protein 2 (MeCP2) to regulate the elongation rate of RNA polymerase Il (Pol Il); the other
maybe involves recruiting splicing factors by the H3K9 trimethylation (H3K9me3) reading protein HP1.°%¢’
6mA could influence the binding between specific proteins or transcription factors and DNA by steric hin-
drance, which alters Pol Il elongation and downstream splicing. Furthermore, 6mA was reported to be related
with H3K4me3 in Tetrahymena,” the level of the latter being crucial for the recruitment of the early spliceo-
some.”” Thus, 6mA might regulate splicing by its steric hindrance per se or by the correlation with
H3K4me3. In addition, high nucleosome occupancy has been associated with low splicing efficiency in
P. tetraurelia.’”® The positive correlation between 6mA and nucleosome occupancy in P. bursaria
(Figures 2C and 2D) raises the possibility that higher 6mA ratio in intron in company with higher nucleosome
occupancy decreases splicing efficiency, thus resulting in IR. Nonetheless, there was no correlation between
IR degree (defined as reads corresponding to a retained intron/all reads corresponding to the flanking exons)
and either the methylation level or 6mA ratio of introns (r= 0.07; r = 0.07). It suggests that 6mA may contribute
to the occurrence of AS, but the retained amount of a particular intron may be co-regulated by other factors.

The previous study showed that not all genes in P. bursaria have the same copy number.”* To confirm whether
the gene dosage is related to 6mA levels, we analyzed the copy number of different genes/contigs (Fig-
ure S10). Our analysis showed that different genes/contigs had different copy numbers, with a positive cor-
relation between the copy number of two-telomere contigs/chromosomes and their 6mA ratio (r = 0.32)
(Figures ST0A and S10B). This was also the case for genes longer than 1 kb (r= 0.29; r = 0.29) (Figure S10C).
Then we compared the gene copy number between AS genes and non-AS genes. It showed that copy num-
ber of AS genes was significantly higher than that in non-AS genes (Figure S10D). Overall, AS genes were
related with higher émA level and higher copy number. Then, to correct the potential bias, we normalized
genes’ 6mA level (both 6mA ratio and 6mA amount) by their own copy number. After normalization, 6mA
levels of AS genes and non-AS genes were comparable (Figure S10E, left panel), suggesting that copy num-
ber may be a major factor to distinguish these two. However, within AS genes, their retained introns still car-
ried significantly higher 6mA level (p < 0.05) than other introns (Figure ST0E, right panel). Therefore, 6mA is
indeed related with IR. Similarly, we normalized endosymbiotic-related genes’ émA level by copy number.
Their normalized 6mA level still was obviously lower than the mean level (Table S11), except for one value
(95940), supporting that 6mA might act as a reverse mark to distinguish endosymbiosis-related genes.

A 6mA methyltransferase in P. bursaria, PbDAMT1, belongs to the AMT1 clade that includes 6mA MTase
AMT1 in Tetrahymena and MTA1 in Oxytricha®'" (Figure 5A). Loss of function of these MTases results in
severe defects, such as an abnormally large contractile vacuole (CV) both in P. bursaria and Tetrahymena®
and the malfunction of the sexual cycle in Oxytricha.®'" 6mA MTases of multicellular eukaryotes belong to
the METTL4 subclade (Figure 5B), including DAMT-1 related with epigenetic inheritance in Caenorhabditis
elegans, BMMETTL4 regulating normal proliferation in Bombyx mori, and METTL4 contributing to the
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attenuation of transcription and copy number in mitochondria.”**’® The evolutionary divergence of émA
MTases may thus be an important force driving the diversification of eukaryotes.

Limitations of the study

The high level of 6mA exists in P. bursaria, but we cannot explain it in this paper. The endosymbiotic alga
C. variabilis have a high level of 6mA and a bimodal distribution of 6mA around TSS, raising the possibility
that the endosymbiotic alga in turn affects its host P. bursaria. Still, it is also possible that the high level of
6mA and bimodal distribution are the features to the genus Paramecium. Further studies of more species of
Paramecium, especially those without endosymbiotic algae, and of other ciliate species will help to eluci-
date the phenomenon in the future.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
o-6mA Synaptic Systems Cat#202003; RRID:AB_2279214

Goat anti-Rabbit IgG (H+L) Invitrogen Cat#A-21428; RRID:AB_2535849
Bacterial and virus strains

Klebsiella pneumonia repository N/A

Escherichia coli repository HSTO04

Deposited data

MNase-seq, RNA-seq, 6mA-IP-seq and This paper NCBI: PRINA673334

Oxford Nanopore Technologies

(ONT) data of P. bursaria

SMRT-seq and RNA-seq data of P. bursaria He etal.”’ BIGD: PRJICA001086

RNA-seq dataset of P. bursaria
SMRT-seq of Tetrahymena
SMRT-seq of Oxytricha
SMRT-seq of P. tetraurelia
RNA-seq of P. tetraurelia

Customized scripts

Kodama and Fujishima’®

Wang et al.”’
Behetal."
Hardy et al.**
Hardy et al.**
This paper

NCBI: DRP000940
NCBI: SRX5993111
NCBI: SRX5944401
ENA: PRJEB40264
ENA: ERR1827399
https://github.com/Bryan0425/Paramecium-émA-related

Software and algorithms

RepeatMasker v4.0.9
Trimmomatic v0.39
Augustus v3.3.3

SMRT link v7.0

R package circlize v0.4.4
R package ggplot2
WebLogo3

RNAmmer v1.2

tRNAscan-SE v2.0.5
Rfam v11.0
guppy v3.2.10

Nanofilt v2.5.0
Pychopper
minimap2 v2.16
Pinfish
Gffcompare
Tophat2 v2.1.1
cufflinks v2.2.1
ASprofile v1.0.4
SQANTI3 v3.0
Cupcake v24.3.0
FLAIR v1.5
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Tarailo-Graovac and Chen’’

Bolger et al.”®

Stanke et al.”’

Pacific Biosciences

Gu et al.®

Wickham®'

Crooks et al.®”

Lagesen et al.®

Lowe and Eddy®*

Griffiths-Jones et al.®®

Oxford Nanopore Technologies

De Coster et al.®

Oxford Nanopore Technologies

Li87

Oxford Nanopore Technologies

Pertea and Pertea®
Trapnell et al.®?
Trapnell et al.®”
Florea et al.”®
Tardaguila et al.”’
Elizabeth Tseng

Tang et al.””

http://www.repeatmasker.org/RMDownload.html
http://www.usadellab.org/cms/?page = trimmomatic
https://github.com/Gaius-Augustus/Augustus
https://www.pacb.com/support/software-downloads/
https://jokergoo.github.io/circlize_book/book/
http://had.co.nz/ggplot2/
https://weblogo.threeplusone.com/

https://services.healthtech.dtu.dk/
service.php?RNAmmer-1.2

http://lowelab.ucsc.edu/tRNAscan-SE/
ftp://ftp.ebi.ac.uk/pub/databases/Rfam/12.2/Rfam.cm.gz

https://github.com/metagenomics/denbi-nanopore-

training/blob/master/docs/basecalling/basecalling.rst
https://pypi.org/project/NanoFilt/
https://github.com/nanoporetech/pychopper
https://github.com/Ih3/minimap2
https://github.com/nanoporetech/pinfish
https://github.com/gpertea/gffcompare
http://ccb.jhu.edu/software/tophat/index.shtml
https://cole-trapnell-lab.github.io/ cufflinks/
https://ccb.jhu.edu/software/ASprofile/
https://github.com/Conesalab/SQANTI3
https://github.com/Magdoll/cDNA_Cupcake
https://github.com/BrooksLabUCSC/FLAIR
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REAGENT or RESOURCE SOURCE IDENTIFIER

eggNOG-mapper Huerta-Cepas et al.” http://eggnog-mapper.embl.de/

GSEA v4.1.0 Mootha et al.”*; Subramanian et al.”® http://www.gsea-msigdb.org/gsea/index.jsp
PSI-BLAST v2.9.0+ Altschul et al.” https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/
CD-HIT Huang et al.”” http://cd-hit.org

MUSCLE v3.8 Edgar™® http://www.drive5.com/muscle/

FastTree v2.1 Price et al.” http://www.microbesonline.org/fasttree/

NCBI Conserved Domain Search Luetal.'® https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtm|
Phylostratigraphic analysis v0.0.5 Drost et al.’’"; Domazet-Loso et al.'%” https://github.com/AlexGa/Phylostratigraphy
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Yuanyuan Wang (wangyuanyuan@ouc.edu.cn).

Materials availability
® Plasmids generated in this study have been deposited to our lab.

® This study did not generate new unique reagents.

Data and code availability

® All sequencing data, including MNase-seq, 6mA-IP-seq, RNA-seq and ONT (Oxford Nanopore Technol-
ogies) data, generated in this study have been deposited to NCBI: PRINA673334. SMRT-seq and RNA-
seq data of Paramecium bursaria were downloaded from the public database BIGD (http://bigd.big.ac.
cn, BioProject accession: PRJICA001086).*" Another published RNA-seq dataset of P. bursaria with or
without Chlorella variabilis symbionts (NCBI BioProject accession: DRP000940)”® was used to improve
the prediction accuracy. SMRT-seq of Tetrahymena and Oxytricha were downloaded from the public
NCBI dataset SRX5993111 and SRX5944401.%"" SMRT-seq and RNA-seq data of Paramecium tetraurelia
were downloaded from the ENA dataset PRIEB40264 and ERR1827399.7

o All original code has been deposited at Github and is publicly available as of the date of publication
(https://github.com/Bryan0425/Paramecium-6mA-related).

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture

The Paramecium bursaria 110224 strain used in the present study was initially collected from Zhongshan
Park, Qingdao, China (120.20°E, 36.03°N) in 2011 and maintained in the Laboratory of Protozoology at
Ocean University of China. It was cultivated at 25 °C in an incubator with constant illumination in wheat
grass powder (WGP, Pines International) bacterized with a non-virulent strain of Klebsiella pneumonia.
B-Sitosterol (1 mg/L) was added to the bacterized WGP medium before feeding P. bursaria.'”® The other
three species of genus Paramecium from the Laboratory of Protozoology at Ocean University of China, i.e.,
P. tetraurelia, P. caudatum and P. multimicronucleatum, which were also used in the present study, were fed
with dam-/decm- Escherichia coli.

METHOD DETAILS
Photomicrographs and silver carbonate staining

Live cells were observed and photographed using differential interference contrast microscopy at 400x to
1,000% magnification. The silver carbonate method'®* was used to reveal the infraciliature.
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Immunofluorescence staining

Cells were fixed and permeabilized in 5 mL chilled acetone for 5 min before spreading onto polylysine-
coated coverslips.”? The 6mA staining experiment followed previously described procedures.'” Antibody
information: the primary antibody (-6mA, Synaptic Systems, 202003, 1:2000); the secondary antibody
(Goat anti-Rabbit IgG (H+L), Invitrogen, A-21428, 1:4000).

Gene model and annotation update

SMRT sequencing and RNA-seq data of P. bursaria were downloaded from the public database BIGD.*'
Another published RNA-seq dataset of P. bursaria with or without Chlorella variabilis symbionts’® was
also used to improve the accuracy of gene model prediction in this study.

To identify protein-coding genes, repeat regions of genomes were recognized and masked by
RepeatMasker v4.0.9”” with default parameters. All RNA-seq reads were trimmed by Trimmomatic
v0.39”% to remove adapters and filter low-quality reads. Subsequently, transcripts were generated by map-
ping to the masked P. bursaria genome using BLAT (-noHead -stepSize = =5 -minldentity=93). All RNA-seq
data were incorporated into Augustus v3.3.3 scripts by generating the hints file, including intron and exon-
part hints and wiggle track. Augustus’’ (~species=tetrahymena) was employed for gene model and protein
prediction. In all, 17,825 protein-coding genes were predicted with high confidence, 8,220 of which were
longer than 1 kb, representing a significant improvement over the published versions (17,825 vs. 17,266;
8,220 vs. 7,654) (Table 512)."'

SMRT sequencing data analysis

The latest published MAC genome of P. bursaria downloaded from ParameciumDB (https://paramecium.
i2bc.paris-saclay.fr/)'°° was used as a reference for subreads mapping (123x available SMRT-seq data).
6mA was called by the SMRT link v7.0 (Pacific Biosciences, Base Modification and Motif Analysis protocol
with default parameters). Strict cut-offs (Qv > 30 and coverage > 25x for normalizing to 100 X) were used to
filter out unauthentic modifications.®

As defined previously,® 6mA was divided into different groups according to their methylation level (0-100%)
or motifs (symmetric/ asymmetric/ non-ApT). All 6mA calculations of sites and percentages were imple-
mented by customized Perl scripts and diagrams were plotted by GraphPad Prism 7.'%¢ Methylation level
was defined as the ratio between reads counts of methylated adenines (émA) and total adenines (A) at a
specific position (6mA/A). Each 6mA site has its own methylation level. For circle diagrams generated by
R package circlize v0.4.4,%° the 6mA ratio was defined as the ratio between the total number of methylated
Assites (6mA) and the total number of all A sites in the genome or in a particular genomic sequence (3 6mA/
>"A). 6mA amount is the number of émA sites in the genome or in a particular genomic sequence (3_6mA),
not taking into account the effect of the methylation level of each 6mA site. Neither 6mA amount nor
methylation level is related to the ApT frequency of the genome. The density plot of methylation levels
on Watson and/or Crick strands was generated by R package ggplot2.%" To analyze the distribution of
6mA, we scaled the gene body length to one unit and extended it to each side for locus statistical analysis
by customized Perl scripts (bin size = 0.05). The numbers of 6mA sites were accumulated from 1000-nt up-
stream to 2000-nt downstream transcription start sites to explore patterns of émA distribution.

Conserved motifs, which are sequences from 5-nt upstream to 5-nt downstream of the methylated ade-
nines, were selected and identified by WebLogo3.%?

RNA polymerase | (Pol 1) and Il (Pol Ill) -transcribed genes were detected in the P. bursaria MAC genome41
using RNAmmer v1.2,% tRNAscan-SE v2.0.5** and Rfam v11.0,%® as described previously.'”

Oxford Nanopore Technologies (ONT) data generation and analysis

Oxford PromethlON 2D amplicon libraries were generated according to the Nanopore community proto-
col using library preparation kit SQK-LSK109 and sequenced on R9 flowcells to generate fast5 files. All
generated fast5 reads were then basecalled in guppy v3.2.10 (https://github.com/metagenomics/denbi-
nanopore-training/blob/master/docs/basecalling/base calling.rst) with the default options to yield fastq
files. The fastq reads for each sample were filtered using Nanofilt v2.5.0° with options -1 100 -q 7. The
full-length reads were detected using Pychopper (https://github.com/nanoporetech/pychopper) with
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options -b primer.fa -i raw.fq -t 200 -s 98, and were aligned to the genome with minimap2 v2.16.%” Pinfish
was run with default parameters, yielding polished consensus reads. Structure annotations were performed
using Gffcompare® to identify known and novel transcripts.

Isoform identification and alternative splicing analysis

The alternative splicing (AS) events were predicted using both RNA-seq and the ONT full-length transcript
sequencing data of P. bursaria according to the coverage of transcripts to distinguish multiple RNA iso-
forms from same gene. For illumina sequencing, the raw reads were trimmed and filtered as above. After
mapping back to genome using Tophat2 v2.1.1 (~library-type fr-unstranded, —no-discordant),®” the RNA
isoforms were reconstructed by cufflinks v2.2.1 (-] 100 —min-intron-length 10 -u -library-type fr-un-
stranded)®” and all the type of alternative splicing were identified by ASprofile v1.0.4 (-r tmap file).”” The
AS gene list of Tetrahymena was provided by Dr. Jie Xiong (Chinese Academy of Sciences, Wuhan,
China).” Custom scripts uploaded on Github (https://github.com/Bryan0425) were employed to extract
and calculate the information. For ONT full-length transcript sequencing, we employed SQANTI3 v3.07'
and Cupcake v24.3.0 (https://github.com/Magdoll/cDNA_Cupcake) with default parameters to identify
isoforms and classify AS events. FLAIR v1.57? (the process of align, correct, collapse, quantity and diffSplice
was run followed its handbook) was employed to analyze the differential isoforms of the AS events between
two conditions (control and PbAMT1-KD cells).

To calculate the intron retention degree, the ASprofile as above was used to identify the alternative splicing
events which contained the intron retention in control RNA-seq data, the intron retention degree (IRD) was
calculated by the formula (IRD = reads corresponding to a retained intron/all reads corresponding to the
flanking exons). As for the heatmap of intron retention density, we calculated the normalized FPKM of re-
tained intron to show the variances in both control and PbAMT1-KD cell. The higher intron retention den-
sity represented more retained introns.

Gene ontology annotation and gene set enrichment analysis

Gene Ontology (GO) enrichment analysis of all predicted genes was implemented by the eggNOG-map-
per with default parameters” and 8,992 proteins were annotated into 4,686 GO pathways. The gene set
enrichment analysis was performed by GSEA v4.1.0.”*%° By calculating the gene methylation level defined
as the sum of the methylation levels of each 6mA site on the gene body of a particular gene (3 (6mA/total
A), we transformed the gene methylation level into Gaussian distribution by log2 and the mean (n) of the
distribution was determined. Then we constructed the gct file by the observed value and the mean methyl-
ation level per gene. The results of GSEA analysis were narrowed down by P-value < 0.05 and FDR < 25%.

MNase-seq sample preparation and analysis

Approximately 5x10° P. bursaria cells were collected, incubated on ice for 5 min with lysis buffer (0.25 M
sucrose, 10mM MgCl,, 10 MM Tris-HCl pH 7.4, 1 x Protease inhibitor, 1 mM dithiothreitol and 0.2% NP-40),
and then homogenized with douncer. The lysate was digested by 120 U/mL Micrococcal Nuclease (MNase,
NEB, M0247S) at 25 °C for 15 min. The mono-nucleosome sized DNA was selected by agarose electropho-
resis and purified with Zymoclean gel extraction kit (D4008). After reads mapping,”’ only the mono-nucle-
osome sized fragments (120-260 bp) were analyzed. Nucleosomes dyads were defined as previously re-
ported to calculate nucleosome distribution around TSS.°

Phylogenetic analysis

The putative N®-adenine methyltransferases sequences of Tetrahymena® were queried against the P. bursaria
proteins to identify the putative methyltransferases by PSI-BLAST v2.9.0+ (maximum E-value = 1e-4).%7° The
resulting sequences were added to perform the alignments of MT-A70 candidates from Wang et al, 2019.°
Retrieved hits were collapsed to remove redundant sequences using CD-HIT (-c 0.97)°” and sequences were
aligned by the MUSCLE v3.8 program.”® A phylogenetic tree was acquired by FastTree v2.1 program” with
the approximate maximum-likelihood method. All the protein sequences used for phylogenetic analysis is listed
in Table S13. NCBI Conserved Domain Search (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml)'® was
used to predict the conserved domain of proteins. IBS v1.0'” was used to plot the sketch.
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RNAIi knockdown

Sequences used for silencing the PbAMT1 gene were amplified from the cDNA of P. bursaria, using primers
PbAMT1_f1437_Pstl (CTGCAG GTAAATGATGATGCTATACC) and PbAMT1_r1667_Kpnl (GGTACC
GCATTTTACTTATCATATCG). The amplified fragment was 231 bp in size, complementary to the partial
second and third exons of PBAMTI. This fragment was ligated into the pEASY-Blunt cloning vector
(TransGen Biotech, M20514) and transformed into Trans1-T1 competent cells (TransGen Biotech,
CD501-03). Positive clones were selected for plasmid extraction. The fragment released by Pstl (NEB,
R3140V) and Kpnl (NEB, R3142S) digestion was ligated into the L4440 plasmid by T4 DNA Ligase (NEB,
MO0202V), which was then transformed into HT115 competent cells (Shanghai Weidi Biotechnology,
EC2010). Positive clones were cultured and induced by 0.4 mmol/L isopropyl B-D-thiogalactoside (IPTG)
to produce double-stranded RNA (dsRNA) when they reached the logarithmic growth period. The
HT115 cells were harvested when grown to an OD&00 value of 1. P. bursaria RNAi knockdown cells were
fed on the transformed E. coli HT115 with the L4440 plasmid containing the target gene fragment, while
control cells were fed on the transformed E. coil HT115 with the L4440 empty vector. Fresh E. coil HT115
was cultured and added to the experimental system every single day. P. bursaria cells were collected for
subsequent experiments after three and six days of feeding, respectively.

RNA extraction and cDNA preparation
Total RNA was extracted with the RNeasy Plus Mini kit (Qiagen, 74134) and cDNA was synthesized using a

synthetic oligo-dT primer and M-MLV Reverse Transcriptase (Invitrogen, 28025013) after DNase treatment
(Invitrogen, AM1907).

Reverse transcription polymerase chain reaction (RT-PCR) and quantitative reverse
transcription PCR (qRT-PCR)

RT-PCR was performed using Premix Taq (TaKaRa, RR901A) to confirm the PBAMT1 gene model. For the
gRT-PCR analysis of PbBAMT1 expression in control and PBAMT1-KD cells, the housekeeping gene GAPDH
was used for loading control and normalization (Holding stage: 50 °C, 2 min; 95 °C, 10 min. Cycling stage:
95°C, 155;50°C, 2 min; 60 °C, 1 min. Melt curve stage: 95°C, 15s; 60 °C, 1 min; 95°C, 30s; 60°C, 155s.). All
PCR primers are listed in Table S14.

Dpnl/Dpnll digestion and quantitative PCR (qPCR) analysis

Approximately 2 pg purified genomic DNA was treated with 40 U Dpnl (NEB, RO176v) overnight or with 40 U
Dpnll (NEB, R0543L) overnight at 37 °C. The samples were heat-inactivated for 20 min at 80 °C (Dpnl) or
65 °C (Dpnll) after digestion. A total of 4 ng digested and non-digested DNA was subjected to quantitative
PCR (gPCR) analysis using EvaGreen Express 2x gPCR Master Mix-Low ROX (Abm, MasterMix-LR). Primers
flanking selected GATC sites were used to validate the methylation status at a specific position (Table S15).
Primers matched to the coding DNA sequence (CDS) of GAPDH were used as internal controls. Methylation
status are reflected by normalized Ct difference (ACt) between digested and undigested samples.

Identification of horizontal gene transfer

P. bursaria horizontal gene transfer (HGT) genes were identified by two steps, similar to the strategy widely
used. %19 Firstly, the potential genes were screened by using RBH BLASTP (Reciprocal best hit) against
the Chlorella variabilis genes with a high cut-off, i.e., 1e-10 e-value and 30% identity. This step acquired 871
candidates. Secondly, the candidates were BLASTP searched (1e-10) against both genus Paramecium and
genus Chlorella in the protein database (NCBI Reference Sequence Database, RefSeq). The retrieved ho-
mologs and candidates were aligned by MUSCLE?® and phylogenetic trees were constructed by Fast-
Tree.”” Under manual scrutiny, a gene clustered in the Chlorella clade which had a Paramecium outgroup
was accepted as an HGT-like gene (159 such genes were recovered).

Gene age estimation and gene methylation level calculation

Gene ages were estimated using the phylostratigraphic approach as previously described by Domazet-
Lo3o and Tautz.'% Phylostratigraphic analysis v0.0.5'°" was employed to trace the evolutionary origin of
protein coding genes.'%” All genes in P. bursaria were divided into different phylostratigraphic levels
(psl), i.e., gene age groups psl1 to psl10 (no genes were divided into psl4, psl7 and psl8 groups) corre-
sponding old-to-young groups. The gene methylation level (the sum of the methylation levels of each
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6mA site on the gene body of a particular gene, > (6mA/total A)) and expression level of different gene
ages were calculated by customized Perl scripts.

UHPLC-QQQ-MS/MS analysis

The experiment followed previously described procedures. DNA was denatured and digested into mono-
nucleotides using a mixture of enzymes, including DNase | (1 U, NEB, M0O303L), calf intestinal phosphatase
(1 U, NEB, M0290L), and snake venom phosphodiesterase | (0.005 U, Sigma, P4506). Digested DNA was
diluted, purified, and analyzed by ultra-high-performance liquid chromatography tandem mass spectrom-
etry (UHPLC-QQQ-MS/MS) on an Acquity BEH C18 column (75 mm x 2.1 mm, 1.7 um, Waters, MA, USA)
using a Xevo TQ-S triple quadrupole mass spectrometer (Waters, Milford, MA, USA)."®

6mA immunoprecipitation (6mA-IP)

6mA IP experiment followed previously described procedures.”"'" gDNA was isolated using phenol-chlo-

roform-isoamyl alcohol extraction and digested by RNase A (sigma, R4642). Then gDNA was sonicated to
200-400 bp using Diagenode Bioruptor UCD 300. DNA was denatured at 95 °C and chilled for 10 minutes
onice. A portion of 10 uL DNA was saved as input, i.e., an internal control. The rest of DNA was incubated
with a-6mA antibody (Synaptic Systems, 1:500) in 500 mL of 1x IP buffer (50mM Tris-HCI pH7.4, 750mM
NaCl, 0.5% Triton X-100 and 20mM EDTA) at 4 °C overnight. Protein A magnetic beads were pre-washed
three times using 1 mL of 1x IP buffer, before mixing with DNA-6mA antibody complex at 4 °C. 2h rotation
was needed for the sufficient ligation between the complex and beads. After incubation, the beads were
washed three times with 1 mL of 1x IP buffer. Then the methylated DNA was eluted twice by 100 uL elution
buffer at 4°C for 1 h.*""" The input and IP DNA were sequenced respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

All bioinformatical data are expressed as mean + SEM, and n represents the number of independent rep-
licates per group, as detailed in each figure legend. gRT-PCR data are shown as mean + SD. For compar-
isons between two groups only, Student’s t-test was used. **** p < 0.0001; *** p < 0.001; ** p < 0.01; *
p < 0.05; ns: not significant, p > 0.05. For comparisons among multi-groups (gene age part; Tables S9
and S10), Tukey's multiple comparisons test was used. Correlation calculation was performed using two-

tailed Pearson correlation analysis. Statistical testing was performed in GraphPad Prism 8.'%
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