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Dynamic DNA N6-adenine methylation (6mA)
governs the encystment process, showcased in the
unicellular eukaryote Pseudocohnilembus persalinus
Yongqiang Liu,1,2,7 Junhua Niu,1,2,7 Fei Ye,1,2,7 Therese Solberg,3,4,5 Borong Lu,1,2

Chundi Wang,1,6 Mariusz Nowacki,3 and Shan Gao1,2
1MOE Key Laboratory of Evolution and Marine Biodiversity and Institute of Evolution and Marine Biodiversity, Ocean University of
China, Qingdao 266003, China; 2Laboratory for Marine Biology and Biotechnology, Qingdao Marine Science and Technology
Center, Qingdao 266237, China; 3Institute of Cell Biology, University of Bern, 3012 Bern, Switzerland; 4Department of Molecular
Biology, Keio University School of Medicine, 160-8582 Tokyo, Japan; 5Human Biology Microbiome Quantum Research Center
(WPI-Bio2Q), Keio University, 108-8345 Tokyo, Japan; 6Laboratory of Marine Protozoan Biodiversity and Evolution, Marine College,
Shandong University, Weihai 264209, China

The formation of resting cysts commonly found in unicellular eukaryotes is a complex and highly regulated survival strat-

egy against environmental stress that involves drastic physiological and biochemical changes. Although most studies

have focused on the morphology and structure of cysts, little is known about the molecular mechanisms that control

this process. Recent studies indicate that DNA N6-adenine methylation (6mA) could be dynamically changing in response

to external stimuli; however, its potential role in the regulation of cyst formation remains unknown. We used the ciliate

Pseudocohnilembus persalinus, which can be easily induced to form cysts to investigate the dynamic pattern of 6mA in trophonts

and cysts. Single-molecule real-time (SMRT) sequencing reveals high levels of 6mA in trophonts that decrease in cysts, along

with a conversion of symmetric 6mA to asymmetric 6mA. Further analysis shows that 6mA, a mark of active transcription,

is involved in altering the expression of encystment-related genes through changes in 6mA levels and 6mA symmetric-to-

asymmetric conversion. Most importantly, we show that reducing 6mA levels by knocking down the DNA 6mA methyl-

transferase PpAMT1 accelerates cyst formation. Taken together, we characterize the genome-wide 6mA landscape in P. per-
salinus and provide insights into the role of 6mA in gene regulation under environmental stress in eukaryotes. We propose

that 6mA acts as a mark of active transcription to regulate the encystment process along with symmetric-to-asymmetric

conversion, providing important information for understanding the molecular response to environmental cues from the

perspective of 6mA modification.

[Supplemental material is available for this article.]

Amicrobial cyst is the resting or dormant stage of amicroorganism
with the ability to sense environmental alterations and to respond
appropriately to new situations. Various environmental condi-
tions have been reported to induce the formation of cryptobiotic
cysts, such as desiccation, starvation, pH change, sudden changes
in temperature, excess of metabolites, crowding, and even tidal
cycling (Fenchel 1990; Gutiérrez et al. 1990, 2001; Olendzenski
1999). Starvation, however, seems to be the most universal trigger
of encystment (Gutiérrez et al. 1990; Olendzenski 1999).
Encystment involves progressive and drastic physiological and
biochemical changes, including a reduction in cell volume, con-
densation of chromatin, and cessation of most activities such as
feeding and locomotion (Gutiérrez et al. 1990, 2001; Kaur et al.
2019). Consequently, the process of encystation uses a highly
complex array of gene expression alterations to produce a more re-
sistant, differentiated state that enables the organism to maintain
viability during variations in the habitat (Gutiérrez et al. 2000,
2001; Fouque et al. 2012). The return to favorable environmental
conditions triggers excystment and leads to the emergence of a

vegetative, swimming cell (Olendzenski 1999; Gutiérrez et al.
2001; Kaur et al. 2019).

Unicellular eukaryotes such as ciliates serve as good model
systems in various biological studies including epigenetics, cell
biology, and genomics (Nowacki et al. 2008; Cheng et al. 2019;
Liu et al. 2021; Zhao et al. 2021; Zheng et al. 2021; Tian et al.
2022; Wei et al. 2022; Jin et al. 2023; Solberg et al. 2023; Zhang
et al. 2023). A characteristic feature of ciliates is their nuclear
dimorphism, hosting two functionally distinct nuclei within a sin-
gle cell: the diploid micronucleus (MIC) and the highly polyploid
macronucleus (MAC) (Karrer 2012). Additionally, ciliates are ideal
organisms for studying cyst formation, owing to their general ease
of culturing and geneticmanipulability but also the characteristics
of their cysts such as a relatively rapid encystation process and the
high morphological variation of cysts (Gutiérrez et al. 1998, 2001;
Kaur et al. 2019;Matsuoka 2021; Li et al. 2022). Early studiesmain-
ly relied onmicroscopic and submicroscopicmethods, which have
accumulated a great deal ofmorphological and ultrastructural data
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and revealed various processes involved in encystation, including
cyst wall secretion, absorption of ciliary structures, and condensa-
tion of the macronuclear chromatin (Repak 1968; Matsusaka et al.
1989; Fenchel 1990; Olendzenski 1999; Leadbeater and Karpov
2000; Watoh et al. 2005; Grisvard et al. 2008; Verni and Rosati
2011; Whang et al. 2011; Fouque et al. 2012, 2015; Gong et al.
2018).More recently, transcriptomic and proteomic analyses iden-
tified multiple pathways involved in ciliate encystment, includ-
ing the mitogen-activated protein kinase (MAPK) pathway, the
protein kinase A (PKA) pathway, the cAMP pathway, and the calci-
um signaling pathway, which regulate encystment-related genes
involved in DNA reorganization, autophagy, lipid metabolism,
and stress response (Sogame et al. 2011; Jiang et al. 2019; Pan
et al. 2020, 2021;Matsuoka 2021). Despite these efforts, the under-
lying molecular mechanism that enables a subset of genes to be
quickly and selectively up- or down-regulated remains poorly
understood.

One of themost important ways of altering gene expression is
DNA methylation. 5-Methylcytosine (5mC), the most common
DNA modification in eukaryotic genomes, has been shown to be
a major regulator of genes related to stress response in plants. For
example, an increase of 5mC in rice has been shown to contribute
to drought adaptation (Zheng et al. 2017), whereas the loss of 5mC
can activate the expression of genes that respond to phosphate
starvation stress (Kumar et al. 2022). 5mC was also reported to
change during cyst formation in the ciliate Colpoda inflata, where
it is found in macronuclear DNA and undergoes demethylation
during encystation (Palacios et al. 1994). Moreover, treatment
with the nucleoside analog 5-azacytidine (5-azaC), a potent inhib-
itor of DNA methyltransferase (MTase) (Razin and Cedar 1991),
was shown to increase the encystment ratio (Palacios et al.
1994). Nonetheless, it remains unclear whether 5mC is physiolog-
ically relevant in ciliates, as no homologs of 5mC MTases have
been identified so far (Wang et al. 2017b,c; Singh et al. 2018). In
contrast, a rediscovered epigenetic mark in eukaryotes, N6-
methyadenine (6mA), is highly abundant and universally present
in ciliates (Wang et al. 2017b; Beh et al. 2019; Cheng et al. 2019;
Wang et al. 2019; Pan et al. 2023). 6mAhas been shown to respond
to external stress in an expanding list of eukaryotes: It is involved
in mitochondrial stress adaptation in the worm Caenorhabditis ele-
gans (Ma et al. 2019), the expression of neuronal genes in the fly
Drosophila melanogaster (Yao et al. 2018), salt and temperature tol-
erance in the rice Oryza sativa (Zhang et al. 2018), hypoxia re-
sponse in tumor cells (Hsu et al. 2022), and the regulation of
stress responsivity of neuronal genes in the mouse Mus musculus
(Yao et al. 2017). In the classical model ciliate Tetrahymena thermo-
phila, 6mA also shows changes during starvation, suggesting an
evolutionarily conserved response to environmental cues inmulti-
and unicellular eukaryotes (Sheng et al. 2021). In light of all these
clues, it is therefore reasonable to hypothesize that 6mA may reg-
ulate cyst formation.

Pseudocohnilembus persalinus is a pathogenic marine ciliate
(Xiong et al. 2015; Wei et al. 2018; Liu et al. 2019; Zhang et al.
2020) and has been extensively studied for morphology, behavior,
pathology, encystation, and excystation (Repak 1968; Matsusaka
et al. 1989; Leadbeater and Karpov 2000; Grisvard et al. 2008; Verni
and Rosati 2011; Fouque et al. 2015; Gong et al. 2018). Exponential-
ly growing trophonts have a wide pyriform shape and are relatively
sluggish (Fenchel 1990; Liu et al. 2019). When starved, trophonts
transform into a slender andmore elongated form and significantly
increase their swimming speed (Olendzenski 1999). Prolonged star-
vation induces encystation, forming cysts with a smooth surface

that tend to clump together (Olendzenski 1999). Our previous
work showed that an abundance of trophonts can be rapidly ob-
tained by feedingwith bacteria, and cyst formation can be easily in-
duced by starvation, and thus, a simple and rapid cryopreservation
protocol was established (Liu et al. 2019).Moreover, an initial P. per-
salinus genome database (PPGD; hereafter called PPGD 2015), as-
sembled based on Illumina sequencing data and containing
macronuclear genomic and transcriptomic data, has been reported
(Xiong et al. 2015). Therefore, P. persalinus is an ideal model for in-
vestigating the molecular mechanisms of encystment.

In this study,we present an in-depth analysis of 6mA in P. per-
salinus that includes genome-wide maps of 6mA at single-nucleo-
tide resolution in two different physiological states (trophont and
cyst). Further analysis uncovered drastic alterations in 6mA distri-
bution patterns between trophonts and cysts, suggesting a poten-
tial role of 6mA in the regulation of gene expression during cyst
formation.

Results

6mA is a dynamic DNA modification in the MAC of P. persalinus

Vegetatively growingP. persalinus cells (trophonts) couldbe induced
into cysts after ∼1 wk of starvation (Fig. 1A). To determine whether
6mA exists in P. persalinus, we first performed dot blot analysis with
a 6mA-specific antibody. Strong 6mA signals were detected in DNA
isolated fromboth trophonts and cysts, comparativelyweaker in the
latter, indicating the presence of 6mA modification in P. persalinus
DNA (Fig. 1B). We then performed immunofluorescence (IF) stain-
ing, detecting 6mA in the MAC of both trophonts and cysts (Fig.
1C), consistent with previous findings that 6mA is a MAC-specific
modification in ciliates (Gorovsky et al. 1973; Wang et al. 2017b).
However, observing the MIC in P. persalinus is difficult, a challenge
also noted in other Scuticociliatia ciliates (Song 2000). 6mA levels in
cysts were significantly lower than in trophonts (∼60% of troph-
onts), which was confirmed by antibody-free mass spectrometry
(MS) analysis (∼83% of trophonts) (Fig. 1D). These observations
suggest that the 6mA modification might be dynamic in P. persali-
nus during the encystment–excystment cycle and prompted us to
investigate the role of 6mA in this process.

High-quality genome assembly and annotation

of the P. persalinus genome

The published P. persalinus genome assembly (PPGD2015) provid-
ed important information about the genome of P. persalinus and
gave new insights into the pathogenesis of scuticociliates; howev-
er, it is segmented into broken contigs that contain many un-
known regions and only limited gene annotations (Xiong et al.
2015; Wei et al. 2018). We therefore used SMRT sequencing to
improve the genome assembly for downstream 6mA analysis (Sup-
plemental Fig. S1A), obtaining a 56.4 Mb genome assembly con-
sisting of 170 contigs, including 165 telomere-to-telomere
contigs and five contigs with telomeric repeats at one end (Fig.
2A). The genome size and GC content of this updated assembly
are nearly identical to PPGD 2015 (Fig. 2A; Supplemental Fig.
S2A; Xiong et al. 2015), but the N50 length was increased about
twofold from 368 kb to 623 kb, which was second only to T. ther-
mophila (929 kb) (Fig. 2A; Sheng et al. 2020). Notably, a large frac-
tion of contigs with intra- and inter-scaffold gaps present in the
PPGD 2015 were assembled into longer supercontigs in our updat-
ed assembly (Supplemental Fig. S2B).
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We then improved the genome annotation by using the
LoReAn2 pipeline and incorporating proteinMS data (Supplemen-
tal Fig. S1B). In total, weobtained 18,386 protein-coding genes and
380 noncoding RNA genes, which is a significant improvement
over the PPGD 2015 annotation (13,186 protein-coding genes
and zero noncoding RNA genes) (Fig. 2A). The average gene num-
ber per contig (108 vs. 46) (Fig. 2B) and the median gene length
(2987 bp vs. 2584 bp) (Fig. 2C), as well as the exon number
(117,897 vs. 72,961) and the average exon length (328 bp vs.
299 bp) (Supplemental Fig. S2C), were all higher than in the
PPGD 2015 annotation. The improvement of the genome assem-
bly and gene annotation was notably manifested by the higher
mapping ratio of RNA sequencing (RNA-seq) reads (91.16% and
91.01% for trophont and cyst vs. 45.88% and 48.55% in PPGD
2015) (Fig. 2D,E). To further facilitate downstream analysis, we
used our RNA-seq data to predict untranslated regions (UTRs)
and annotated a total of 17,273 5′ UTRs and 17,235 3′ UTRs with
an average length of 319 bp and 340 bp, respectively (Supplemen-
tal Fig. S2D). This largely optimized genome assembly and annota-
tion laid the foundation for investigating the mechanism of 6mA
regulation in encystment.

Encystment alters the genome-wide pattern of 6mA

Using our improved de novo map of the P. persalinus genome, we
next performed analyses of 6mA sites to determine the distribution
of this modification across the genome. 6mA was detected with
high confidence (coverage>25× and Qv>30 for 100× coverage)

on 332,133 adenines in trophonts and 114,614 in cysts (FDR<
0.01), all with the typical kinetic signature (Fig. 3A), corresponding
to 0.79% of total adenines in trophonts and 0.25% in cysts (Fig. 3B;
Supplemental Fig. S3). This result strengthened our previous obser-
vation of global 6mA reduction in cysts revealed by dot blot, IF, and
MS analyses (Fig. 1B–D). The slight differences between SMRT-seq
and MS arise from two factors: (1) SMRT-seq mitigates the risk of
overestimating 6mA levels by filtering out bacterial reads from
dam−/dcm−Escherichia coli, which serves as the food source for P. per-
salinus and contains ∼0.02%–0.07% 6mA/A (O’Brown et al. 2019),
and (2) SMRT-seq uses stringent cut-offs for identifying high-confi-
dence 6mA sites, effectively disregarding those with low methyla-
tion or inconsistent methylation patterns. In comparison to other
ciliates, the 6mA ratio in trophonts (0.79%) was higher than those
previously reported in the vegetative cells of T. thermophila (0.54%)
(Wang et al. 2017a;Wang et al. 2019) andOxytricha trifallax (0.38%)
(Beh et al. 2019) but lower than Paramecium bursaria (1.29%) (Pan
et al. 2023) and Paramecium tetraurelia (1.06%) (Hardy et al. 2021),
using the same cut-off value.

Despite the global reduction in cysts, the majority of 6mA
is located on the 5′-ApT-3′ consensus sequence in both trophonts
(99.16%) and cysts (99.82%), similar to other reported ciliates,
namely, T. thermophila (82.38% in AT motif), P. bursaria
(99.34%), P. tetraurelia (99.63%), and O. trifallax (95.98%) (Fig.
3C; Wang et al. 2017a; Beh et al. 2019; Wang et al. 2019; Hardy
et al. 2021; Pan et al. 2023). As expected, we found 6mA sites to
be closely linked between cysts and trophonts (Fig. 3D), with
88.9% of 6mA-containing ApT (6mApT) sites in cysts overlapping

A C

B

D

Figure 1. 6mA levels are reduced in P. persalinus cysts. (A) Photomicrographs of trophonts and cysts of P. persalinus. (Top) Scan electron microscopic
images. (Bottom) Phase-contrast images. Note the magnification difference in the top right image. The arrow indicates the caudal cilium. Scale bars,
10 µm. (B) 6mA levels in genomic DNA of trophonts and cysts were detected by dot blot using an anti-6mA antibody (top). Methylene blue hydrate staining
was performed to determine the amount of loaded DNA (bottom). (C) Immunofluorescence staining of 6mA (left) and statistical analysis of 6mA signal
intensities (right) in trophonts and cysts. Cell images were randomly selected (n =100) and processed by ZEN 3.0. (∗∗∗∗) P<0.0001 (Student’s t-test).
Scale bars, 10 µm. (D) Mass spectrometry analysis of 6mA in genomic DNA of trophonts and cysts. The 6mA ratio (6mA/A, %) was defined as the abun-
dance of methylated adenine divided by total adenine. (∗∗) P<0.01 (Student’s t-test). Chromatograms showing the 6mA mass signal in standard, blank
(water), and genomic DNA of trophonts and cysts (right).
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with those in trophonts (Fig. 3D). However, closer examination re-
vealed that 85.9% of 6mApT sites in trophonts were symmetrically
methylated (6mA on both Watson and Crick strands) (Fig. 3E),
which is in strong contrast to a much higher proportion of asym-
metric 6mA in cysts (43.8%) (Fig. 3E). To further explore this shift
in 6mA patterns, we traced the source of individual asymmetric
6mA sites in cysts and found that 77.3% of these sites underwent
a shift from the corresponding symmetric 6mApT site in trophonts
(Fig. 3D), depicting a symmetric-to-asymmetric 6mA conversion
during encystment.

We next divided 6mA sites into 10 quantiles according to
their methylation level. In trophonts, 66.07% of 6mA sites had
high methylation levels (80%–100%), 33.88% were intermediate
(20%–80%), and 0.05% were low (10%–20%) (Supplemental Fig.
S4A). Compared with trophonts, 6mA sites in cysts showed a sig-
nificant increase in the high methylation category (from 66.07%
to 88.16%) and a corresponding decrease in intermediate (from
33.88% to 11.83%) (Supplemental Fig. S4A). In trophonts, sym-
metrically methylated 6mA sites were enriched for high methyla-
tion levels (Fig. 3F), with a strong positive association (R2

adj = 0.59)
and a significant overlap (62.09% of total 6mA; representation fac-
tor: 0.96) (Fig. 3H). In cysts, however, highlymethylated 6mA sites
not only contained symmetric 6mA (R2

adj = 0.57; 50.65% of total
6mA; representation factor: 0.92) but also contained asymmetric
6mA (R2

adj = 0.65; 37.61% of total 6mA; representation factor:
0.92) (Fig. 3F–H). Taken together, these results reveal a clear shift
from highly methylated symmetric 6mA in trophonts to highly
methylated asymmetric 6mA in cysts.

6mA is involved in gene regulation as a transcriptional activator

Similar to the case in other ciliates (Wang et al. 2017b; Beh et al.
2019;Wang et al. 2019; Pan et al. 2023), 6mA could only be detect-

ed with high confidence on protein-coding genes transcribed by
RNA polymerase II (Pol II), but not on genes transcribed by Pol I
or Pol III (Supplemental Table S1), as determined by both SMRT-
seq analysis and a separateGATC-qPCRexperiment (Supplemental
Fig. S4B). We found 6mA to be enriched on the 5′ end of the gene
body (18,386 well-annotated genes) (Supplemental Fig. S4C),
within 0.7 kb from the transcription start sites (TSSs) in both
trophonts and cysts (Supplemental Fig. S4D). Moreover, 6mA
showed a periodic distribution in linker DNA (∼50 bp) with a fre-
quency of ∼200 bp and was strongly excluded from nucleosomal
DNA (Supplemental Fig. S4D). This distribution pattern resembles
that of 6mA in other ciliates (T. thermophila, P. bursaria, P. tetraur-
elia, and O. trifallax) (Wang et al. 2017a, 2019; Cheng et al.
2019; Hardy et al. 2021; Pan et al. 2023) and the algae Chlamydo-
monas reinhardtii (Fu et al. 2015) and may indicate a common
6mA distribution pattern among lower eukaryotes. We further in-
vestigated the location of symmetric methylation sites in troph-
onts that were retained or converted to asymmetric sites in cysts
and found that both categories of methylation sites were enriched
at the 5′ end of genes, which is consistent with the distribution
pattern of total 6mA (Supplemental Fig. S4E). Further analysis re-
vealed a global reduction in the degree of nucleosome positioning
in cysts relative to trophic cells, in which cysts displayed more dis-
persed nucleosomes (Supplemental Fig. S4F). In both trophonts
and cysts, 6mA sites were progressively enriched in linker DNA
as their methylation levels increased, with the sharpest distribu-
tion upon methylation saturation (Supplemental Fig. S4G). How-
ever, 6mA distributions at the 30%–60% methylation levels were
more diffuse in cysts than in trophonts (Supplemental Fig. S4G).
These results revealed a correlation between 6mA and nucleosome
positioning in two different morphological stages of P. persalinus.

To determine if differences in 6mA patterns may explain
why models of genetically identical P. persalinus display

A D

B C E

Figure 2. Updated genome assembly of P. persalinus. (A) Statistical details of the new P. persalinusMAC genome assembly and comparison to the PPGD
2015 assembly (Xiong et al. 2015) and three other sequenced ciliate genomes (Lindblad et al. 2019; Sheng et al. 2020; Pan et al. 2023), includingOxytricha
trifallax and Paramecium bursaria. (B) Distribution of genes in contigs in the updated genome assembly and PPGD 2015. The x-axis represents the contigs
ordered by length; the y-axis, the number of genes. (C ) Length distribution of genes in the updated genome assembly and PPGD 2015. The x-axis rep-
resents the length of genes; the y-axis, the number/density of genes. Lines represent the gene density; columns, the gene number. (D) RNA-seq mapping
variation between the updated genome assembly and PPGD 2015. The x-axis represents the length of contigs; the y-axis, the number of unique reads
mapped to the corresponding contigs. (E) RNA-seq mapping ratio of the two genome assemblies. RNA-seq data of trophonts and cyst were mapped
to the updated genome assembly or PPGD 2015, respectively.
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enormous gene expression changes during encystment, we used
spike-in RNA-seq to determine which genes are differentially ex-
pressed between the two physiological states. As previously re-
ported, minimal metabolic activity was observed in cysts, and
numerous genes associated with biosynthesis, energy metabo-
lism, cell growth, and division were shut down during the forma-
tion of resting cysts (Gutiérrez et al. 1990; Palacios et al. 1994;
Jiang et al. 2019; Pan et al. 2019, 2020). In accordance with this
observation, we noted a global reduction in gene expression.
Out of 17,373 annotated genes, the vast majority (11,862) were
down-regulated, and only 160 were up-regulated, in cysts com-

pared with trophonts (Fig. 4A). To investigate the association be-
tween 6mA and gene expression, we classified genes by the
presence or absence of 6mA and found that genes with 6mA
have significantly higher expression levels than do genes with-
out (Fig. 4B). We further divided genes into 10 quantiles based
on their expression levels and found that the methylation level
of 6mA was positively correlated with gene expression in both
trophonts (P < 2.20 × 10−16, R = 0.35) and cysts (P < 2.20 × 10−16,
R = 0.22) (Fig. 4C), supporting the notion that 6mA is a mark of
active transcription (Fu et al. 2015; Mondo et al. 2017; Liang
et al. 2018; Pan et al. 2023).
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Figure 3. Comparison of 6mA features in trophonts and cysts. (A) Representative inter-pulse duration (IPD) ratios of SMRT sequencing data. Columns
indicate the IPD peaks representing the detected 6mA signals on bothWatson and Crick strands based on the IPD ratio. (B) 6mA ratios in trophont and cyst
genomes. The 6mA ratio was defined as the number of methylated adenine sites divided by the number of total adenine sites. (C) Sequence logos of 6mA
sites (at position zero) in trophonts and cysts. (D) Venn diagram of shared 6mA sites in trophonts and cysts (left) and 6mA pattern conversion of asymmetric
6mApT in cysts (right). Three sources of asymmetric 6mApT are shown. (E) Density plot of 6mA distribution, according to methylation levels on Watson
(x-axes) or Crick strands (y-axes) in trophonts (left) and cysts (right). Percentages of symmetric and asymmetric 6mA are shown. (F,G) Comparison of 6mA
methylation levels in trophonts and cysts for symmetric 6mA (F ) and asymmetric 6mA (G). Methylation levels were ranked from low to high and divided
into 10 quantiles. Lines represent the percentage of 6mA; columns, the number of 6mA sites. Percentages represents the number of 6mA sites in each
quantile divided by the total number of 6mA sites. Linear regression trendlines and 95% confidence intervals are shown as insets. (H) Area-proportional
Venn diagram depicting highly methylated 6mA (80%–100%) and symmetric/asymmetric 6mA sites in trophonts (left) and cysts (right).
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This finding prompted us to further investigate the potential
correlation between the global decrease in 6mA levels and the
global decrease in gene expression during encystment.We focused
on genes that showed alterations in both transcription and 6mA
levels (log2(FoldChange)≥1 or ≤−1, Δ6mA≥10 or ≤−10) and
identified a large number of 6mA-associated differentially ex-
pressed genes (DEGs). Among these 6mA-associated DEGs, 8524
showed concurrent down-regulation in both 6mA levels and
gene expression, whereas only two displayed up-regulation in
both (Fig. 4D). GO analysis of 6mA-associated DEGs indicated an
enrichment in crucial signal transduction pathways, including
thosemediated by TP53,G protein-coupled receptors, and process-
es related to cell cycle regulation and cellular respiration metabo-
lism (Supplemental Fig. S5A). Enriched terms were also
associated with cellular structures, such as the P-body, mitochon-
dria,mitotic spindle pole, and ciliary plasm, and enzyme activities,
specifically protein–glycine ligase and acid–amino-acid ligase
(Supplemental Fig. S5A). Notably, we also found genes associated
with stress-response pathways to correlate with 6mA alterations,
suggesting a direct involvement in cyst formation. For example,
the down-regulation of genes involved in cilia formation, ribo-
some biogenesis, amino-acid biosynthesis, and cell cycle regula-
tion were associated with a decrease in 6mA levels (Fig. 4E). Of
note, these genes participate in stress-response pathways to reduce
metabolic rates, arrest the cell cycle, and accelerate cilia shedding
to form cysts (Jiang et al. 2019; Matsuoka 2021). We conclude

that 6mA is associated with DEGs that may allow the organism
to adapt to the drastic changes in morphology, physiology, and
biochemical processes that accompany the encystment process.

Moreover, we found that 89% of asymmetric 6mApT sites on
6mA-associated DEGs were converted from symmetric 6mApT
during encystment (Supplemental Fig. S5B) and that this conver-
sionwasmore significant than that in the total pool of asymmetric
6mApTs in cysts (77.3%) (Fig. 3D). We therefore examined gene
expression changes following the conversion of 6mA and found
that a decrease in cyst 6mA was associated with a corresponding
down-regulation in gene expression (Fig. 4F). Furthermore, a high-
er conversion rate (higher percentage of symmetric 6mApT sites
converted to unmethylated) was linked to a greater likelihood of
down-regulation in their corresponding genes (Fig. 4F). Hence,
the conversion between symmetric and asymmetric 6mA may be
a means of rapid gene regulation in response to environmental
changes during cyst formation.

PpAMT1-KD reduces 6mA and accelerates cyst formation

Given the fact that 6mA levels in cysts are significantly lower than
in trophonts, we hypothesized that if 6mA levels were reduced,
cyst formation would be accelerated. We therefore aimed to find
the specific enzyme responsible for 6mAmethylation in P. persali-
nus. Our previous study identified seven genes encoding for 6mA
MTases containing the MT-A70 domain in T. thermophila (Wang
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B D E

Figure 4. The active transcriptional mark 6mA correlates with gene expression alterations. (A) Global transcriptome analysis in trophonts and cysts based
on spike-in RNA-seq data. Differentially expressed genes (DEGs) are highlighted (log2(FoldChange)≥1 or ≤−1, P≤0.05; down-regulated in blue and up-
regulated in red). (B) Statistical analysis of expression levels (FPKM) of genes with 6mA (+6mA) or without 6mA (−6mA) was performed for trophonts and
cysts, respectively. (∗∗∗∗) P<0.0001 (Student’s t-test). (C ) 6mA amount in genes with different expression levels in trophonts and cysts. Genes are ranked
from low to high by their expression levels (FPKM) and divided into 10 quantiles. (D) Plots of log2(FoldChange) and Δ6mA. Genes with up-regulated ex-
pression (log2(FoldChange)≥1) and up-regulated 6mA (Δ6mA≥10) are highlighted in red. Genes with down-regulated expression (log2(FoldChange)≤
−1) and down-regulated 6mA (Δ6mA≤−10) are highlighted in blue. Δ6mA was defined as the 6mA site number in cysts minus 6mA in trophonts. (E)
Correlation between expression (left) and 6mA (right) levels of genes associated with encystment. (F ) All possible 6mApT conversions from trophont to
cyst were counted in each gene: (sy to as) symmetric to asymmetric, (sy to un) symmetric to unmethylated, (as to sy) asymmetric to symmetric, (as to
un) asymmetric to unmethylated, (un to sy) unmethylated to symmetric, and (un and as) unmethylated to asymmetric. Genes were divided into 10 quan-
tiles by their proportion of symmetric to asymmetric conversion in all 6mApT conversions, and the proportion of each 6mApT conversion is shown in a
heatmap (left). (Right) Log2(FoldChange) distribution for each group of genes.
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et al. 2019). Likewise, we found five proteins from the MT-A70
family predicted to be putative MTases in P. persalinus, which we
thereafter called P. persalinus DNA adenine MTases (PpAMTs)
(Fig. 5A). Phylogenetic analysis of MTase orthologs showed that
PpAMTs were well clustered together on each ortholog branch
(Fig. 5B): PpAMT1, -3, and -4 in corresponding clades; PpAMT2
in the AMT2/5 clade; and PpAMT7 in the AMT6/7 clade (Fig. 5B;
Wang et al. 2019). Sequence alignment and domain structure anal-
ysis revealed that PpAMT1–PpAMT4, but not PpAMT7, contain a
6mA MTase signature DPPW motif ([DNSH]PP[YFW]) required
for substrate recognition and catalytic activity (Fig. 5A; Iyer et al.
2016).

We previously reported that the knockout of the 6mA meth-
yltransferase 1 (AMT1) in T. thermophila resulted in a significant re-
duction in 6mA levels and impaired cell fitness (Wang et al. 2019).

Of note, PpAMT1 clusters within the AMT1 clade and contains a
ciliate-specific GNEL motif at the C terminus (Fig. 5A; Wang
et al. 2019; Pan et al. 2023). Most importantly, PpAMT1 expression
significantly decreased during encystation, shown by both RT-
qPCR and RNA-seq analyses (Fig. 6A; Supplemental Table S2).
We therefore asked whether 6mA levels could be regulated by
PpAMT1 in P. persalinus. We generated two independent RNAi
plasmids (1-A and 16-B) targeting PpAMT1 sequences flanking
the DPPW motif. Silencing was performed by feeding cells with
E. coli containing RNAi plasmids that produce dsRNA. The
dsRNA yields in three E. coli systems (two RNAi plasmids and
one control plasmid) showed that our RNAi expression system
had a high expression efficiency (Supplemental Fig. S6A). We
then compared the silencing efficiency after 9 d of RNAi treatment
by detecting the expression of PpAMT1 mRNAs using RT-qPCR,

A

B

Figure 5. Phylogenetic analysis and domain structure comparison of PpAMT proteins. (A) Domain structures of PpAMT proteins. MT-A70 domains of
PpAMT1–PpAMT4 were predicted by CD-Search, whereas that of PpAMT7 was inferred from sequence alignment with PpAMT1–PpAMT4. The structure
of AMT1 (MT-A70 family methyltransferase in T. thermophila) is also shown for comparison. The MT-A70 domain, DPPW motif, and the conserved GNEL
motif in AMT1 and PpAMT1 are highlighted. (B) Phylogenetic analysis of MT-A70 proteins. The DNA 6mA (clades AMT2/5, AMT1, METTL4/DAMT1, and
AMT6/7) and RNAm6A (clades METTL3 andMETTL14) methyltransferase candidates are separated by a dotted line. Species aremarked by different colors
based on their phylogenetic position in the eukaryotic tree. PpAMT1–PpAMT4 and PpAMT7 of P. persalinus are shown in yellow. The scale bar corresponds
to two expected amino-acid substitution per site. For details, see Supplemental Table S7 (species full name and NCBI GenBank number).
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which revealed a strong effect after 9 d of silencing for both RNAi
plasmids (Fig. 6B). These data show that the RNAi gene knock-
down (KD) system can be readily applied in P. persalinus, which
will constitute a powerful tool for studying the molecular mecha-
nism of 6mA regulation.

6mA levels were assessed using IF and MS after 9 d of continu-
ous RNAi. IF staining showed greatly reduced 6mA levels in the two
PpAMT1-KD cultures (1-A and 16-B) comparedwith the control (Fig.
6C,D). This was further corroborated by the MS analysis, showing
that global DNA 6mA levels in two biological replicates of

A B C
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E F

Figure 6. PpAMT1 knockdown (KD) reduces 6mA levels and accelerates encystation. (A) Expression levels of PpAMT1 in trophonts and cysts, calculated
by normalized quantitative RT-PCR data. (∗∗∗) P<0.001 (Student’s t-test). (B) Expression levels of PpAMT1 in control and PpAMT1-KD cells fed for
9 d. Expression levels were calculated by normalized quantitative RT-PCR data. (∗∗) P<0.01, (∗∗∗) P<0.001 (Student’s t-test). (C) Immunofluorescence
staining of 6mA in control and PpAMT1-KD cells fed for 9 d. Scale bar, 10 µm. (D) Statistical analysis of 6mA immunofluorescence images in C. (∗∗∗∗) P
<0.0001 (Student’s t-test). (E) Mass spectrometry analysis of 6mA levels in control and PpAMT1-KD cells fed for 9 d. 6mA ratio (6mA/A, %) was defined
as the abundance of methylated adenine divided by the total number of adenine. (∗∗∗∗) P<0.0001 (Student’s t-test). (F) Growth curves of control and
PpAMT1-KD cells. Cell densities were counted using a counting chamber at indicated time points. (∗∗∗∗) P<0.0001 (two-way ANOVA test). (G)
Assessment of cyst formation in control and PpAMT1-KD cells. (Top) Workflow of cell feeding, starvation, and RNAi treatment. (Bottom) Statistical results
of encystment progression. Cells were fed with E. coli HT115 for 5 d, adding fresh bacteria on a daily basis. After washing with fresh seawater, cells were
transferred to two 24-well plates and treated with silencing buffer containing dsRNA daily. The proportion of cysts in individual wells was counted at the
indicated time points (n = 48 wells for each replicate) (Supplemental Table S3). The experiment was repeated three times under the same conditions.
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PpAMT1-KD were reduced to ∼53%–54% (Fig. 6E). Of note, we ob-
served no significant changes in RNA m6A levels by MS analysis
in PpAMT1-KD cells (Supplemental Fig. S6B), consistent with our
previous finding that DNA is the specific substrate for AMT1 clade
MTases (Wang et al. 2019). The PpAMT1-KD cultures displayed a
slow-growing phenotype that progressively worsened as RNAi con-
tinued, resembling the phenotype observed in T. thermophila after
AMT1 knockout (Fig. 6F;Wang et al. 2019). It was previously report-
ed that the 6mAMTase is amultisubunitMTase complex consisting
ofMTA1 (AMT1),MTA9 (AMT7), p1, and p2, each indispensable for
catalyzing 6mA (Beh et al. 2019). To investigate whether this may
also be the case in P. persalinus, we performed RNAi knockdown
of PpAMT7, the P. persalinus homolog of MTA9 (AMT7), which
also resulted in reduced levels of 6mA (Supplemental Fig. S6C,D).
Consistent with its contribution, the expression level of PpAMT7
was reduced during encystment (Supplemental Table S2). These
findings suggest that PpAMT1 and PpAMT7may also act in amulti-
subunit MTase complex in P. persalinus.

To confirm the involvement of 6mA in cyst formation, we
monitored the progression of encystment during RNAi treatment.
The RNAi-treated cells were examined daily and the percentage of
trophonts and cysts recorded. By day three of silencing, only∼45%
of the control wells had begun to form cysts (0%< cyst percentage
<50% in individual wells), whereas this number increased to
∼70% of the PpAMT1-KD wells, some of which had already
reached a greater proportion of cysts (∼10% of wells with cyst per-
centage>50% in individual wells), indicating that silencing of
PpAMT1 induced premature encystation (Fig. 6G; Supplemental
Fig. S6E; Supplemental Table S3). As the silencing continued, the
differences between the RNAi treatments became more apparent:
By day five, 50% of the PpAMT1-KD wells were induced into cysts
with a greater proportion (cyst percentage> 50% in individual
wells), whereas only ∼10% of the control wells had reached the
same proportion (Fig. 6G; Supplemental Fig. S6E; Supplemental
Table S3). Taken together, encystation was accelerated in
PpAMT1-KD cells comparedwith control cells under the same star-
vation conditions, consistent with the highly reduced levels of
PpAMT1 and 6mA in cysts (Fig. 6G; Supplemental Fig. S6E). These
results suggest that 6mA in P. persalinus depends on the AMT1-
clade MTase PpAMT1 and may be involved in regulating the en-
cystment–excystment cycle.

Discussion

Encystment is an epigenetically regulated differentiation process
that generates a resistant, differentiated resting cyst in response
to stress (Gutiérrez et al. 1990; Pan et al. 2019, 2020, 2021). In
this study, we investigated the distribution of 6mA in trophonts
and cysts by generating a novel P. persalinus genome assembly
with single-nucleotide resolution of 6mA sites. We found that
6mA is a dynamic modification with the following characteristics
in the genomes of two different physiological states: (1) 6mA is en-
riched in complementary ApT dinucleotide motifs, distributed
mainly as symmetric methylation sites in trophonts, which are
then converted to asymmetric methylation sites in cysts; (2)
6mA is enriched at the 5′ end of the gene body downstream
from TSSs and anti-correlates with nucleosomes in both trophonts
and cysts; and (3) 6mA acts as an active transcriptional mark, is as-
sociated with RNA Pol II transcription, and is positively correlated
with gene expression changes during cyst formation.

Comprehensive phylogenomic analyses revealed one poten-
tial 6mAMTase in P. persalinus, which belongs to the AMT1-clade:

the conserved DNA 6mA MTase PpAMT1 (Fu et al. 2015; Wang
et al. 2017a, 2019). By adapting and using RNAi to investigate its
function, we found the level of 6mA to be significantly reduced
in PpAMT1-KD cells, and that these cells displayed slower growth
than the wild-type. These phenotypes resemble the AMT1-KO
phenotype in Tetrahymena (Wang et al. 2019). We also observed
a shortened encystment time of trophonts upon the knockdown
of PpAMT1 and found that PpAMT1-dependent 6mA plays an im-
portant role in regulating genes involved in the encystment–
excystment cycle, suggesting that the function of the AMT1 clade
is conserved in ciliates. Moreover, the ability to perform efficient
RNAi in P. persalinus to silence genes of interest, as we have shown
using RNAi against PpAMT1, will pave the way for future studies to
unravel the mechanism of the encystment–excystment cycle and
gene regulation. Moving forward, we hope to develop more genet-
icmanipulation techniques in P. persalinus, such as the application
of a gene gun to knockout, rescue, or overexpress target genes.

We also found that the reduction of 6mA in cysts may be at-
tributed to a cooperative effect of passive and active demethyla-
tion. In the former, we investigated whether encysting cells
undergo DNA replication by performing BrdU labeling of troph-
onts and starved cells, the latter of which represent cells undergo-
ing encystment. We found that DNA replication occurs during
periods of starvation (Supplemental Fig. S7A,B), suggesting that
symmetric 6mA sites in trophonts may be converted into asym-
metric sites in cysts as a result of passive dilution (77.3% of asym-
metric 6mApT sites in cysts are converted from the corresponding
symmetric sites in trophonts) (Fig. 3D). To investigate the poten-
tial relationship between 6mA and DNA replication, we focused
on symmetric sites in trophonts that were retained or converted
to asymmetric sites in cysts and evaluated the frequency of
symmetric and asymmetric 6mApT sites surrounding these meth-
ylation sites. Although the retained symmetric sites did not show a
preference for clustering with symmetric or asymmetric sites, con-
verted sites tended to cluster with other asymmetric sites
(Supplemental Fig. S7C). This result indicates that passive dilution
of 6mA is related to the DNA replication process, converting a sub-
stantial proportion of symmetric sites to asymmetric sites.
Corroborating this finding, we found a significant reduction in
the expression of the 6mA MTase PpAMT1 in cysts, which may
contribute to the loss of methylation maintenance during encyst-
ment. However, reduced 6mA levels may also be caused by other
factors, such as changes to the chromatin structure or DNA-bind-
ing proteins, whichmay contribute to the reduction of 6mA levels
observed during the initial stage of encystment. Although passive
demethylationmay contribute to a dilution of 6mA, it is not suffi-
cient to explain the global reduction in 6mA levels (332,133 in
trophonts to 114,614 in cysts) (Fig. 3D). We therefore examined
the outcomes of 6mA sites in trophonts during encystment in
more detail and found 53% of symmetric 6mA sites in trophonts
to convert to an unmethylated state in cysts (Supplemental Fig.
S7D), suggesting active demethylation. The removal of 6mA
from specific genomic regions or genes that are involved in the en-
cystment process may facilitate encystation, which we speculate is
achieved through the action of demethylases. We identified six
putative demethylases through homologous sequence alignment
with the AlkB family (Supplemental Table S2). However, the
identity of demethylases has not been verified in ciliates, and
the regulation of demethylase expression and the specific de-
methylation mechanisms remains to be elucidated. Moreover,
the exact mechanism by which 6mA levels are regulated during
encystment, including the potential contributions of both active
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and passive demethylation, needs fur-
ther investigation. Taken together, our
findings highlight the importance of un-
ravelling the complex network of factors
involved in DNA methylation mainte-
nance and regulation of the encystment
process.

Based on our findings, we propose
an encystment–excystment cycle model
involving 6mA-regulated gene expression
(Fig. 7): Once trophonts are induced by
an exogenous trigger (e.g., starvation),
passive demethylation of 6mA during
DNA replication and/or active demethyla-
tion by an unknown demethyltransferase
PpDMT is likely to occur. Additionally,
the activity of the PpAMT1 MTase is
also reduced. These changes result in a
decrease in 6mA levels and conversion
of symmetric 6mA to asymmetric and/or
unmethylated 6mA (Fig. 7), causing sub-
sequent gene expression alterations that
promote cyst formation. Conversely,
once cysts are induced by favorable condi-
tions (e.g., nutrition), their DNA is rapidly methylated, resulting in
an increase of 6mA and conversion of asymmetric 6mA to symmet-
ric 6mA, which we speculate is catalyzed by the 6mA MTase
PpAMT1 (Fig. 7). 6mA sites associated with excystment-related
genes would be converted from asymmetric to symmetric in order
to activate gene expression, which leads to alterations in the intra-
cellular structure of cysts to rapidly recover the mobile cellular state
(Fig. 7). The utilization of 6mA as a regulator of gene expression al-
lows the cell to respond to unpredictable environments and may
therefore constitute an essential adaptation strategy. This mecha-
nism seems very plausible as it shortens the time required to regu-
late gene expression in response to environmental changes while
simultaneously reducing excessive energy consumption by de
novo methylation or complete demethylation. These results and
speculation provide important information for uncovering the
mechanisms underlying cyst formation andunderstanding how cil-
iates use the important epigeneticmark 6mA to respond to environ-
mental changes.

Methods

Cell culture and encystment induction

The scuticociliatid ciliate P. persalinus was collected from surface
seawater in Qingdao, northern China (36°03′43′ ′ N; 120°19′12′ ′

E) at a water temperature of 24°C and a salinity of 30‰. The spe-
cies was identified through its morphology (Liu et al. 2019) and
through phylogenetic analysis based on the SSU rDNA sequence
(Supplemental Fig. S8). To reduce the risk of contamination by bac-
terial 6mA, the dam−/dcm− E. coli strain (HST04, TaKaRa 9129)
with DNA adenine and cytosine MTase deletions was used as a
food source for P. persalinus (O’Brown et al. 2019). P. persalinus cells
were cultured in sterilized sea water at 25°C in a stationary incuba-
tor (Liu et al. 2019). Encystment was induced by starving P. persa-
linus cells (3 d after the initiation of culture, ∼×105 cells/mL) in
sterilized seawater for 1wk. Living cells and cysts were observed us-
ing bright field and differential interference contrastmicroscopy at
100×–1000× magnification. Measurements were made under
1000× magnification with a calibrated ocular micrometer.

IF staining and imaging

IF staining of trophonts and cysts followed previously described
procedures (Gao et al. 2013; Wang et al. 2017a, 2019; Zhao et al.
2017; Liu et al. 2019, 2021). Cells were fixed with 2% paraformal-
dehyde and permeabilized by the addition of 0.4% Triton X-100.
For the BrdU staining, trophonts and starved cells were labeled
with 0.4 mM BrdU for 2 h and treated with DNase (1:100,
Invitrogen AM1907) for 15min at room temperature. The primary
antibodies used in this study were α-6mA (1:2000, Synaptic
Systems 202003) and α-BrdU (1:1000, Rockland 600-401-C29),
and the secondary antibody was goat antirabbit IgG (H+L)
(1:4000, Invitrogen A-21428). Digital images were acquired using
a ZEISS imager.M2microscopewith an Axiocam 506 color camera.
The 6mA signal intensity of 100 cells for each sample was quanti-
fied using the image processing mode of ZEN 3.0 microscopy soft-
ware (Zeiss).

Preparation of DNA and RNA samples

Genomic DNA was extracted from about 5 ×105 cells using phe-
nol/chloroform/isoamyl alcohol following the manufacturer’s in-
structions (Thermo Fisher Scientific 15593031). For cysts, a cell
scraper was used to collect cells. Cysts were snap-frozen in liquid
nitrogen, and grinding was used to disrupt the cyst structure and
release the cellular components for extraction. The collected
trophonts and cysts were filtered with a 40-µm cell strainer before
extraction to remove big clusters of bacteria. Separating MAC and
MIC in P. persalinus is difficult, making it hard to accurately deter-
mine the copy number of theMAC.Nonetheless, given its close re-
lationship with other model ciliates like Tetrahymena and
Paramecium (Xiong et al. 2015), it is plausible to assume that the
MAC of P. persalinus also has a high ploidy level, far exceeding
the diploid MIC. Considering that 6mA is a MAC-exclusive modi-
fication, the impact of MIC contamination on MAC is likely
negligible.

Total RNAwas extracted from about 3 ×105 cells using TRIzol
(Invitrogen 15596026) (Rio et al. 2010). To assess the global tran-
scriptional level changes between cysts and trophonts, we con-
ducted spike-in RNA-seq as follows: cysts and trophonts were

Figure 7. Proposedmodel of 6mA regulation in the encystment–excystment cycle. Encystment (left) is
induced under unfavorable conditions such as starvation. During this process, 6mA levels are decreased
and symmetric 6mA sites are converted to asymmetric and/or unmethylated sites, which results in gene
expression alteration and promotes cyst formation. The global 6mA change is likely a combined effort of
passive demethylation coupled with DNA replication and/or active demethylation by an unidentified
demethylase (PpDMT), along with the reduced activity of the PpAMT1 methyltransferase. Excystment
(right) occurs under favorable conditions. 6mA levels are increased and asymmetric 6mA sites are con-
verted to symmetric sites, catalyzed by PpAMT1. The rapid conversion of 6mA sites facilitates the expres-
sion of excystment-related genes and helps cysts to recover their mobile state rapidly.
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mixed with T. thermophila cells (CU428) at a ratio of 10:1 based on
cell number, followed by RNA extraction. The quality and concen-
tration of the DNA and RNA samples were analyzed by agarose gel
electrophoresis, a NanoDropOne/OneCmicrovolume spectropho-
tometer, and a Qubit 4 fluorometer.

Cloning and plasmid construction for RNAi

Total RNA was extracted using TRIzol as described above. cDNA
was synthesized with the RevertAid first strand cDNA synthesis
kit (Thermo Fisher Scientific K1622). The oligo(dT) primer was
used to reduce bacterial contamination in the samples because
bacterial mRNAs lack polyadenine tails (Lakey et al. 2002). Two
RNAi plasmids containing sequences of different lengths, namely,
1-A (298 bp) and 16-B (409 bp), were constructed to specifically tar-
get the conserved DPPWmotif of PpAMT1. Sequences of PpAMT1
and PpAMT7 (Supplemental Table S4) used for silencing the target
gene were amplified from cDNA, with the primers listed in
Supplemental Table S5. The purified fragment was ligated into
the L4440 plasmid that contains two inverted T7 promoters using
ClonExpress ultra one step cloning kit (Vazyme Biotech C115-02)
and then transformed into DH5α competent cells (Tsingke
Biotechnology TSC-C14). Positive clones were selected for plasmid
extraction. Subsequently, the RNAi plasmid was transformed into
HT115 competent cells (Shanghai Weidi Biotechnology EC2010).
Positive clones were cultured for the RNAi experiment.

Purification of expressed double-stranded RNA

The E. coli HT115 RNAi system was grown in a 37°C shaking incu-
bator under the selection of ampicillin. The production of dsRNA
was induced by the addition of 0.4 mM IPTG (Sigma-Aldrich
I5502) to 5mL cultures when they reachedOD600 = 0.5 and further
incubated for 4 h. Total RNA was extracted using TRIzol as de-
scribed above. The extracted RNA was resuspended in 20 μL of
DEPC-treated water and the quality assessed by 2% agarose gel
electrophoresis.

RNAi-mediated knockdown

Fresh control and RNAi feeding E. coli were cultured and induced
by IPTG to express dsRNA of the target gene as described above.
After induction, bacteria were washed and resuspended in 0.5
mL sterile filtered seawater and then fed to trophonts that had
been previously starved for 12–24 h. Induction and feeding with
bacteria were repeated daily for 6–9 d. The negative control used
for RNAi experiments was an empty vector.

Statistical analysis of the cyst formation ability

Tomonitor the ability of cyst formation after continuous RNAi for
5 d, PpAMT1-KD (1-A and 16-B) and control (empty vector) cells
were collected and washed once with fresh sterile seawater. The
samples were equally divided into 24-well plates (500 μL/well,
48 wells for one replicate), and placed in a 25°C incubator for static
culture. Each well was supplemented with silencing buffer (3 mg/
mL dsRNA and 50 μM spermidine) every day, and the proportion
of cysts in individual wells was calculated. Cells in individual wells
were categorized in three states: trophonts, 0%<cyst < 50%, and
50%<cyst < 100%. For detailed statistics, see Supplemental Table
S3. The proportion of cysts in individual wells was assigned a score
for significant differences analysis, zero for trophonts, one for 0%<
cyst < 50%, and two for 50%< cyst < 100%.

Dot blot

Dot blot was performed as previously described (Wang et al.
2017a). Briefly, genomic DNA was treated with RNase A (Thermo
Fisher Scientific R4642) to prevent RNA m6A contamination,
and DNA was denatured at 95°C before spotting on an
Amersham Hybond-N+ membrane (GE Healthcare RPN303B).
The membrane was baked at 80°C and DNA cross-linked to the
membrane with ultraviolet light (2000 mJ/cm2) before incubation
with an α-6mA antibody (1:2000, Synaptic Systems 202003) for
1 h at room temperature. After three washes with PBST, the mem-
brane was incubated with a 1:4000 dilution of an HRP-conjugated
antirabbit IgG secondary antibody for 1 h at room temperature.
Methylene blue hydrate (Molecular ResearchCenterMB119) stain-
ing was performed to determine the amount of input DNA.

UHPLC–QQQ–MS/MS analysis

UHPLC–QQQ–MS/MS analysis followed previously described pro-
cedures (Wang et al. 2019). Genomic DNA was enzymatically
digested into single nucleosides using a mixture of enzymes, in-
cluding DNase I (1 U, New England Biolabs M0303L), FastAP
(1 U, thermosensitive alkaline phosphatase, Thermo Fisher
Scientific EF0651), and phosphodiesterase I (0.005 U, Sigma-
Aldrich P4506), for 12 h at 37°C. Total RNA was enzymatically di-
gested into single nucleosides using 1 μL nuclease P1 (100 U, New
England Biolabs M0660S) and 5 μL 100 mM NH4OAc for 12 h at
37°C. Following digestion, enzymes were removed by ultrafiltra-
tion, and the digested samples were analyzed by ultra-high-perfor-
mance liquid chromatography tandemMSon anAcquity BEHC18
column (100 mm×2.1 mm, 1.7 μm, Waters), using a Xevo TQ-XS
triple-quadrupole mass spectrometer (Waters). The mass spec-
trometer was set to multiple reaction monitoring (MRM) in posi-
tive electrospray mode. The selective MRM transitions were
detected under m/z 266/150 for 6mA (DNA), m/z 252/136 for A
(DNA), m/z 282/150 for m6A (RNA), and m/z 268/136 for A
(RNA). The ratio of 6mA/A (DNA) or m6A/A (RNA) was quantified
by the calibration curves of nucleoside standards running in
parallel.

MNase-seq sample preparation and analysis

Approximately 5 ×106 cells were incubated in lysis buffer (0.25 M
sucrose, 10 mM MgCl2, 10 mM Tris-HCl at pH 7.4, 1 mM dithio-
threitol [DTT], 0.2% NP-40, 0.1 mg/mL protease inhibitor, and 1
mM PMSF) and homogenized with a douncer for 5 min until all
cells were confirmed lysed through microscopic examination.
The nuclei were washed once with 1 mL lysis buffer without NP-
40 and once with cold MNase buffer (50 mM Tris-HCl at pH 8.0,
5 mM CaCl2, 1 mM DTT, 0.2% NP-40). The chromatin was digest-
ed with 800 UMNase for 15 min at 25°C on a rotor. Digested DNA
was collected by phenol-chloroform extraction for sequencing.
After mapping the reads, only mono-nucleosome-size fragments
(120 bp–260 bp) were used for the analysis. Nucleosome dyads
were defined as previously reported to calculate the nucleosome
distribution around TSSs (Wang et al. 2017a). The degree of nucle-
osome positioning was calculated as previously described and de-
fined as “the number of fragment centers within ±20 bp of the
called nucleosome dyad, relative to the number of all fragment
centers within the 147 bp called nucleosome footprint” (Xiong
et al. 2016; Wang et al. 2019).

Quantitative reverse transcription PCR

Total RNA after DNase I treatment (New England BiolabsM0303L)
was reverse-transcribed using the RevertAid first strand cDNA
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synthesis kit (Thermo Fisher Scientific K1621). RT-PCR was per-
formed using the 2× Phanta max master mix (Vazyme Biotech
P525). Quantitative reverse transcription PCR (qRT-PCR) was per-
formed in a 96-well plate (Applied Biosystems) with 12.5 μL SYBR
green PCR mix (Invitrogen), 5 μL primers (forward and reverse
1 μmol/L), and 7.5 μL cDNA, in a total volume of 25 μL.
Parameters for qPCR were as followed: 2 sec at 50°C; 10 sec at
95°C; 40 cycles of 2 sec at 95°C, 1 sec at 50°C, and 1 sec at 60°C;
followed by a dissociation step. The constitutively expressed
gene g10245 (a gene with stable expression between trophonts
and cysts in RNA-seq data) (Supplemental Table S4) was used as
an internal control and for normalization. This gene is a homolog
of Bax inhibitor-1 (BI-1). The linear standard curve was generated
by plotting the cycle threshold (Ct) values of the standard versus
the log of the cDNA template concentration (Supplemental
Table S6). For primers, see Supplemental Table S5.

DpnI/DpnII digestion and quantitative PCR analysis

DpnI/DpnII digestion and quantitative PCR (qPCR) analysis fol-
lowed previously described procedures (Wang et al. 2017a).
Approximately 2 μg of purified genomic DNA was treated with
40 U DpnI (New England Biolabs R0176V) overnight or with
40 U DpnII (New England Biolabs R0543L) overnight at 37°C.
Samples were heat-inactivated for 20 min at 80°C (DpnI) or 65°C
(DpnII) after digestion. A total of 4 ng digested and nondigested
DNA was subjected to qPCR analysis using the PowerUp SYBR
green master mix (Thermo Fisher Scientific A25741). Primers
flanking selectedGATC sites were used to validate themethylation
status at specific positions (Supplemental Table S5). Primers
matching the coding DNA sequence (CDS) of the constitutively
expressed gene g10245 were used as an internal control.
Methylation status was assessed by the normalized Ct differences
(ΔCt) between digested and undigested samples.

Phylogenetic analysis of PpAMTs and PpDMTs

The AMT1–AMT7 amino-acid sequences of T. thermophila were
queried against the P. persalinus proteins to identify putative
MTases by PSI-BLAST v2.9.0+ (Altschul et al. 1997). The AlkB,
ALKBH1, ALKBH4, and ALKBH5 amino-acid sequences were que-
ried against the P. persalinus proteins to identify the putative deme-
thyltransferases using the same method. The resulting sequences
of putative MTases were used to perform alignments of MT-A70
candidates from Wang et al. (2019). Retrieved hits were collapsed
to remove redundant sequences using CD-HIT (Li and Godzik
2006), and the sequences were aligned by MUSCLE (Edgar
2004; https://www.ebi.ac.uk/Tools/msa/muscle/). The phylogenet-
ic treewas constructed using the approximatemaximum-likelihood
method implemented on the CIPRES Science Gateway v.3.3
(Stamatakis et al. 2008; Miller et al. 2010; http://www.phylo.org/
subsections/portal). For all protein sequences used for the phyloge-
netic analysis, see in Supplemental Table S7. The NCBI conserved
domain search (Marchler-Bauer and Bryant 2004; https://www
.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) was used to predict
the conserved domain of proteins. IBS v1.0 (Liu et al. 2015) was
used to plot the sketch.

Genome assembly

Genome assembly followed previously reported methods (Sheng
et al. 2020). SMRT and Illumina sequencing libraries of P. persalinus
were constructed according to manufacturer-recommended proto-
cols and sequenced byNovogene. Previously published Illumina se-
quencing and RNA-seq data of P. persalinus were retrieved from the
PPGD 2015 (Wei et al. 2018; http://ciliates.ihb.ac.cn/database/

home/#pp). Jellyfish version 1.1.11 (Marçais and Kingsford 2011)
was used to produce frequency distributions of 17-, 21-, 25-, and
31-mers for all Illumina reads, and genome scope version 1 (Vurture
et al. 2017) was used to estimate the genome size. Bacterial contam-
ination in cysts was removed by BLAST to the NCBI bacteria nucleic
acid database before genome assembly. SMRT sequencing reads of
trophonts (257×) and cysts (137×), with an average subread length
of 15.4 kb and 8.6 kb, were assembled using Canu into preliminary
assemblies consisting of 1077 and 1518 contigs (Koren et al. 2017).
Subsequently, repetitive contigs and contigswith lowmapped reads
were removed by personal customPerl scripts (Supplemental Code).
Telomeres were identified by searching contigs for exact matches to
a 12-mer encompassing two telomeric repeats (GGGGTTGGGGTT
or CCCCAACCCCAA), and the remaining 170 contigs were separat-
ed into two groups: 114 contigswith telomeres on both sides and56
contigs with telomeres on only one side or no telomeres on either
side. Among these 56 contigs, 46 contigs were completed by BLAST
to the SMRT subreads. PCR primers (Supplemental Table S5) were
designed for another 10 contigs to amplify the uncompleted se-
quences andwere sequencedby Sanger sequencing, and five contigs
were completed. Finally, PE150 reads from Illumina sequencing
were imported to Pilon to correct the draft genome (Walker et al.
2014). The assembly workflow is shown in Supplemental Figure
S1A.

Gene prediction and annotation

To identify protein-coding genes, de novo gene prediction, homol-
ogy-based, and transcriptome-basedmethods were combined using
the LoReAn2 annotation pipeline (Cook et al. 2019). In detail, the
transcriptomic data were aligned to the genome using the Program
to Assemble Spliced Alignments (PASA) (Haas et al. 2003) and the
Genomic Mapping and Alignment Program (GMAP) (Wu and
Watanabe 2005). For protein alignment, the analysis and annota-
tion tool (AAT) (Huang et al. 1997) was used to align protein se-
quences to the genome. For RNA-seq alignment, genome-guided
transcripts were reconstructed by Trinity (Grabherr et al. 2011).
For ab initio gene prediction, the Evidence Modeler (EVM) (Haas
et al. 2008) was used to combine the outputs of SNAP (Korf 2004),
AUGUSTUS (Stanke and Morgenstern 2005), and GeneMark-ET
(Lomsadze et al. 2014) to generate the combined annotationmodel.
PASA was used to update the gene models by identifying UTRs to
generate an initial annotation. TheUTR informationwas further ex-
amined and supplemented by customized Perl scripts (Supplemen-
tal Code) using RNA-seq data. The final genome annotation was
obtained by further refining the initial annotation using protein
MS data. All predicted proteins were automatically annotated using
eggNOG-mapper v2 (Cantalapiedra et al. 2021) against eggNOG5.0
(Huerta-Cepas et al. 2017) using DIAMOND v2.0.4 (Buchfink et al.
2015) and the SWISSPROT database. The annotation workflow is
shown in Supplemental Figure S1B.

SMRT sequencing data analysis

Our updated P. persalinus genome was used as a reference for read
mapping. 6mAwas identified using the basemodification andmo-
tif analysis protocol with default parameters in the SMRT link
v5.10 (Pacific Biosciences). All data were normalized to 100× while
using strict cut-offs (Qv >30 and coverage >25) to filter out unau-
thentic modifications. As previously defined (Wang et al. 2017a),
6mA was divided into different groups according to their methyl-
ation levels (0%–100%) or motifs (symmetric/asymmetric/
non-ApT). All 6mA calculations of sites and percentage were im-
plemented by customized Perl scripts (Supplemental Code), and
diagrams were plotted by GraphPad Prism 7.0 (Mitteer et al.
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2018). The 6mA Circos plot was generated using the R package
circlize v0.4.4 (Gu et al. 2014). The 6mA ratio was defined as the
number of methylated adenine sites divided by total adenine sites
(6mA/A). The density plot of 6mA methylation levels on Watson
and/or Crick strands was generated by the R package ggplot2
(Wickham 2009). To analyze the distribution of 6mA, we scaled
the gene body length to unit length and extended one unit to
each side for locus statistical analysis by customized Perl scripts
(bin size = 0.05) (Supplemental Code). The number of 6mA sites
was counted from 500 bp upstream of to 2000 bp downstream
from TSSs to explore patterns of 6mA distribution. Sequences
from 5 bp upstream of to 5 bp downstream from the methylated
adenines were selected, and conserved motifs were identified by
WebLogo3 (Crooks et al. 2004). RNA polymerase I (Pol I) and III
(Pol III) transcribed geneswere detected in the P. persalinus genome
using RNAmmer v1.2 (Lagesen et al. 2007), tRNAscan-SE v2.0.5
(Chan and Lowe 2019), and Rfam v11.0 (Kalvari et al. 2020) as pre-
viously described (Wang et al. 2017a).

Spike-in RNA-seq and data analysis

Three replicates each of trophont and cyst RNA,mixedwithT. ther-
mophila RNA, were sequenced at Novogene. Trimming of sequenc-
ing adapters and filtering of low-quality reads were performed
using Trimmomatic (Bolger et al. 2014). Remaining reads were
mapped to the P. persalinus genome and theT. thermophila genome
using HISAT2 (Kim et al. 2019). StringTie 1.3.4 (Pertea et al. 2015)
was used for assembling potential transcripts as a reference, and
featureCounts (Liao et al. 2013) was implemented for counting
reads to genomic features with the assembled transcripts as the ref-
erence. Effective expression levels (FPKM>1) were calculated
based on RNA-seq coverage using DESeq2 (Love et al. 2014).
DEGs were identified by DESeq2 (log2(FoldChange) > 1 or <−1,
P <0.05) (Love et al. 2014). Gene Ontology (GO) enrichment anal-
ysis of DEGs was performed using the using TBtools (Chen et al.
2023). The number of reads in each sample were used to calculate
size factors (normalized to 109) and perform normalized differen-
tial expression analysis using DESeq2 with the parameters
(sizeFactor(data) <− c()) instead of default parameters.

Statistical analysis

Significance was calculated using a one-sided Student’s t-test and
ordinary two-way ANOVAmultiple comparison tests. Asterisks in-
dicate statistical significance in comparison with controls: (∗) P<
0.05, (∗∗) P<0.01, (∗∗∗) P<0.001, and (∗∗∗∗) P<0.0001. Plotted re-
sults were based on the average of at least three biological repli-
cates. Plots were generated using GraphPad prism 7.0 (GraphPad
Software) (Mitteer et al. 2018).

Data access

The SMRT sequencing, MNase-seq, and RNA-seq data of P. persali-
nus trophonts and cysts generated in this study have been submit-
ted to the NCBI BioProject database (https://www.ncbi.nlm.nih
.gov/bioproject/) under accession number PRJNA989345. The ge-
nome, genome annotation files, and the associated custom Perl
scripts generated in this study are available at GitHub (https
://github.com/yefei521/pper-6mA.git) and as Supplemental Code.
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