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G E N E T I C S

Identification and characterization of the de novo 
methyltransferases for eukaryotic 
N6-methyladenine (6mA)
Ting Cheng1,2,3†, Jiachen Zhang1,2†, Haicheng Li1,2†, Jinghan Diao1,2†, Wenxin Zhang4,  
Junhua Niu1,2, Takayuki Kawaguchi3,5, Jun-ichi Nakayama3,5, Kensuke Kataoka3,5, Shan Gao1,2*

N6-methyladenine (6mA) is an intensively investigated epigenetic modification in eukaryotes. 6mA is maintained 
through semiconservative transmission during DNA replication, but the identity of de novo methyltransferase 
(MTase) catalyzing its establishment remains unknown. Here, we identified MT-A70 family proteins AMT2 and 
AMT5 as the de novo MTases responsible for 6mA establishment, using the unique sexual reproduction process of 
the unicellular eukaryote Tetrahymena thermophila. Deletion of AMT2 and AMT5 led to a substantial decrease in 
6mA levels in the progeny macronucleus, resulting in an altered gene expression pattern and a substantial decline 
in the survival rate of sexual progenies. Additionally, the maintenance MTase AMT1 could exhibit a much dimin-
ished de novo methylation activity in cells lacking AMT2 and AMT5. Our study delineated the establishment-
maintenance pathway of 6mA and underscored the biological importance of de novo methylation, revealing a 
notable parallel between 6mA and the classical 5-methylcytosine in eukaryotes.

INTRODUCTION
The last several years have witnessed an explosively increased re-
search interest in eukaryotic DNA N6-methyladenine (6mA) (1–4). 
As a potential epigenetic mark, 6mA plays important roles in vari-
ous DNA and chromatin-based molecular pathways in eukaryotes, 
including transcription (both activation and repression), replica-
tion, DNA damage response, alternative splicing, and chromatin 
organization (1, 5–10). It is also implicated in a plethora of physi-
ological and pathological processes, including stress response, 
embryonic development, cellular physiology, plant growth and de-
velopment, and tumor cell growth (5, 8, 11–15). Dissecting the mo-
lecular pathway for 6mA deposition in eukaryotes is critical for better 
understanding the 6mA biology.

The methylation pathway of the classical 5-methylcytosine (5mC) 
can be divided into two steps: establishment and maintenance. 
Establishment is conducted by the de novo methyltransferases 
(MTases) DNMT3A and DNMT3B (16), adding methyl groups to 
cytosines on unmethylated CpG dinucleotides. Maintenance is im-
plemented by the maintenance MTase DNMT1 (17), which converts 
hemi-methylated CpG to full methylation, thus transmitting 5mC 
in a semiconservative manner and preventing its dilution by DNA 
replication (passive demethylation) (18). 5mC pattern is reset dur-
ing mammalian embryonic development, with genome-wide ac-
tive demethylation, followed by de novo methylation (19). Loss 
of Dnmt3a/Dnmt3b is embryonically lethal in mouse and has been 
linked with aberrant gene repression (16), underscoring the critical 
roles played by de novo DNA methylation.

We and others have previously identified the MT-A70 family 
protein AMT1 as the maintenance MTase, in the unicellular model 
eukaryote Tetrahymena thermophila (referred to as Tetrahymena here-
after) (8, 10, 20). 6mA occurs exclusively in the self-complementary 
ApT dinucleotides and can be maintained in a semiconservative way 
by AMT1 (8, 10, 21), providing definitive evidence to support 6mA 
as a bona fide epigenetic mark. However, it remains unclear which 
enzyme catalyzes the de novo 6mA deposition on unmethylated 
DNA. Intriguingly, there is still 6mA retained in ΔAMT1 cells but, 
predominantly, in the form of hemi-6mApT, instead of full-6mApT 
as in wild-type (WT) cells (8, 21), strongly suggesting the existence 
of de novo MTase activity. However, such de novo MTase activity is 
largely masked by the AMT1-dependent maintenance methylation 
in WT cells undergoing asexual reproduction by binary fission (re-
ferred to as vegetative growth) (22).

Tetrahymena provides a unique time window for the study of 
de novo 6mA. As featured for the binucleated ciliates, Tetrahymena 
contains two physically separate and functionally distinct nuclei 
(23–25). During the vegetative growth, 6mA only decorates the 
transcriptionally active macronucleus (MAC), but not the silent mi-
cronucleus (MIC) (26, 27). This pattern is consistent with the asso-
ciation of 6mA with transcription, as also reported in basal fungi 
and algae (1, 28). During the sexual reproduction (referred to as 
conjugation), 6mA pattern also needs to be reestablished. This pro-
cess involves degradation of the somatic MAC, while the germline 
6mA-free MIC gives rise to the 6mA-positive new MAC in progeny 
cells (Fig. 1A) (29), entailing de novo methylation of its genomic 
DNA. All the evidence strongly suggests that the methylation path-
way for 6mA also features two distinct stages for establishment and 
maintenance.

In this study, we used the Tetrahymena new MAC that allows us 
to analyze de novo establishment and maintenance of 6mA sepa-
rately. We systematically characterized AMT2 and AMT5, a pair 
of MT-A70 family proteins paralogous to AMT1 (Fig. 1B and table 
S1), as the candidate de novo 6mA MTases. We demonstrated that 
de novo 6mA in the new MAC was severely compromised in AMT2 
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and/or AMT5 knockout (KO) cells. The substantial 6mA decrease, 
in turn, altered gene expression pattern and reduced the survival 
rate of sexual progenies, highlighting the importance of dedicated 
de novo MTase activity.

RESULTS
AMT2 and AMT5 are not required for the 
maintenance of 6mA
We previously demonstrated that 6mA level in the somatic MAC 
remained unaffected in AMT2 and AMT5 single KO cells during the 
vegetative growth (8). Here, we showed that 6mA level was not 

affected in double KO cells either (Fig. 2, A and B, and fig. S1). Con-
sistent with our immunofluorescence (IF) and mass spectrometry 
(MS) results (8), Single Molecule Real-Time Circular Consensus 
Sequencing (SMRT CCS) further confirmed that neither the level 
nor the pattern of 6mA was altered in single or double KO cells dur-
ing vegetative growth (Fig. 2, C and D, and table S2). This is most 
likely due to the fact that 6mA in WT Tetrahymena is almost exclu-
sively at the ApT dinucleotides (6mApT/6mA > 99%) and mostly 
fully methylated (full-6mApT/6mApT > 88%) (21), which are effi-
ciently maintained by the activity of AMT1 at this stage (8, 10). In 
support of this dispensability, endogenously hemagglutinin (HA)–
tagged AMT2 and AMT5 were undetectable in the somatic MAC 

Fig. 1. 6mA dynamics and MT-A70 family MTases in Tetrahymena. (A) Top: Schematic drawing of nuclear events and 6mA distribution during vegetation and conjuga-
tion stages (red, 6mA positive; gray, 6mA negative). Bottom: Graphics of 6mA deposition by de novo and maintenance MTases. (B) Simplified phylogenetic tree of 
Tetrahymena MT-A70 family MTases, marked with their catalytic motifs and proposed functions.

Fig. 2. AMT2 and AMT5 were not required for maintenance 6mA during the vegetative stage. (A) 6mA levels were not affected in the KO cells during the vegetative 
stage, as demonstrated by immunofluorescence (IF) staining. Arrowheads indicated the absence of 6mA signals in the MIC. (B) Mass spectrometry (MS) analysis revealed 
that 6mA levels in KO cells were not substantially changed during the vegetative growth. ΔAMT1 strain was used as a control, showing a marked reduction in 6mA levels. 
Three biological replicates were conducted for each strain. ***P < 0.001; n.s., not significant (P > 0.05). (C) 6mA ratios, defined as the percentage of methylated adenines 
among all adenines (6mA/A), were comparable on 180 non-rDNA (nonribosomal DNA) MAC chromosomes between KO and WT cells during the vegetative stage. MAC 
chromosomes were arranged from left to right in accordance with their positions on the MIC chromosomes. (D) 6mApT dinucleotides were enriched toward the 5′ end of 
gene bodies in both KO and WT cells. Genes were scaled to unit length and were extended to each side by one unit length. One unit length was divided into 30 bins, and 
the distribution frequency was calculated as the ratio of the 6mA amount at each specific position to the total 6mA amount. TSS, transcription start site; TES, transcription 
end site. (E) IF staining showed that AMT2 and AMT5 were not detectable in the somatic MAC (dashed circles) of vegetative cells. Hemagglutinin (HA)–tagged AMT1 cells 
and WT (SB210) cells without the HA tag were used as positive and negative controls, respectively.
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during the vegetative growth (Fig. 2E); however, they were detected 
during conjugation (the sexual stage of ciliates) (Fig. 3B and fig. S2), 
thus ruling out the possibility of HA tagging failure. Consistently, 
the growth rate of vegetative cells was comparable in WT and KO 
cells (fig. S3). Together, our results demonstrated that AMT2 and 
AMT5 are not required for maintenance 6mA in the somatic MAC.

AMT2 and AMT5 are required for de novo 6mA
To determine whether AMT2 and AMT5 are responsible for de novo 
6mA methylation, we first examined their expression patterns. Both 
AMT2 and AMT5 showed a two-peak profile: one at early conjuga-
tion and the other at late conjugation corresponding to the stage of 
new MAC development (Fig. 3A) (30). Consistent with their expres-
sion profiles, the endogenously tagged AMT2 and AMT5 first local-
ized in the parental MAC and then in the newly formed MACs (Fig. 
3B and fig. S2).

During the stage of new MAC development, 6mA in WT cells 
exclusively occurred in the new MACs of exconjugants (when the 
two progenies separate) (Fig. 1A). In MAC KO cells, which lacked 
the maternal transcripts of AMT2 and AMT5, 6mA signals re-
mained unchanged (Fig. 3C). Similarly, 6mA signal intensity was 
not affected in MIC KO cells with the exclusive absence of the zy-
gotic transcripts (Fig. 3C). It is only in complete KO cells, where 
both maternal and zygotic transcripts were eliminated, that 6mA 
signals become undetectable (Fig. 3C). This marked reduction of 
6mA was corroborated by the MS analysis conducted on flow cy-
tometry–purified new MACs of complete KO cells (Fig. 3D). We 
therefore conclude that the deposition of de novo 6mA is attribut-
able to both maternally and zygotically expressed AMT2 and AMT5.

To test whether the 6mA absence in the new MAC was solely at-
tributable to the lack of AMT2 or AMT5, we introduced WT AMT2 
or AMT5 to their endogenous MAC locus of corresponding KO 
cells (fig. S5, A, B, E, and F). Western blot analysis confirmed that 
AMT2 and AMT5 were restored to WT levels in rescued cells (fig. 
S5, C and G). Moreover, 6mA signal intensity was restored (Fig. 3E 
and fig. S5H).

AMT2 featured the conserved catalytic motif DPPW ([DNSH]
PP[YFW]), while AMT5 contained the eroded APPF (Fig. 3F and 
fig. S6) (8, 31). To determine whether the intrinsic enzymatic activ-
ity of AMT2 underpinned its function, we carried out the rescue 
experiment by introducing the catalytically inactive AMT2 (APPA 
or APPF as in AMT5) back into ΔAMT2 cells (fig. S5, A and D). 
Neither APPA nor APPF was able to restore 6mA levels (Fig. 3E and 
fig. S5H), suggesting that the AMT2 catalytic activity is required for 
6mA methylation.

Next, we tested the physiological consequences that may result 
from the deficiency of 6mA. We found that the conjugation progress 
was delayed in cells lacking AMT2 and/or AMT5 compared to WT 
cells, especially during 10 to 14 hours post-mixing (Fig. 3G). Al-
though such delays could be subsequently mitigated, possibly due to 
the compensational effect of AMT1 (8), viability rates of KO proge-
nies were substantially lower than WT counterparts (Fig. 3H, fig. S7, 
A and B, and table S3), underscoring the functional significance of 
AMT2/AMT5 and de novo 6mA for conjugation progression and 
progeny development. Moreover, the conjugation delay and progeny 
mortality suffered by the ΔAMT2 cells could be partially alleviated 
by the WT copy of AMT2, but not by the APPA copy (fig. S7, C and 
D), indicating that the observed defects are due to the impaired en-
zymatic function of AMT2.

It should be noted that we observed no synergistic or additive 
effect for the double KO of AMT2 and AMT5, compared to single 
KO. Moreover, the global transcription profiles of the conjugation 
progenies for single and double KO cells were more similar to each 
other than to WT control cells (fig. S8), strongly indicating that 
AMT2 and AMT5 function cooperatively rather than independent-
ly. However, AMT2 and AMT5 alone exhibited no MTase activity in 
vitro and in vivo (fig. S9), consistent with the necessity of additional 
cofactors for the DNA 6mA MTase activity in the MT-A70 family 
(10,  32). Together, these results strongly argued that AMT2 and 
AMT5 are essential for the de novo establishment of 6mA in the 
new MAC, as well as for the cell fitness.

6mA landscapes are similar between the WT new MAC and 
the WT somatic MAC
To further explore the 6mA pattern change, we performed SMRT 
CCS of flow cytometry–purified new MACs from both WT and KO 
cells. After applying a stringent threshold and filtering out abnor-
mal DNA molecules (see more details in Methods and Materials), 
1,627,095, 1,874,423, 1,974,209, and 1,153,747 high-confidence sin-
gle molecules for WT, ΔAMT2, ΔAMT5, and ΔAMT2/5 cells, re-
spectively, were used for further analysis (table S4).

We first performed a comparative analysis between WT new 
MAC (WT) and WT somatic MAC (WT-veg) (21). 6mA exhibited 
notable similarities in these two stages. (i) 6mA occurred almost ex-
clusively at the ApT dinucleotides in the new MAC (6mApT/6mA > 
99%), consistent with the somatic MAC (>99%) (figs. S10A and 
S11A). 6mA in non-ApT dinucleotides (ApC/ApG/ApA) was called 
at low levels close to the background noise using the same 
threshold (figs. S10A and S11B). (ii) 6mApT represented 2.25% 
of all mapped ApT sites (6mApT/ApT) (versus 2.03% in the so-
matic MAC) (Table 1). Correspondingly, 6mA level (6mA/A) was 
comparable between two samples (0.82% in the new MAC versus 
0.74% in the somatic MAC) (Table 1). (iii) There were substan-
tial overlaps in 6mApT positions between new MAC and somatic 
MAC; most ApT positions methylated in the somatic MAC were 
also methylated in the new MAC (fig. S10B). When 6mApT posi-
tions were divided into 10 quantiles according to their penetrance 
(ratio between the number of 6mA sites and all adenine sites in all 
SMRT CCS reads) in the somatic MAC, 6mApT in the new MAC 
displayed a similar distribution in each quantile; sites of high pen-
etrance in the somatic MAC had a higher tendency to be also 
highly methylated in the new MAC (fig. S10C). (iv) 6mA in both 
samples were enriched at gene bodies, toward the 5′ end and 
downstream of the transcription start sites (fig. S10D) (8,  27). 
(v) 6mA levels at individual genes showed strong correlation be-
tween the new MAC and the somatic MAC (fig. S10E; Spearman’s 
correlation coefficient = 0.93, k = 0.99). Collectively, these connec-
tions matched with the scenario that 6mA landscape was nearly 
established in the new MAC, before cells reentered the vegetative 
growth stage (29).

Despite these connections, there were distinctions between 6mA 
in the new MAC and the somatic MAC. First, the percentage of 
fully methylated 6mA was lower in the new MAC than in the so-
matic MAC (75.21% versus 88.35%) (Table 1), a phenomenon com-
monly observed at the individual single-molecule level (fig. S10F). 
This might be partially attributable to the low activity of AMT1 
during the new MAC development (8). Second, some highly meth-
ylated sites in the new MAC were not transmitted and maintained 
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Fig. 3. AMT2 and AMT5 were essential for de novo 6mA during the conjugation stage. (A) AMT2 and AMT5 are highly expressed during new MAC formation of con-
jugation stage (30). (B) AMT2 and AMT5 were localized in the newly formed MAC. Note the absence of the HA signal in the new MAC (dashed circle) of WT control cells. 
(C) Both somatically and zygotically expressed AMT2 and AMT5 contributed to de novo 6mA deposition. Left: Expression pattern of maternal and zygotic AMT2 and AMT5 
in WT and KO cells. Right: 6mA signals in the new MAC of MAC KO (no maternal expression), MIC KO (no zygotic expression), and complete KO cells. Note the absence of 
6mA signals in the new MAC (dashed circles) of complete KO cells. (D) MS analysis of 6mA levels in the flow cytometry–purified new MAC. Three biological replicates for 
each strain. ***P < 0.001. (E) IF staining analysis of 6mA levels in the new MAC. The outline of the nuclei without 6mA signals was delineated with dashed circles. (F) Align-
ment of sequences surrounding the catalytic motif in AMT1, AMT2, and AMT5 of Tetrahymena and in human METTL3 and METTL14. Identical sequences were indicated 
by white letters with blue background, while similar sequences were indicated by bold blue letters. The DPPW catalytic motif was depicted with a green background. 
(G) Conjugation progress of KO and WT cells. The schematic on the right illustrated the corresponding nuclear morphologies at each stage. E1, pre-meiosis; E2, meiosis, 
M, mitosis; L1, new MAC development, L2, pair separation; L3, one of the new MIC degraded. n > 200 for each strain. n represents the number of single cells. h, hours. 
(H) The viability rate of KO and WT progenies. Two biological replicates for each strain.
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in the somatic MAC (fig. S10C), which were likely to be indepen-
dent of AMT1.

AMT2 and AMT5 are required for the proper establishment 
of the 6mA landscape
Compared to WT cells, 6mApT/ApT ratio in the new MAC was 
markedly reduced to 0.30, 0.25, and 0.32% in ΔAMT2, ΔAMT5, and 
ΔAMT2/5 cells, respectively (Table 1). Correspondingly, 6mA level 
(6mA/A) in KO cells was lower than that in WT cells in all 180 non-
rDNA (nonribosomal DNA) chromosomes (0.12, 0.10, and 0.13% 
in ΔAMT2, ΔAMT5, and ΔAMT2/5 versus 0.82% in WT cells) (Fig. 
4A and Table 1), consistent with the IF staining and MS results (Fig. 
3, C and D). This reduction is even more marked than vegetative 
cells depleting AMT1 (ΔAMT1, 6mA/A = 0.20%) (8, 21).

Many ApT positions were methylated in WT cells but not in 
ΔAMT2, ΔAMT5, and ΔAMT2/5 cells (Fig. 5), with only a small 
proportion of overlapped sites (9.26, 4.11, and 3.74% of WT 6mApT 
sites) (Fig. 6A and fig. S12A). Along with the global reduction of 
methylated 6mA sites (Fig. 4A and Table 1), the penetrance of indi-
vidual 6mA sites was generally much lower in KO cells; 6mA posi-
tions of high penetrance were especially depleted (Figs. 4B and 5). 
At individual genes, 6mA levels were also substantially reduced, 
more marked than in ΔAMT1 cells (Fig. 4C). Together, these results 
strongly argued for the essential role of AMT2 and AMT5 to estab-
lish the proper 6mA landscape in the new MAC.

To interrogate the features of AMT2/AMT5-deposited 6mA more 
directly, we first selected 6mA sites remaining in vegetative ΔAMT1 
cells that were presumably methylated by AMT2 and AMT5 (21). 
Intriguingly, 90.4% of these sites were unmethylated in the new MAC 
of cells lacking AMT2 and AMT5 (Fig. 4D). Next, to minimize the 
effect of AMT1, we focused on sites displaying comparable pene-
trance in WT (WT-veg) and in ΔAMT1 cells (ΔAMT1-veg) (Fig. 4E) 
(21). These identified sites were designated as AMT1 independent, 

enabling a targeted evaluation of their reliance on AMT2 and AMT5. 
Penetrance of these selected sites was substantially lower in KO cells 
compared to WT cells, consistent with the trend observed at other 
sites (Fig. 4E). Their penetrance was much more diminished to 
zero in KO cells than the rest sites (Fig. 4E), highlighting the im-
portant contribution of AMT2 and AMT5 in their modification. 
Given that these sites are predominantly in hemi-methylated state 
in ΔAMT1 cells (21), we postulated that AMT2/AMT5-deposited 
6mA is hemi-methylated.

AMT1 catalyzes 6mA deposition in the new MAC 
without AMT2/AMT5
Albeit at a notably lower level (Figs. 4B and 5), the vast majority of 
remaining 6mA sites in the new MAC of KO cells were also methyl-
ated in WT cells (Fig. 6A and fig. S12A). The methylation pattern of 
these remaining 6mA in KO cells was reminiscent of that in WT 
cells; they still occurred at the ApT dinucleotides toward the 5′ end 
of the gene body (Figs. 5 and 6, B and C) (8). Moreover, the full/
hemi ratio (defined as ratio between full-6mApT and hemi-6mApT) 
in KO cells remained similar to that in WT cells (fig. S11C and Table 
1). Full-6mApT in KO cells was likely not generated by the random 
combination of two independent hemi-methylation events, as the 
penetrance strand bias of 6mA in KO cells converged to zero along 
with the increase of 6mA coverage (fig. S11D) (21).

The similar 6mA pattern in the new MAC of both WT and KO 
cells was presumably the product of AMT1. We favored the scenario 
that, in the absence of AMT2 and AMT5, AMT1 catalyzed de novo 
methylation on a limited number of ApT sites and converted a large 
majority of them into full methylation (21). AMT1 was localized 
into the new MAC (8) and its protein level in the new MAC was 
comparatively lower than in the somatic MAC of conjugation prog-
enies after refeeding (Fig. 6D), partially explaining the lower full/
hemi ratio in the new MAC (Table 1). We also noticed that AMT1 

Table 1.  SMRT CCS results for the flow cytometry–purified new MAC at 24 hours post-mixing during conjugation.

Single 
molecule

A sites 6mA sites ApT sites 6mApT sites Full Hemi-C Hemi-W Total 6mApT

 WT Number 2,650,998,266 21,821,071 917,555,698 20,651,604 15,531,852 2,569,180 2,550,572 20,651,604

Percentage 
(%)

– 0.82 – 2.25 75.21 12.44 12.35 –

﻿ΔAMT2﻿ Number 4,562,894,840 5,524,473 1,573,597,700 4,750,706 3,828,384 461,348 460,974 4,750,706

Percentage 
(%)

– 0.12 – 0.30 80.59 9.71 9.70 –

﻿ΔAMT5﻿ Number 4,138,411,182 4,296,775 1,429,134,888 3,502,851 2,758,540 372,416 371,895 3,502,851

Percentage 
(%)

– 0.10 – 0.25 78.75 10.63 10.62 –

﻿ΔAMT2/5﻿ Number 2,963,324,787 3,977,697 1,021,233,408 3,275,705 2,623,536 326,384 325,785 3,275,705

Percentage 
(%)

– 0.13 – 0.32 80.09 9.96 9.95 –

 WT- veg* Number 2,430,618,393 17,889,360 823,903,428 16,765,614 14,811,496 974,677 979,261 16,765,614

Percentage 
(%)

– 0.74 – 2.03 88.35 5.81 5.84 –

﻿ΔAMT1- veg* Number 1,730,640,574 3,443,531 645,000,722 3,420,511 82,362 1,670,284 1,667,685 3,420,511

Percentage 
(%)

– 0.20 – 0.53 2.40 48.83 48.77 –

*Data from Sheng et al. (21).
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protein level was up-regulated in KO cells than in WT cells during 
late conjugation and after refeeding (Fig. 6D), which presumably 
contributed to 6mA recovery (Fig. 6E).

To monitor the 6mA recovery, we introduced an HA tag to the 
endogenous RPB3 locus in the somatic MAC, to distinguish true 
progeny (HA negative, somatic MAC degraded) from non-maters 
and quitters (HA positive, somatic MAC retained) (Fig. 6E, left). In 
the presence of AMT1, 6mA level in progenies of KO cells could be 
restored to that of WT cells (Fig. 6E, right), at as early as 10 hours 
after refeeding (fig. S12B). MS analysis also showed that 6mA level 
in the conjugation progenies of KO cells was comparable to that in 
their WT counterparts (Fig. 6F).

DISCUSSION
AMT2 and AMT5 are de novo 6mA methyltransferases
We and others have demonstrated that AMT1 functioned as the 
maintenance MTase, displaying a higher enzymatic activity toward 
the hemi-methylated ApT than unmethylated ApT (8, 10, 21). Nota-
bly, AMT1 also had a comparatively lower de novo MTase activity, 
being able to catalyze methylation on unmethylated substrates, 
demonstrated by in vitro assay (10, 21). However, when ΔAMT1 
cells mated with one another, the majority of mating pairs could not 
progress to the new MAC stage (8), thus constraining our capacity 
to investigate the de novo deposition of 6mA during new MAC 
formation. Nevertheless, among the rare ΔAMT1 survivors that 

Fig. 4. 6mA establishment was severely impaired in the new MAC of AMT2 and/or AMT5 KO cells. (A) 6mA ratios exhibited a global decrease across all 180 non-rDNA 
chromosomes in KO cells at 24 hours post-mixing. Chromosome numbering followed the assignment outlined by Sheng et al. (65). (B) 6mApT positions with high pene-
trance in the new MAC of WT cells were depleted in KO cells. 6mApT positions were divided into 10 groups according to their penetrance, from low to high. 6mA SMRT-CCS 
data from the somatic MAC of ΔAMT1 (ΔAMT1-veg) and WT (WT-veg) cells were included for comparison. (C) 6mA levels of individual genes were markedly reduced in the 
new MAC of KO cells, as well as in ΔAMT1-veg. 6mA level was calculated as “the sum of penetrance of all 6mApT positions (ΣP) on a specific gene.” (D) Venn diagram il-
lustrated that the vast majority of the retained 6mA sites in ΔAMT1 cells were unmethylated in the new MAC of ΔAMT2/5 cells. ΔAMT2/5 removed sites were as defined as 
“positions with less than 10× coverage of 6mApT in the new MAC of ΔAMT2/5 cells.” ΔAMT1-veg retained sites were defined as “positions with more than 10× coverage of 
6mApT in the somatic MAC of ΔAMT1 cells.” (E) The penetrance of AMT1-independent 6mApT positions was more substantially reduced in ΔAMT2/5 cells. AMT1-independent 
6mApT positions, depicted as red points, were defined as having a penetrance difference ≤ ±0.05 between WT-veg and ΔAMT1-veg, with 6mApT coverage ≥ 5× in both 
strains. The reduction in penetrance of AMT1-independent 6mApT positions was more pronounced than the rest majority of 6mApT positions in the new MAC of KO cells.
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succeeded to enter the new MAC stage, AMT1 deletion caused marked 
6mA hypomethylation but not a complete loss (8). This observation 
strongly suggests the involvement of alternative MTases in de novo 
6mA deposition (8, 10, 21).

Previous works have assigned seven members of the Tetrahymena 
MT-A70 family MTases (AMTs1-7) into different functional groups 
(8). Among them, AMT6 and AMT7 are partners of AMT1, while 
AMT3 and AMT4 catalyze RNA methylation (m6A) (8, 10, 21, 31). 
As no additional MTases are known at present for Tetrahymena, it 
leaves AMT2 and AMT5, which group on the same subclade of the 
MT-A70 protein phylogenetic tree (8), as the candidates for de novo 
6mA MTases.

In this study, we demonstrated that KO of AMT2 and/or AMT5 
not only abolished methylation on a large majority of ApT sites but 
also attenuated the methylated ApT sites to reach high penetrance. 
The marked 6mA decrease, in turn, had a profound impact on 
the survival of conjugation progenies. The features of AMT2/AMT5-
catalyzed 6mA could be partially deduced from the remaining sites 

in ΔAMT1 cells, with the preferential accumulation on ApT dinu-
cleotides, the 5′ end of gene body, and linker DNA regions, and in 
hemi-methylated forms (8, 21).

In WT cells, the establishment of 6mA landscape during late 
conjugation was the coordinated work of AMT2/AMT5 and AMT1 
(Fig. 7A). During the transition from 6mA-free zygotic MIC to 
6mA-positive new MAC (29), AMT2 and AMT5 catalyzed unmeth-
ylated adenines into hemi-6mA, which was further converted into 
full-6mA by AMT1. In AMT2 and/or AMT5 KO cells, however, the 
impaired un-to-full conversion became the limiting step for AMT1 
function. Instead, AMT1 conducted a two-step catalyzation on its 
own: un-to-hemi and then hemi-to-full. The former reaction was 
not effective enough, with only 10 to 20% of WT 6mApT sites being 
methylated at low penetrance, highlighting the indispensability of 
AMT2 and AMT5 for the establishment of proper 6mA landscape. 
It also provided strong in vivo evidence for the ability of AMT1 
to target unmethylated DNA. The latter reaction was compara-
tively efficient, resulting in the typical footprint of AMT1 such as 

Fig. 5. Typical DNA single molecules revealed that a substantial proportion of highly methylated 6mApT sites in WT cells were either unmethylated or lowly 
methylated in KO cells. The methylation states of a self-complementary ApT duplex were divided into four categories: full (methylation on both Watson and Crick 
strands, black dots), hemi-C (methylation only on the Crick strand, red dots), hemi-W (methylation only on the Watson strand, blue dots), and un (no methylation, gray 
dots). bp, base pairs.
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Fig. 6. The methylation pattern of the remaining 6mA sites in the new MAC of KO cells was attributed to AMT1. (A) Venn diagram illustrated the overlap between 
methylated 6mA sites in the new MAC of WT and ΔAMT2/5 cells. The same cutoff (6mApT coverage ≥ 10×) was applied to both samples. (B) 6mApT exhibited an enrich-
ment toward the 5′ end of gene bodies in both KO and WT cells. Genes were scaled to a unit length and were extended by one unit length on each side. One unit length 
was divided into 30 bins, and the sum of penetrance within each bin represented the methylation level. (C) 6mA displayed a preference for ApT dinucleotides in KO cells. 
Note that the bimodal distributions of both adenines (A) and ApT dinucleotides (ApT) were less obvious in KO cells than in WT cells (fig. S11A), due to the highly reduced 
number of 6mApT sites. (D) AMT1 levels were up-regulated in KO cells both at late conjugation and after refeeding. AMT1 was N-terminally HA-tagged in both MAC and 
MIC endogenous loci. New MACs without the HA signal were delineated with dashed circles. C24: 24 hours post-mixing. R2, R4, and R24: 2, 4, and 24 hours after refeeding. 
(E) 6mA signal intensity was restored in KO progenies. Left: Schematic diagram showing that the RPB3-CHA construct was transformed into somatic MACs to distinguish 
progeny (HA negative) from non-mater or quitter (HA positive). Right: 6mA occurrence in KO exconjugants before refeeding was abolished but was restored after refeed-
ing (progeny). New MACs of the exconjugants were circled with white dashed lines, and the arrowheads indicated the absence of 6mA signals in MICs. (F) MS analysis of 
6mA levels in KO and WT progenies. Two biological replicates for each strain.
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the predominance of full-6mA and the enrichment at the 5′ end of 
gene bodies (8, 21, 27). It also suggested that AMT1, or even AMT2 
and AMT5, is interacting with other epigenetic factors during new 
MAC development, to achieve their genomic targeting. Those fac-
tors could be H3K4me3 and H2A.Z, as demonstrated in vegetative 
cells (8, 27), which are already abundant in the new MAC at this 
stage (33, 34).

In AMT2 and/or AMT5 KO cells, the occurrence of 6mA was not 
recovered until refeeding. During the late stage of conjugation with-
out refeeding, AMT1 activity likely remained low, modulated by 
both its low protein level and the possible absence or low levels of its 
interacting proteins. After refeeding, however, AMT1 level was 
markedly up-regulated, probably for fulfilling its role as a mainte-
nance MTase (21). The elevated level of AMT1 successfully restored 

Fig. 7. Proposed regulatory model for 6mA and phylogenetic analysis of AMT2 and AMT5 homologs in ciliates. (A) A proposed model for 6mA establishment and 
maintenance in WT and KO cells. In the new MAC of WT cells, AMT2 and AMT5 initiated the de novo 6mA deposition on unmethylated ApT dinucleotides, possibly helped 
by AMT1, generating hemi-6mApT. Subsequently, these hemi-6mApT sites were converted into full-6mApT by the maintenance activity of AMT1. In the somatic MAC of 
progenies during the vegetative stage, established full-6mApT sites were faithfully maintained by AMT1. In AMT2 and/or AMT5 KO cells, however, the deposition of 
de novo 6mA dependent on AMT2 and AMT5 was abolished, while AMT1 could exhibit both de novo and maintenance activities and generate both hemi- and full-6mA 
on a limited number of sites. After refeeding, 6mA levels in KO cells could be restored to that of WT cells, probably owing to the up-regulated level of AMT1. (B) Phyloge-
netic analysis showed the divergence of AMT2 and/or AMT5 homologs in ciliates. Proteins were labeled by species abbreviations and colored on the basis of their phylo-
genetic positions in the ciliate phylogenetic tree (inset). Phylogenetic analysis of MT-A70 family proteins (homologs of AMT1, AMT2/AMT5, AMT3/AMT4, and AMT6/AMT7) 
was shown as the evolutionary tree in the lower left corner. The homologs of AMT2 and AMT5 were shown in detail on the right, and homologs of nine Tetrahymena spe-
cies were represented by black triangles. The scale bar corresponds to 1 expected amino acid substitution per site. Species abbreviations and NCBI GI numbers were listed 
in file S1.
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global 6mA levels in KO cells to that of WT cells, although we could 
not rule out the possibility that a small proportion of sites that relied 
solely on AMT2/AMT5 might remain unmethylated. Given that very 
few (endo)replication was observed during late conjugation (fig. 
S12C) (35), in contrast to active replication during the vegetative 
stage (36), we speculated that AMT1 level and/or activity might also 
be linked with replication.

Together, our work identified and characterized the de novo 
MTases for eukaryotic 6mA, affirming the long-standing hypothesis 
that 6mA dynamics also involve a two-step pathway. These findings, 
combined with our previous discoveries regarding AMT1, delineate 
a detailed pathway for the proper establishment and maintenance of 
6mA. However, no physical interaction was detected between AMT1 
and AMT2/AMT5 (fig. S13), arguing against the possibility of a 
super-complex.

Evolution of AMT2 and AMT5, with speculations on 
their interactions
Previous studies assigned AMT2 and AMT5 into the same phyletic 
subclade of the MT-A70 family MTases (8, 31). Further analysis re-
vealed that orthologs of AMT2 and AMT5 are not universally dis-
tributed in unicellular eukaryotes (Fig. 7B), unlike AMT1, AMT6, 
and AMT7 (8). Instead, they are mostly exclusively present in cili-
ates. This coincides with the unique nuclear dualism in these 
organisms and massive genome-wide de novo 6mA deposition 
during MIC-to-MAC differentiation, thus providing the new per-
spective on the distinct evolution of ciliates through the lens of 
6mA methylation.

Orthologs of AMT2 and AMT5 are present in both ciliate sub-
phylums Postciliodesmatophora and Intramacronucleata and in 5 
classes with reported genomes, so far, of the 11 ciliate classes (Fig. 
7B) (37). However, only in two (Hymenostomatia and Peritrichia) of 
the seven subclasses in the class Oligohymenophorea, namely, spe-
cies of Tetrahymena and their very close relatives like Ichthyophthirius 
multifiliis, which is a pathogen causing white spot disease in fish, are 
there two paralogues equivalent to AMT2 and AMT5 (Fig. 7B).

The divergence of AMT2 and AMT5 probably occurred after 
the separation of Tetrahymena and Paramecium around 750 million 
years ago (38), as Paramecium contained only homologs of AMT2 
(Fig. 7B). This late gene duplication event within a small group of cili-
ates is compatible with two scenarios: either AMT2 and AMT5 func-
tion separately or they form a heterodimer complex in Tetrahymena 
and its close relatives. Our current results lend stronger support 
to the latter scenario on several aspects. First, both the catalytic 
motif and the SAM-binding key residues were only conserved in 
AMT2 (DPPW and FxR, respectively), but not in AMT5 (APPF and 
FTK) (39–41). Meanwhile, most of other residues contributing to 
SAM or DNA binding in the AMT1 complex were conserved in 
AMT2 but not in AMT5 (fig. S6) (39–41). It was therefore required 
for AMT5 to dimerize with AMT2 for activity. Second, we observed 
no synergistic or additive effect for the double KO of AMT2 and 
AMT5, strongly indicating that AMT2 and AMT5 function coop-
eratively rather than independently. In further favor of the heterodi-
mer scenario, members of MT-A70 family proteins typically form 
heterodimers. For example, the m6A MTase core complex was a 
heterodimer of METTL3 and METTL14 (42), featuring METTL3 as 
the catalytic core and METTL14 with an eroded EPPL motif as the 
RNA binding platform (43). Similarly, in the 6mA maintenance 
MTase complex, the enzymatic activity of the DPPW-containing 

AMT1 (MTA1) required the DPPW-lacking AMT7, with AMT7 
contributing to complex stabilization and DNA binding (10, 39, 41). 
In line with these reports, the predicted structure of MT-A70 do-
mains in AMT2-AMT5 exhibited a notable similarity to those in 
METTL3-METTL14 and AMT1-AMT7 (MTA1-MTA9) (fig. S14A) 
(40–42,  44), suggesting a heterodimer association of AMT2 and 
AMT5. However, the heterodimer formed by full-length AMT2 and 
AMT5 superimposed with the AMT1 complex only in their con-
served MT-A70 domains, but not in AMTP1 and AMTP2 (fig. 
S14B), the latter of which are indispensable for the MTase activity of 
AMT1 complex (10, 32). In vitro and in vivo MTase assays revealed 
no catalytic activity for AMT2 in combination with AMT5, strongly 
indicating that the de novo MTase complex requires additional 
components (fig. S9).

In addition, we also found homologs of AMT2 in the free-living 
excavate amoeba-flagellate Naegleria gruberi and the occasional 
disease-causing amoeba Acanthamoeba castellanii (Fig. 7B). It is 
tempting to speculate that undiscovered de novo 6mA methylation 
or even de novo DNA synthesis may be present in these two species.

Comparing 6mA and 5mC
There are several key similarities between de novo 6mA in the new 
MAC of Tetrahymena and de novo 5mC in the early embryogenesis 
of mammalian cells. First, both modifications occur during the tran-
sition from a zygotic nucleus to a somatic nucleus (8, 45), accom-
plished by intensive epigenome reprogramming (46, 47). Second, in 
both cases, de novo DNA methylation is catalyzed by specific DNA 
MTase(s), AMT2 and AMT5 in the case of 6mA and DNMT3A and 
DNMT3B for 5mC (16). Third, the de novo depositions of both 
6mA and 5mC reply on a complex interplay with other epigenetic 
factors to establish specific patterns. For 6mA, active transcription 
marks such as H2A.Z and H3K4me3, and possibly histone acetyla-
tion, are the major players (8, 27). Repressive marks such as H3K9me3 
and H3K27me3 might also play a role to confine the territory of 
6mA (48). For 5mC, the concerto playing with H3K9me2/me3, as 
well as histone deacetylase, confers its genome targeting and rein-
forces its silencing effects (49). Fourth, both modifications play es-
sential roles for proper development. Loss of AMT2 and/or AMT5 
reduces the progeny viability in Tetrahymena, while the absence of 
DNMT3A and DNMT3B results in aberrant gene expression and 
embryo lethality in mammals (16).

It is also important to note that, while there are shared features, 
the distinctions between 6mA in Tetrahymena and 5mC in mam-
mals are substantial, arising from their unique evolutionary back-
ground and biological contexts. First, the Tetrahymena zygotic 
nucleus originates from the 6mA-free MIC (26, 29), thus requiring 
no demethylation prior to de novo 6mA deposition. Conversely, 
genome-wide de novo 5mC deposition occurs in parallel or after the 
germline 5mC was erased by both passive and active demethylation 
(50). Second, the de novo MTases for 6mA and 5mC have distinct 
enzymatic features. AMT2 and AMT5 convert unmethylated ade-
nines to hemi-6mA, while DNMT3A and DNMT3B generate both 
hemi- and full-5mC (51). Third, in a fully methylated Tetrahymena 
somatic genome, only ~2% of ApT is methylated (8, 21), while 60 to 
80% of CpG are methylated in mammalian somatic genomes (52). 
Fourth, 6mA is closely associated with active transcription, fulfill-
ing its role, together with other epigenetic factors such as H2A.Z 
and H3K4me3 (8, 11, 27) to activate the somatic transcription, so 
that Tetrahymena could thrive as a single cell executing a variety of 
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functions such as feeding and mating. In contrast, 5mC is primarily 
linked with gene repression, preventing the expression of genes un-
necessary in specific cell types, besides limiting transposable ele-
ments and repetitive sequences (53, 54).

In summary, our work established a notable parallel between 6mA 
and 5mC: both feature palindrome motifs (AT versus CG), transmit in 
a semiconservative manner, and require a two-step methylation path-
way. Considering the dichotomy of 6mA prevalence in unicellular 
eukaryotes versus 5mC in multicellular eukaryotes, our study offers 
unique insights into the evolutionary divergence among eukaryotes 
from the unique perspective of DNA methylation.

METHODS AND MATERIALS
Cell culture
Tetrahymena WT strains, SB210 and CU428, were obtained from 
the Tetrahymena Stock Center (http://tetrahymena.vet.cornell.edu). 
AMT1 germline KO homozygous homokaryon strain was generated 
in our previous work (8). KO and tag strains used in this study, most 
of which were newly generated, are listed in table S5. Cells were 
grown in SPP [1% protease peptone, 0.2% dextrose anhydrous, 0.1% 
yeast extract, 0.003% ethylenediaminetetraacetic acid (EDTA) ferric 
sodium salt] medium at 30°C (55).

Generation of Tetrahymena strains
Primers used in strain generation and confirmation are listed in table 
S6. To generate KO constructs, neo4 or bsr2 cassettes (56, 57) were 
flanked with 5′ and 3′ flanking regions of AMT2 (TTHERM_00388490) 
and AMT5 (TTHERM_00136470) (fig. S1A). AMT2 and/or AMT5 
germline single KO homozygous homokaryons and homozygous 
heterokaryons (ΔAMT2 and ΔAMT5) were generated in our previ-
ous work (8). Germline double KO homozygous homokaryon and 
homozygous heterokaryon (ΔAMT2/5) were generated by cross-
ing two mating types of homozygous heterokaryon ΔAMT2 and 
ΔAMT5 single KO cells (fig. S1, B and C). Somatic KO strains were 
generated as previously reported (fig. S1B) (58).

To generate tagging constructs, sequences coding for the HA tag 
were inserted to the C terminus of AMT2 or the N terminus of 
AMT5 and AMT1 (fig. S4A). Germline tagging strain of AMT2 
(AMT2-CHA) and somatic tagging strain of AMT5 (AMT5-NHA) 
were generated as previously reported (fig. S4B) (8). Germline tag-
ging strain of AMT1-NHA in the background of WT cells (SB210 
and CU428) was previously generated (59), while those in the back-
ground of AMT2 and/or AMT5 KO cells were generated by crossing 
two different mating types of homozygous heterokaryon AMT1-
NHA with homozygous heterokaryons deleting each or both of 
AMT2 and AMT5 following the same strategy used for generating 
double KO cells (fig. S1B).

To generate AMT2-rescue (AMT2-RS) and AMT5-rescue (AMT5-
RS) constructs, the full-length AMT2 or AMT5 ORF and its flanking 
regions were cloned and the bsr2 cassette was inserted into the 3′ 
untranslated region. DNA sequences coding for the HA tag were in-
serted to the C terminus of AMT2 or the N terminus of AMT5. The 
rescue construct was transformed into the MAC of corresponding 
germline KO cells and selected by blasticidin S (fig. S5).

To generate AMT2 mutants, a sequence spanning the 5′ flanking 
region, the full-length AMT2 with a C-terminal HA tag, the 3′ flank-
ing region, and the bsr2 cassette was polymerase chain reaction (PCR) 
amplified from the somatic AMT2-RS cells. The APPA mutation was 

introduced by fusion PCR with primers containing the designed mu-
tations (table S6). The AMT2-APPA or AMT2-APPF construct was 
transformed into the somatic MAC of ΔAMT2 cells and selected by 
blasticidin S (fig. S5, A to D). To distinguish true progeny from quit-
ter, the RPB3-CHA-bsr2 construct with a HA tag at the C terminus of 
RPB3 was transformed into the somatic MAC of WT, ΔAMT2, 
ΔAMT5, and ΔAMT2/5 cells (Fig. 6E and fig. S7A).

IF staining
Different fixation methods using 2% paraformaldehyde (Sigma-Aldrich, 
P6148), combination of saturated HgCl2 (HQ, HG 3-1068-77) and 
ethanol (1:2), or 10% formalin (Nacalai Tesque, 16223-55) were 
used as previously described (8, 27, 34, 58). Conjugative cells were 
fixed at indicated time points after mixing cells of two different mat-
ing types. The primary antibodies were α-6mA (Synaptic Systems, 
202003; 1:2000; rabbit), α-HA (Cell Signaling Technology, C29F4; 
1:200; rabbit), and α-HA (Covance, MMS-101P; 1:500; mouse). 
The secondary antibodies were goat anti-rabbit immunoglobulin G 
(IgG; H+L), Alexa Fluor 555 (Invitrogen, A-21428; 1:4000); goat 
anti-rabbit IgG (H+L), Alexa Fluor 546 (Invitrogen, A-11035; 1:4000); 
and goat anti-mouse IgG (H+L), Alexa Fluor 488 (Invitrogen, A-
11001; 1:4000).

Purification of new MACs
The new MACs were isolated from conjugative WT and KO cells 
by differential centrifugation following previous procedures (60). 
Briefly, nuclear pellets containing a large proportion of new MACs 
were collected at 3500 to 4500 g from 24 hours post-mixing cells. 
Nuclear pellets were washed once with 4′,6-diamidino-2-phenylindol 
(DAPI) (Roche, 10236276001) in methanol (1 μg/ml), then resus-
pended in DAPI-methanol (1 μg/ml), and incubated in the dark at 
room temperature for 15 min. Nuclei were resuspended in modified 
TMSN buffer [0.25 M sucrose, 10 mM tris-HCl (pH 7.5), 3 mM 
CaCl2, 0.016% NP-40, and 1× EDTA-free protease inhibitor cocktail 
(Roche, 11873580001)] (34) and sorted by Becton Dickinson FACSAria 
III flow cytometer (Becton, Dickinson and Company, Pleasanton, 
CA, USA). The purity of the collected new MACs was assessed by 
DAPI-stained nuclear morphology. MICs were easily distinguished 
by their much smaller size; somatic MACs and new MACs were 
distinguishable by their differences in size (bigger versus smaller) 
and DAPI signal intensity (stronger versus weaker). Contamination 
rate of somatic MACs and MICs in the new MAC fraction was <2 
and <10%, respectively.

UHPLC-QQQ-MS/MS analysis
Genomic DNA was extracted using DNA Extraction Reagent 
(Solarbio, P1012) or QIAGEN Genomic-tip 20/G (10223) and then 
processed into single nucleotides as previously described (8). These 
single nucleotides were analyzed by ultrahigh-performance liquid 
chromatography–tandem MS (UHPLC-QQQ-MS/MS) on an Ac-
quity BEH C18 column (100 mm by 2.1 mm, 1.7 μm, Waters, MA, 
USA) using a Xevo TQ-S triple quadrupole mass spectrometer 
(Waters, Milford, MA, USA) or a Hypersil GOLD column (100 mm 
by 2.1 mm, 1.9 μm, Thermo Fisher Scientific) using a TSQ Quan-
tiva mass spectrometer (Thermo Fisher Scientific). The mass spec-
trometer was set to multiple reaction monitoring (MRM) under 
positive electrospray mode. For 6mA and A, the selective MRM 
transitions were detected under mass/charge ratio (m/z) 266/150 
and m/z 252/136, respectively. The ratio of 6mA/A was quantified 

http://tetrahymena.vet.cornell.edu
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by the running nucleoside standards calibration curves at the 
same time.

Conjugation progress analysis and viability test
To monitor the conjugation progress, cells at different stages (4, 6, 
10, 14, and 24 hours after mixing) of ΔAMT2 (mating types IV and 
V), ΔAMT5 (mating types II and IV), ΔAMT2/ΔAMT5 (mating 
types II and IV), and WT (SB210 and CU428) were fixed with 2% 
paraformaldehyde, stained with DAPI (1 μg/ml; Bio Basic, Inc., 
E607303), and observed under the microscope.

For the viability test of each KO strain (WT cells were used as the 
control), individual mating pair was picked into SPP medium drops 
at 10  hours post-mixing. After 2 to  3 days of culture, cells were 
transferred into 96-well plates. It should be noted that the blasticidin 
S resistance was introduced into the parental MAC of mating cells 
by transforming a bsr2 cassette–containing construct (57), which 
could help to distinguish true progenies (blasticidin S sensitive) 
from aborted pairs (quitters, blasticidin S resistant) (fig. S7A). Via-
ble cells in 96-well plates that were sensitive to blasticidin S were 
counted as viable true progenies. True progenies had mating types 
other than that of parental cells, demonstrated by PCR amplifica-
tion–based test using mating type primers (fig. S7B and table S6) 
(61), confirming the efficacy of blasticidin S selection.

SMRT sequencing and data analysis
Genomic DNA was extracted from fluorescence-activated cell sort-
ing–sorted new MACs of both WT and KO cells using DNA Extrac-
tion Reagent (Solarbio, P1012). The quality and concentration of 
DNA were assessed by agarose gel electrophoresis and the Qubit3.0 
Fluorometer (Thermo Fisher Scientific).

Sample preparation and data analysis followed the latest SMRT 
CCS analysis pipeline (21, 62). Genomic DNA was sheared to ap-
proximately 3 kb to generate PacBio Sequel II libraries, ensuring 
sufficient genomic coverage and subreads sequencing depth. To 
evaluate the sequencing quality, SAMtools (63) was used to sort the 
subreads, and the ccs module (SMRT Link v11.0, Pacific Biosciences) 
was used to generate circular consensus sequence and sequencing 
information for each single molecule. Custom Perl scripts were 
then used to extract high-confidence single molecules (passes ≥ 
30×) for downstream analyses.

Single molecules were mapped to their corresponding consensus 
sequence using BLASR (64), and IPD (interpulse duration) ratios 
were calculated using ipdSummary (SMRT Link v11.0, Pacific Bio-
sciences). Single molecules with global dispersion, defined as large 
IPD ratio SD in Watson and/or Crick strands (SD ≥  0.35) for all 
unmethylated adenine sites (IPD ratios < 2.8), were filtered out. To 
minimize the impact of sequencing variability, single molecules with 
local dispersion of IPD ratios, characterized by high-density of N*, 
were filtered out (21).

Circular consensus sequences of selected single molecules were 
mapped back to the Tetrahymena genome assembly, which con-
tained sequences from the MIC, MAC, and mitochondrion genomes 
(65–68), using blastn (69) with the parameter “-max_hsps 1, -max_
target_seqs 1.” MAC-mapped reads (mapped length ≥ 95% for read 
length and mapped identity ≥ 98%) were selected for further analy-
sis. Potential MIC reads contaminations were detected on the basis 
of the alignment score difference between MIC and MAC (Δ ≥ 50) 
(21). 6mA IPD ratio threshold of all single molecules were calculated 
by applying the bimodal distribution deconvolution to IPD ratios.

RNA sequencing and data analysis
Progenies of ΔAMT2 (mating types IV and V), ΔAMT5 (mating 
types II and IV), ΔAMT2/5 (mating types II and IV), and WT 
(SB210 and CU428) cells were distinguished from non-maters and 
quitters on the basis of their resistance to blasticidin S (fig. S7A). 
Total RNA from two replicates of each strain was extracted at about 
20 generations after refeeding using RNAiso Plus (Takara, 9108).

After trimming sequencing adapters and filtering out low quality 
reads by Trim Galore (70), the resulting paired reads were mapped 
to the latest MAC genome assembly in the Tetrahymena genome da-
tabase (TGD) (http://ciliate.org) (65, 68) using HISAT2 (71). Dis-
cordant alignments for paired reads were discarded. Only paired 
reads with unique mapping, as indicated by the presence of the 
“NH:i:1” tag in the mapped SAM file, were retained. PCR duplicates were 
removed using the Picard MarkDuplicates tool (http://broadinstitute.
github.io/picard/). The featureCounts program (72) was used for 
counting reads mapped to genomic features, using gene annotation 
file from TGD as the reference. The average reads for each gene in 
every strain were calculated to elucidate the similarity of transcrip-
tion profiles. The Spearman’s correlation coefficient between every 
two strains was calculated using R, and the heatmap was generated 
using the gplots package (73).

Phylogenetic tree construction
The amino acid sequences of AMT2 and AMT5 were queried against 
the protein databases of selected species (file S1) using PSI-BLAST 
(74). Sequences with an E-value below 10−4 were selected for phylo-
genetic tree construction and aligned using the MAFFT program 
(75). IQ-TREE2 was used to generate the phylogenetic tree using the 
approximate maximum-likelihood method with 1000 replicates for 
ultrafast bootstrap (76, 77). Proteins used for phylogenetic analysis 
are listed in file S1, while sequences of some unpublished proteins 
were provided in file S2.
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