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SUMMARY

N4-methylcytosine (4mC) is an important DNA modification in prokaryotes, but its relevance and even its
presence in eukaryotes have been mysterious. Here we show that spermatogenesis in the liverwort March-
antia polymorpha involves two waves of extensive DNA methylation reprogramming. First, 5-methylcytosine
(5mC) expands from transposons to the entire genome. Notably, the second wave installs 4mC throughout
genic regions, covering over 50% of CG sites in sperm. 4mC requires a methyltransferase (MpDN4MT1a)
that is specifically expressed during late spermiogenesis. Deletion of MpDN4MT1a alters the sperm tran-
scriptome, causes sperm swimming and fertility defects, and impairs post-fertilization development. Our
results reveal extensive 4mC in a eukaryote, identify a family of eukaryotic methyltransferases, and elucidate
the biological functions of 4mC in reproductive development, thereby expanding the repertoire of functional

eukaryotic DNA modifications.

INTRODUCTION

In prokaryotes, DNA is methylated in three forms: N6-methylade-
nosine (6mA), N4-methylcytosine (4mC), and 5-methylcytosine
(5mC)."? This methylation is catalyzed by methyltransferases
that transfer a methyl group from S-adenosyl-methionine to
the appropriate positions on target bases.® Through highly vari-
able target recognition domains, the DNA methyltransferases
(Dnmts) recognize specific sequence motifs, such as GATC and
CCWGG, that are targeted by DNA adenine methyltransferase
(Dam) and DNA cytosine methyltransferase (Dcm), respectively,
in Escherichia coli.* This sequence specificity results in a relatively
sparse amount of methylation across the genome (e.g., ~1.5%-—
2% of adenines and ~0.5%-0.8% of cytosines are methylated
in E. coli).*™® Despite this scarcity, DNA methylation in prokaryotes
has been found to play a range of key roles, including host-
genome defense and regulation of transcription.'+

In unicellular eukaryotes, 6mA has been reported with similarly
low abundance (up to 0.4% of adenines in Chlamydomonas rein-

2890 Cell 788, 2890-2906, May 29, 2025 © 2025 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

hardtii and 0.66% in Tetrahymena thermophila).® The existence
of 6BmA in multicellular eukaryotes is a subject of dispute, as
the very low levels detected (~0.0001%-0.1%) have been
ascribed to bacterial contamination.>” The existence of 4mC in
eukaryotic DNA is also disputed due to the amounts detected
(typically <1% of cytosines) falling below technical false positive
rates.®®° By contrast, 5mC is prevalent across eukaryotes,
except that it has been independently lost in several lineages,
including the model organisms Drosophila melanogaster,
Caenorhabditis elegans, Schizosaccharomyces pombe, and
Saccharomyces cerevisiae.'® Eukaryotic 5mC is catalyzed by
Dnmits that are highly conserved.'®"'? The genome distribution
of 5mC can be global or mosaic. In vertebrates, 5mC
occurs throughout the whole genome in the CG dinucleotide
context, covering, for example, more than 80% of CGs in human
tissues.'® Such methylation is catalyzed de novo by Dnmt3
and maintained during DNA replication by Dnmti.'*'> By
contrast, flowering plants have mosaic 5mC restricted to trans-
posable elements (TEs) and some genes, occurring in all
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sequence contexts (CG, CHG, and CHH; H = A, C, or T)."®""
De novo methylation in all sequence contexts is catalyzed
by the plant homolog of Dnmt3, DOMAINS REARRANGED
METHYLTRANSFERASEs (DRMs), via the RNA-directed DNA
methylation pathway.'® CG and CHG/H methylation is main-
tained during cell divisions by a plant homolog of Dnmt1 (called
METHYLTRANSFERASE 1 [MET1]) and two plant-specific
CHROMOMETHYLASESs (CMT3/2), respectively.'®?

5mC plays numerous fundamental roles during animal
and plant development.??>* 5mC exerts homeostatic functions
in animal and plant genomes, with its disruption often
causing developmental abnormalities and diseases, such as
cancer.'®"%2>27 During specific developmental processes or
stress responses, 5mC undergoes local or global changes to
promote transcriptional alterations.'®'®?* One of the most
drastic 5mC reprogramming events occurs during mammalian
germline development, when primordial germ cells undergo
genome-wide demethylation and remethylation.”®?° Such re-
programming is essential for promoting totipotency and repro-
ductive functions.?”?® In flowering plants, functional 5mC re-
programming also occurs during spermatogenesis.®’ However,
such reprogramming does not occur at a global scale but
manifests in the hypermethylation of hundreds of specific loci.
5mC reprogramming during flowering plant spermatogenesis
regulates gene expression, thereby promoting reproductive
function.®'

Marchantia polymorpha is an early-diverging land plant that
shared a last common ancestor with flowering plants approxi-
mately 450 mya.*” The vegetative thallus (a leaf-like tissue) dis-
plays similar 5mC patterns to flowering plants, with methylation
in the CG, CHG, and CHH contexts associated with TEs®3
(16% of the genome is methylated; Figure 1A). However, unlike
flowering plants, in which some genes are CG methylated,
Marchantia vegetative tissues have no methylation in genes,
similar to other early-diverging land plant species, Physcomi-
trium patens and Selaginella moellendorffii.'****> In contrast
to the mosaic methylation in vegetative tissues, global cytosine
methylation (covering 97% of the genome; Figure 1A) in all
sequence contexts has been detected in Marchantia sperm.®*
The switch from mosaic methylation patterns in vegetative
thallus to the global pattern in sperm suggests that genome-
scale DNA methylation reprogramming occurs during male
reproductive development. The high methylation level in the
sperm was reported to be 5mC, which was postulated to be
catalyzed by 5mC methyltransferases highly expressed in
the antheridiophore (structure bearing the male organ of March-
antia).>* However, cytosine methylation was detected by bisul-
fite sequencing (BS-seq),®* which detects methylated cytosines
due to their resistance to deamination by sodium bisulfite,
whereas non-methylated cytosines are deaminated into uracils
and read as thymines upon sequencing.®® As 5mC is not
the only methylated cytosine that is resistant to bisulfite conver-
sion,®” the nature of cytosine methylation and the mechanisms
underlying this global methylation reprogramming remain
unclear.

Here, we investigate DNA methylation dynamics and mech-
anisms during Marchantia spermatogenesis. We identify two
temporal waves of extensive DNA methylation expansion
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from TEs to the non-repetitive parts of the genome. The
first, occurring throughout spermiogenesis, installs 5mC in
non-CG contexts across the genome and is dependent on ca-
nonical eukaryotic 5mC methyltransferases (MpDNMT3b and
MpCMTa). The second wave, which installs extensive CG
methylation at genic regions, occurs at the last stage of
spermiogenesis. At this particular stage, we discover the spe-
cific expression of two putative 4mC methyltransferases
(MpDN4MT1a and b). Using a combination of independent
technologies, we confirm that this second wave of methylation
is indeed 4mC and covers over 50% of genomic CGs. 4mC is
dependent on the catalytic activity of MpDN4MT1a and is
required for transcriptional suppression during the final stage
of spermiogenesis, sperm motility and fertility, and post-fertil-
ization development. In summary, our work establishes the
presence of 4mC in a eukaryote and illustrates the importance
of this abundant mark for eukaryotic chromatin regulation that
is essential for development.

RESULTS

Two waves of extensive DNA methylation
reprogramming during spermiogenesis

To decipher the mechanisms of cytosine methylation reprogram-
ming in Marchantia sperm, we isolated mature sperm as well as
individual antheridia (the male organs analogous to testes) dur-
ing late spermatogenesis from M. polymorpha (subsp. ruderalis).
Each antheridium was dissected in half, with one half precisely
staged using microscopy based on reported developmental
features, and the other half subjected to simultaneous RNA
sequencing (RNA-seq) and BS-seq (Tables S1A and S1B). This
method allowed us to categorize each antheridium into early
(containing spermatocytes), middle (early spermiogenesis, con-
taining mostly round spermatids), or late (late spermiogenesis,
when DNA compaction and sperm tail formation occur, contain-
ing mostly elongating spermatids) stages (Figures 1B and S1A).
Consequently, each antheridium provided paired information on
its transcriptome and DNA methylome (Figure S1B). The accu-
racy of our developmental staging was further validated by
examining the expression of genes with known transcription pat-
terns®® (Figure S1C).

BS-seq of developing antheridia halves and mature sperm
showed that cytosine methylation at TEs increases consider-
ably throughout spermatogenesis in all sequence contexts,
from 38% average fractional methylation in early stage to
72% in mature sperm (27% in thallus; Figures 1C and S1D).
This is most evident in the male sex chromosome (chromo-
some V) because of the high density of TEs on this chromo-
some®® (Figure 1D). We also observed two temporal waves
of methylation expansion into the non-repetitive parts of the
genome. The first wave involves non-CG (CHG and CHH)
methylation, which expands throughout spermiogenesis from
covering 35% of the genome in round spermatids (middle
stage) to 80% in elongating spermatids (late stage) and ulti-
mately to 96% in mature sperm (Figures 1C-1E and S1D).
The second wave manifests in the expansion of CG methyl-
ation primarily at the last stage of spermiogenesis (late stage
onward; Figures 1C-1E and S1D). This event culminates in CG
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Figure 1. Two waves of DNA methylation reprogramming occur during Marchantia sperm development
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(A) Pie charts illustrating the percentage of 100-bp windows across the Marchantia genome with >0.2 CG methylation, >0.1 CHG methylation, or >0.05 CHH

methylation in thallus and sperm.

(B) Transverse sections of developing antheridia stained with toluidine blue. Scale bars, 20 um.
(C) Violin plots showing methylation for 100-bp windows associated with repeats or non-repeats for thallus, antheridia (of early, middle, and late stages), sperm,

and embryo.

(D) Heatmaps displaying methylation for 10-kb windows across the Marchantia Tak-1 chromosomes (Chr1-8, autosomes; ChrV, male sex chromosome) in the
tissues shown in (C). Red bars indicate 10-kb windows covered by >95% TEs.
(E) Bar graphs depicting percentages of 100-bp genomic windows with evident methylation (as in A) in various tissues. Blue and yellow show windows associated
with repeats and non-repeats, respectively. Early, middle, and late represent early, middle, and late stage, respectively (C-E).

See also Figure S1.

methylation occupying 94% of the genome in mature sperm,
compared with 35% in late stage and 21% in thallus (Fig-
ure 1E). Methylation expansion at this scale has only been
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previously reported in the mammalian germ line, where DNA
methylation is re-established genome-wide following global

demethylation in primordial germ cells.
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In mammals, parental DNA methylation is globally erased and
reprogrammed following fertilization.?” The absence of global
methylation in Marchantia thallus (Figures 1C-1E and S1D) and
sporophytes (the diploid generation)** suggests a parallel loss
of paternal methylation in Marchantia sperm after fertilization.
To scrutinize this, we isolated Marchantia embryos and exam-
ined their methylation patterns post-fertilization. Methylation
patterns in the embryo are similar to those of thallus, with an
absence of both CG and non-CG methylation at genic regions
(Figures 1C-1E and S1D). Additionally, the enhanced CG methyl-
ation observed at TEs in sperm is significantly reduced in the em-
bryo, with methylation levels even lower than in the thallus
(Figures 1C and S1D). These results indicate that sperm hyper-
methylation is fully reversed during embryo development.

Non-CG methylation reprogramming is induced by 5mC
methyltransferases MpDNMT3b and MpCMTa

To understand the mechanism underlying non-CG methylation
reprogramming, we examined the transcriptional dynamics of
Dnmts during spermatogenesis. We found a substantial increase
in the expression of MpDNMT3b and MpCMTa during spermio-
genesis (Figure 2A; Table S2). Orthologs of these two genes are
involved in CHH and CHG methylation of TEs in P. patens.*®*!
Furthermore, their temporal expression patterns correlate with
the timing of TE methylation reinforcement and non-CG methyl-
ation expansion (Figures 1C-1E, 2A, and S1D), suggesting the
likely involvement of MpDNMT3b and MpCMTa in these events.
To mitigate the potential adverse effect of null mutations on
development, as observed in the cmt mutants of P. patens that
failed to produce antheridia, we generated knockdown mutants
for MpDNMT3b and MpCMTa (Figure S1E). Both Mpdnmt3b and
Mpcmta knockdown mutants produce antheridia and viable
sperm. BS-seq of these mutant sperm shows a substantial
reduction in CHG and CHH methylation throughout the
genome compared with wild-type, whereas CG methylation re-
mains largely unchanged (Figures 2B-2D and S1F). Therefore,
MpDNMT3b and MpCMTa mediate non-CG methylation reprog-
ramming in sperm.

Genes with homology to N4-cytosine
methyltransferases are specifically expressed during
late spermiogenesis
The timing of CG methylation expansion suggests that it is
caused by enzyme(s) that are specifically expressed at the last
stage of sperm maturation. Since none of the known Marchantia
methyltransferases —including MpMET —has such an expression
pattern (Table S2), we examined all genes expressed specifically
during late spermiogenesis. Among the most highly transcribed
were two tandemly duplicated genes (Mp6g18330 and
Mp6g18340; Figure 3A; Table S2) that cluster with prokaryotic
N4 cytosine methyltransferases in a phylogenetic tree (Figure 3B)
and contain TSPPY sequences characteristic of the N4 cytosine
methyltransferase catalytic domain*>“® (Figure S2). The arrange-
ment of motifs in these proteins also reflects prokaryotic 4mC
methyltransferases rather than 5mC methyltransferases®>**
(Figure S2).

These genes are not prokaryotic contaminants, as the com-
parison of RNA-seq reads and genome annotations confirmed
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the existence of introns (Figure S3A), a key feature that distin-
guishes eukaryotic genes from prokaryotic genes. Furthermore,
homologs of these genes are present in the genomes of all pub-
lished liverwort species (Figure S3B). These include two other
M. polymorpha subspecies, subsp. polymorpha and subsp.
montivagans; two other Marchantia species, M. paleacea and
M. inflexa; and in Lunularia cruciata (Figure S3B), which is a
member of a distinct taxonomic order (Lunulariales) and last
shared a common ancestor with the Marchantiales order
approximately 228 mya.”® No homologs of Mp6g18330 and
Mp6g18340 were detected in other published plant ge-
nomes (259 in total),*® suggesting these genes are specific to
liverworts. Horizontal gene transfer from bacteria to liverworts
is common,® and these two genes are likely to have
originated through such an event. Another putative 4mC
methyltransferase found in rotifers, NACMT, is also thought to
have arisen through horizontal gene transfer from bacteria.’
Indeed, NACMT and MpDN4MT 1s cluster with phage and bacte-
rial 4mC methyltransferases, respectively (Figure 3B). This,
together with the lack of 4mC methyltransferases in other plant
and animal lineages, indicates that these enzymes were ac-
quired independently.

Transcripts of both genes are absent in the thallus, as well as
published datasets from other tissues.*” Their expression is only
detected in late-stage antheridia, containing elongating sperma-
tids, and in the mature sperm (Figure 3A; Table S2). Mp6g18330-
and Mp6g18340-citrine fusion proteins expressed under native
promoters confirm the specific expression in elongating sperma-
tids (Figures S3C-S3J). This expression pattern suggests a po-
tential contribution to the observed global CG methylation
expansion during late spermiogenesis, as revealed by BS-seq.
Given that both 4mC and 5mC resist deamination and can be
read as methylated cytosines by BS-seq,'**” we further hypoth-
esized that the global expansion of CG methylation occurs at
the N4 position of cytosine, catalyzed by Mp6g18330 and
Mp6g18340. Henceforth, these genes will be referred to as
M. polymorpha DNA N4 CYTOSINE METHYLTRANSFERASE 1a
(MpDN4MT1a) and MpDN4MT1b.

Extensive 4mC is present in Marchantia sperm and
requires MpDN4MT1a

To test our hypothesis that MpDN4MT1a and MpDN4MT1b
catalyze 4mC in sperm, we performed a DNA dot blot
immunoassay using an anti-4mC antibody. To address
concerns regarding antibody specificity and bacterial DNA
contamination,” we included unmethylated PCR product and
Marchantia thallus DNA as negative controls, along with a PCR
product synthesized with N4-methyl-dCTP as a positive control.
While both negative controls yielded no signal, 4mC was de-
tected in sperm DNA at a similar intensity to that in the positive
control (Figure 3C).

To further validate the presence of 4mC using an independent,
non-antibody-based method, we quantified modified nucleo-
tides in thallus and mature sperm DNA using liquid chromatog-
raphy-mass spectrometry (LC-MS was performed at two inde-
pendent facilities to ensure repeatability; Figure 3D), a highly
accurate technique for detecting and measuring DNA and RNA
modifications.”® Our LC-MS experiment accurately quantified
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Figure 2. Non-CG methylation reprogramming in sperm requires MpDNMT3b and MpCMTa

(A) Transcript levels of MpDNMT3b and MpCMTa in thallus; early, middle, and late stage antheridia; mature sperm; and embryo. TPM, transcripts per million.
*p < 0.0346, one-tailed t test demonstrating significantly higher expression compared with early stage.

(B) Violin plots showing CG, CHG, or CHH methylation at repeats or non-repeats, as in Figure 1C, in the sperm of the wild-type (WT), the Mpdnmt3b knockdown

(KD) mutant, and the Mpcmta KD mutant.

(C) Bar graphs illustrating the percentage of 100-bp genomic windows with >0.3 methylation in CG, CHG, or CHH context in WT, Mpdnmt3b KD, and Mpcmta KD
sperm. Blue and yellow show windows associated with repeats and non-repeats, respectively.
(D) Heatmaps as in Figure 1D showing methylation for WT, Mpdnmt3b KD, and Mpcmta KD sperm.

See also Figure S1.

the 4mC content (89%) in the N4-methyl-dCTP-synthesized
PCR product (Figure 3E). Additionally, it detected no 4mC and
7.6% 5mC in thallus DNA, consistent with our BS-seq results
(Figures 3D and 3E). Mature sperm exhibited much higher levels
of 5mC (31.0%), reflecting hypermethylation observed by BS-
seq (Figure 3E). However, this is substantially less than the
52.7% cytosine methylation measured by BS-seq, consistent
with the presence of 4mC (Figure 3E). Indeed, LC-MS revealed

2894 Cell 188, 2890-2906, May 29, 2025

that 4mC comprises a striking 14.8% of the cytosines in sperm
(Figures 3D and 3E).

To test the link between MpDN4MT1s and 4mC, we generated
two independent Mpdn4mtia and Mpdn4mtib double-
knockout mutants (simplified as Mpdn4mt1-1 and Mpdn4mt1-
2) via CRISPR-Cas9-mediated deletion (Figure S3K) and per-
formed dot blot immunoassays and LC-MS on isolated sperm
DNA. As expected, 4mC is undetectable in both mutants
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Figure 3. MpDN4MT1a is required for extensive 4mC in sperm

(A) Transcript levels of MpDN4MT1a and MpDN4MT1b in thallus; early, middle, and late stage antheridia; mature sperm; and embryo. TPM, transcripts per million.
(B) Cladogram of orthologous protein sequences representing prokaryotic 5mC (red) and 4mC (blue) methyltransferases with MpDN4MT1s and NACMT_A in
black. Bootstrap values are indicated.

(C) DNA dot blot immunoassay with anti-4mC antibody of dCTP PCR product, 4mdCTP PCR product, WT thallus, WT sperm, Mpdn4mt1-1 sperm, and
Mpdn4mti1-2 sperm.

(D) LC-MS peaks of methylated deoxycytidine (5mC, 4mC, and 4,5mC) standards and DNA isolated from WT thallus, WT sperm, Mpdn4mt1-1 mutant sperm, and
Mpdn4mt1-2 mutant sperm, as well as Mpd4mt1-1 sperm with either WT MpDN4MT1a (MpDN4MT1a reintro), WT MpDN4MT1b (MpDN4MT1b reintro), or a
catalytic mutant MpDN4MT1a (MpDN4MT1a AAAAA reintro) reintroduced with their native promoters.

(E) Percentages of methylated cytosines detected by BS-seq or LC-MS in the 4mdCTP PCR product, WT thallus DNA, and sperm DNA samples described in (D).
LC-MS results were obtained from two independent facilities for WT thallus, WT sperm, Mpdn4mt1-1 sperm, and Mpdn4mt1-2. Error bars are depicted for these
and represent standard errors.

See also Figures S2 and S3.

(Figures 3C-3E). To confirm that the absence of 4mC is indeed
caused by the deletion of MpDN4MT1s, we reintroduced each
gene under its native promoter into Mpdn4mt1-1 plants and
examined sperm DNA methylation using LC-MS. The 4mC
level in Mpdn4mt1-1 mutant sperm is fully restored by
MpDN4MT1a expression but not by MpDN4MT1b, showing

that MpDN4MT1a (and not MpDN4MT1b) is required for 4mC
methylation (Figures 3D and 3E). To further test whether
MpDN4MT1a directly catalyzes 4mC in the sperm, we intro-
duced a MpDN4MT1a gene with its catalytic domain
mutated (TSPPY to AAAAA) using its native promoter into
Mpdn4mti-1 mutant plants. Unlike native MpDN4MT1a,
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mutated MpDN4MT1a lacking a functional catalytic domain fails
to complement 4mC in Mpdn4mt1-1 mutant sperm (Figures 3D
and 3E). These results demonstrate that MpDN4MT1a is a
bona fide N4 cytosine methyltransferase that catalyzes exten-
sive 4mC in Marchantia sperm.

4mC occurs in the CG context and is enriched for genic
regions

BS-seq utilizes the resistance conveyed by the methyl group to
bisulfite-mediated deamination of cytosine to uracil.>® Unlike
5mC, which is almost completely resistant to bisulfite conver-
sion, 4mC is only partially resistant, with roughly 43%-55% of
4mC remaining unmodified in a typical treatment.*”+*° To inves-
tigate the context and distribution of N4 cytosine methylation
within the sperm genome, we performed BS-seq with one round
of bisulfite treatment and compared it with data obtained from
two treatments, as we expect 4mC to be progressively deami-
nated while 5mC remains unmodified. This comparison revealed
a sensitivity of CG methylation to the second treatment in non-re-
petitive genomic regions (16% methylation loss, similar to the
14% methylation reduction of a 4mC spike-in control) but mini-
mal sensitivity of CG methylation in repeats (1.8%) and similarly
negligible sensitivity in non-CG contexts throughout the genome
(1.7%; Figures S4A and S4B). Consistently, sequencing of
Mpdn4mt1-1 knockout sperm with one bisulfite treatment shows
a near-complete loss of CG methylation at non-repetitive genic
regions, whereas non-CG methylation is largely unaltered
(Figures 4A-4C and S5A). The specific sensitivity of CG methyl-
ation in genic regions to bisulfite conversion and its dependence
on MpDN4MTT1 indicate that 4mC occurs in the CG context at
genic regions in sperm.

To further validate our BS-seq result and characterize the dis-
tribution of 4mC in the sperm genome, we performed PacBio sin-
gle-molecule, real-time sequencing (SMRT-seq; Table S3A),
which has been shown to distinguish between 4mC and 5mC
in prokaryotes.”>" Given the high (0.5%-7%) false discovery
rates reported for 4mC detection by SMRT-seq in eukaryotic
DNA, and the fact that the analysis tools were initially designed
for use in prokaryotes, great caution is required to infer the pres-
ence of 4mC with this method.®*® Consequently, we inferred
4mC by comparing wild-type sperm with Mpdn4mt1-1 mutant
sperm, expecting that most false signals would be similarly pro-
duced in both samples. In the wild-type, 18% of cytosines were
called as N4 methylated, in contrast to 4% in the Mpdn4mt1-1
mutant (Table S3B). This is comparable to our LC-MS results
and consistent with the dependence of 4mC on MpDN4MT1a
(Figure 3E). SMRT-seq data also confirm that MpDN4MT1a pref-
erentially targets CG dinucleotides, with 63% of total CG sites
being called as 4mC methylated (80% outside of TEs), compared
with 8% of CHG sites and 8% of CHH sites (Figures 4A-4C and
S5A; Table S3B). This preference is lost in the Mpdn4mti1-1
mutant, with 6% 4mC called at CG sites, 5% at CHG sites,
and 4% at CHH sites (Figure S5A; Table S3B). The apparent false
discovery rate of about 4% indicates that N4 methylation of non-
CG cytosines is rare, whereas methylation of CG sites in genes
and other non-repetitive sequences surpasses 75% (Table S3B).

To explore the underlying foundation of the ~4% false discov-
ery rate, we performed SMRT-seq on whole genome amplified
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wild-type and Mpdn4mti1-1 mutant sperm DNA. 0.4% CG,
0.7% CHG, and 1.1% CHH in wild-type, as well as 0.4% CG,
0.6% CHG, and 1.0% CHH in Mpdn4mt1, are subsequently
called 4mC (Table S3C). False 4mC calls are associated with
young LINE-1 transposable elements in human whole genome
amplified samples and are predicted to be caused by DNA sec-
ondary structures that affect DNA polymerase kinetics in SMRT-
seq.”” Likewise, we detect an enrichment of 4mC calls in March-
antia repeats in the amplified libraries (4mC calls from 2.9% to
3.1% of cytosines in repeats compared with 0.7%-0.8% in
non-repetitive regions; Table S3C), which explains the over-rep-
resentation of 4mC calls for repetitive regions in Marchantia
native libraries (Table S3B). We reasoned that the remaining false
calls in the native libraries are likely because of the extensive
5mC in Marchantia sperm, as 5mC can affect DNA polymerase
kinetics and cause false positive 4mC calling.*®>* Accordingly,
12.9% of CGs in repeats are called 4mC in the Mpdn4mt1-1
native library, compared with 4.4% in genic regions, which
have substantially less 5mC (Figures 4A and 4C; Table S3B).
Thus, a small amount of over-represented 4mC calls occur
over TEs, while the majority of extensive 4mCGs called in genic
regions in wild-type sperm are bona fide modifications, a conclu-
sion that is consistent with BS-seq results (Figures 4A-4C).

To corroborate the presence of genic 4mCG found by BS-seq
and SMRT-seq, we employed two additional methods of 4mC
sequencing. First, 4mC-Tet-assisted bisulfite sequencing
(4mC-TAB-seq) was performed, utilizing ten-eleven transloca-
tion methylcytosine dioxygenase (TET) enzymes to deaminate
all cytosines except for 4mC (Table S1B). As 4mC is only partially
resistant to bisulfite treatment,*”**® 4mC-TAB-seq cannot deter-
mine absolute 4mC levels. Additionally, TETs only deaminate cy-
tosines in the symmetrical CG context with high efficiency®*°°;
therefore, 4mC-TAB-seq can be utilized to distinguish between
low and high 4mCG methylation. As a result, we find 4mCG de-
tected by 4mC-TAB-seq is enriched for genic regions in wild-
type sperm and correlates with 4mCG called by BS-seq and
SMRT-seq, while 4mCG is abolished in Mpdn4mti-1 sperm
(Figures S5A and S5B; Table S1B). Second, we performed Apoli-
poprotein B mRNA Editing Catalytic Polypeptide-like (APOBEC)-
mediated deamination sequencing (4mC-AMD-seq), a bisulfite-
independent method that deaminates unmethylated C and
5mC but not 4mC through the action of an enzyme so that only
the latter is read as C°° (Table S1B). Consistently, 4mC-AMD-
seq of wild-type and Mpdn4mti-1 sperm demonstrates that
4mC is confined to the CG context at genic regions and is depen-
dent on the presence of MpDN4MT1 (Figures 4A-4C, S5A, and
S5B). Our results obtained from LC-MS, BS-seq, 4mC-TAB-
seq, and 4mC-AMD-seq unambiguously establish the presence
of extensive 4mCG in genic regions of Marchantia sperm.

A notable feature of our SMRT-seq, 4mC-TAB-seq, and 4mC-
AMD-seq data is the scarce (if any) N4 methylation of CG sites in
TEs (Figures 4A-4C and S5A; Table S3B). TEs are extensively
5mCG methylated (Figure 4A), and our result could be explained
by the failure of these methods to detect N4 methylation at
cytosines methylated at both 4™ and 5™ positions. Alternatively,
existing 5mC at CG sites could prevent N4 methylation by
MpDN4MT1a during the last stage of sperm maturation. To
distinguish these possibilities, we explored the existence of
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(A) Violin plots as in Figure 1C showing methylation of 100-bp genomic windows detected by BS-seq (one bisulfite treatment) in WT and Mpdn4mt1-1 sperm, and
4mC detected by SMRT-seq and 4mC-AMD-seq in WT sperm and Mpdn4mt1-1 sperm, associated with either repeats or non-repeats.

(B) Heatmaps as in Figure 1D, depicting methylation in WT and Mpdn4mt1-1 sperm detected by BS-seq (one bisulfite treatment), SMRT-seq, and 4mC-AMD-seq.
(C) Snapshots of CG methylation detected by BS-seq (one bisulfite treatment) of WT and Mpdn4mt1-1 sperm, as well as SMRT-seq and 4mC-AMD-seq, over

genes and transposons.
See also Figures S4 and S5.

cytosines that are both C5 and N4 methylated (4,5mC) in March-  gions in Marchantia sperm are distinguished by N4 methylation
antia sperm by LC-MS, utilizing a synthesized 4,5mC standard.  at CG sites, whereas TEs are marked by C5 CG methylation. Dur-
This experiment failed to detect any 4,5mC (Figure 3D), indi- ing spermiogenesis, 5mCG methylation rises to a saturated level
cating that MpDN4MT1a does not methylate 5mC to form  of methylation (median at 0.97) in elongating spermatids, before
4,5mC. In agreement with this, 5mCG was successfully pre- MpDN4MT1a catalyzes 4mC (Figure 1C). Therefore, our data
dicted specifically in TEs in both wild-type and Mpdn4mti1-1  suggest a straightforward model for MpDN4MT1a recruitment
sperm SMRT-seq data (Figures S5C and S5D). Thus, genic re- genome-wide, where the saturated 5mCG at TEs occludes
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4mC, while the remaining unmethylated CGs, at non-repetitive
regions, become marked with 4mC.

4mC facilitates transcriptional shutdown in the sperm

The global nature of 4mC in Marchantia sperm suggests its
involvement in genome-wide functions. As 4mC is deposited at
the final stage of spermiogenesis, when global compaction of
chromatin occurs in the sperm, we hypothesized that 4mC
may play a role in facilitating this process. To test this hypothesis,
we examined chromatin accessibility across the wild-type and
Mpdn4mti-1 mutant sperm genomes using assay for transpo-
sase-accessible chromatin with high-throughput sequencing
(ATAC-seq; Table S1A). We observed a substantial increase in
chromatin accessibility in Mpdn4mt1-1 mutant sperm compared
with wild-type sperm across all genic regions, where 4mC is
prevalent (Figures 5A, 5B, and S6A). By contrast, the chromatin
accessibility at transposons, where there is no 4mGC, is unaf-
fected by the loss of MpDN4MT1 (Figure 5A). These data indi-
cate that 4mC suppresses chromatin accessibility in the sperm.

As chromatin accessibility is closely linked with transcrip-
tion,>”*® we next explored the effect of 4mC on transcription
by performing RNA-seq on Mpdn4mt1-1 mutant and wild-type
sperm (Table S1A). Marchantia sperm has a protamine-based
chromatin and is known to be transcriptionally inactive.®®°
Consistently, a previous study reported an undetectable amount
of RNA in Marchantia sperm.®* However, since it is common
for sperm to contain a low level of leftover mRNA°" we
adapted a single-cell RNA-seq protocol to sequence mRNA ex-
tracted from the Mpdn4mti-1 mutant and wild-type sperm.
Consistent with the genome-wide alteration of chromatin acces-
sibility, a comparison of the mutant and wild-type RNA-seq
data revealed global alterations in the sperm transcriptome
(Figures 5C, S6B, and S6C; Table S4A).

In wild-type sperm, we found that chromatin accessibility over
genebodiesis poorly correlated with gene transcription (Pearson’s
R?=0.24; Figures 5D and 5E). Asincreased chromatin accessibility
over gene bodies is a signature of active transcription,®*®° this
result aligns with the understanding that within mature prot-
amine-packaged sperm, the majority of transcripts are not tran-
scribed de novo but instead are residual from earlier spermiogen-
esis.?!®*5 However, in Mpdn4mt1-1 mutant sperm, chromatin
accessibility over gene bodies and gene transcription exhibit a
strong positive correlation (Pearson’s R? = 0.74; Figures 5D and
5E), indicating active transcription in the absence of 4mC. There-
fore, our data suggest that 4mC facilitates the transcriptional shut-
down that occurs during the last stage of sperm maturation.
Consistently, analysis of the transcripts that are differentially abun-
dant between Mpdn4mt1-1 mutant and wild-type sperm shows
that their levels are more similar between Mpdn4mt1-1 mutant
sperm and elongating spermatids (the stage before 4mC deposi-
tion) than between wild-type sperm and elongating spermatids
(Figures S6D and S6E; Table S4A), indicating that 4mC mediates
the final transition to a mature sperm transcriptome.

To investigate how 4mC facilitates transcription shutdown in
mature sperm, we closely examined DNA methylation at genic
regions. Wild-type CG methylation (4mC) is indiscriminately
deposited across genes regardless of their expression in the
sperm (Figures 5B and 5F). By contrast, CHG and CHH methyl-
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ation (5mC) is excluded from genes with higher transcript levels
in Mpdn4mt1-1 mutant sperm, particularly over transcription
start sites (TSSs; Figures 5B and 5F), resembling 5mC absence
from active mammalian promoters.13 Therefore, 4mC is the
predominant form of methylation over the TSS of these genes.
As chromatin accessibility at TSS is critical for gene transcrip-
tion,®”°® this suggests that 4mC acts as a main repressive
mark at genes that do not gain substantial 5mC during sperm
maturation. In support of this hypothesis, we found that genes
whose TSS has low 5mC gain more accessibility in
Mpdn4mt1-1 mutant sperm, compared with genes that have suf-
ficient TSS 5mC (Figure 5G). Moreover, genes with low TSS 5mC
are significantly over-represented in genes that show higher
transcript abundance in Mpdn4mt1-1 mutant compared with
wild-type sperm, in comparison to those that show lower abun-
dance (p < 4.80e—33; Fisher’s exact test) or remain unchanged
(p < 4.09e—91; Fisher’s exact test). These data show that 4mC
is especially important for the suppression of genes that gain
less 5mC during earlier stages of spermiogenesis.

4mC is required for sperm function and post-fertilization
development

The effect of 4mC on sperm chromatin accessibility and transcrip-
tion suggests that it may be important for sperm function. We
performed a Gene Ontology analysis on the genes significantly
under-represented in the Mpdn4mt1-1 mutant sperm compared
with wild-type sperm. This analysis revealed the highest enrich-
ment for genes relating to “cilium- or flagella-dependent cell
motility” (Table S4B), including DYNEIN LIGHT CHAIN 7
(MpLC?7),%35¢ CENTRINT and 3 (MpCEN1/3),°” and the centriolar
components BASAL BODY PROTEIN 10 (MpBLD10)°® and SPIN-
DLE ASSEMBLY ABNORMAL PROTEIN 6 (MpSAS6),°° which are
known to be involved in flagella formation and function (Figure 5C).
The mutation of LC7 was reported to cause a slow and jerky swim-
ming pattern in Chlamydomonas,®® while Mpbld70 mutants in
Marchantia produce largely immotile sperm.®®

In contrast to transcripts that are upregulated and exhibit
increased chromatin accessibility in Mpdn4mt1-1 mutant sperm,
the chromatin accessibility of these under-represented genes re-
mains low (Figures 5B and S6F). These genes also show signifi-
cantly higher 5mC levels at their TSS (Figures 5B and S6F). This
suggests that these cell-motility-related genes are likely tran-
scribed before sperm maturation, with their mMRNA persisting into
the mature sperm. Indeed, in elongating spermatids, these genes
are transcribed and exhibit low 5mC at the TSS (Figure 5B;
Table S4A). As our data suggest 4mC facilitates global transcrip-
tional shutdown in the sperm, the under-representation of these
gene transcripts in Mpdn4mt1-1 mutant sperm likely results from
dilution caused by large-scale transcriptional activation. It is
plausible that the dilution of these transcripts leads to reduced
functional proteins due to competition for translational machinery.
Consistent with this idea, the inhibition of CEN1 translation is
known to disrupt flagellum formation during Marsilea
spermiogenesis.®’

Consistent with the reported functions of the genes under-rep-
resented in Mpdn4mt1-1 mutant sperm, we found that
Mpdn4mti-1 (and Mpdn4mti-2) mutant sperm exhibit signifi-
cantly less directional and slower swimming compared with



Cell ¢ CelPress

OPEN ACCESS

A B C Transcription
p
, , Mp7g14800 Mp2g25500 MpCEN1 MpLC7
_zos] : : cones 25 MpCEN1 ; MpM79124§(;gOO
280l . S I B e ML p20253
2 & . | | 4mca ' T [MeSase
«n = Y [ I S 2.0
g - - WT sperm siscns a0t bl it 2 2 pcens
g 302 | , 0 g P
® o | | . L |mpBLD10
= L 01 ! ' 5mCHG 15,00 )
F e T G N VR U B
[T 01 ! 1 ;% P 0 3 .
o _§ ' ' & ] 2
£ 8% | | z SmCHH ' 810
202 ; i X .2 WT sperm | m “Jh M 2
kb TSS 2kb TIS  +2kb o Sos
=z 1 -
D v Bt spermat i i adel
R?2=0.24 P PN YT o
< 5mCHH '1 VIS 4
2 E 061 WT spermatid . “ Mpdn4mt1-1/ WT sperm
= ’g 0 Log2 FC
S g - wi® E os
- 2 ' 1
[ = 1 ]
§3 05 fiie 3 sperm o 1 bl s . .
< e 2 ) £ 06 " mTPM>100 |
S| Mpdnami-i 2E 04 ! ETPMS5100 !
y 2] e, o bl ig 5 2 ees |
.4 R 1 1
0 3 6 9 12 y 2 E 02 ' '
Expression in WT wWT 'I"I 9 I
sperm (Log2 TPM) spermj_Lm; T T ul < 0 .
09 1
R2=074 sl wm 14 -0.2
. pdn4mti-1 "" I
c g - = sperm e u,.l -2
g S 2 0.8
220 S 14 €
8 < ~— |WT Spermatid 506
a B c P m . Db lllLI.-.. woaillh  £g
a § y k] 2 >a
S % ﬁ 4 = = 044
<3 S| Mpdnamti-1 " by slbeads | | el . S 1T 2g !
=" u% -WT sperm ﬁ o2 :
-5 Ny 1
85
Mo 3 s 5w [wiseemaid il | o1
1
Expression in Mpdn4mt1-1 -WT sperm | W ] 02 !
sperm (Log2 TPM) G 2 1SS 2kb  TTS  +2kb
F 05, Genes : : 07 041 . . .
N N 06 2 g 0.8
04 £
/ ' : ) . 05 03 2
© ' : 2 I 8506
003 0.4 o .6
= U ommmos E Eo L
s 02 ! ! 0.3 A R
go \ BTPM5-100 | = . = 2 E M
i\ ETPM>100 =02 ! =0 S ¥ 04 |
0.1 ! ! ! - g ~§ :ngh 5mC genes!
: : o : 52 : :
0 } . } y 0 } , } ] 0 } . ¢ ) ~o. . : } )
kb TSS 2kb TIS  +2kb  42kb  TSS 2kb TIS  +2kb  +2kb  TSS 2kb TS +2kb “2kb  TSS Kb TTS  +2kb

Figure 5. 4mC suppresses chromatin accessibility and transcription in sperm

(A) Profiles of the differential accessibility (measured by ATAC-seq) between Mpdn4mt1-1 mutant sperm and WT sperm for genes and transposable elements
(TEs). Genes and TEs were aligned at the 5" and 3’ ends, and average differential accessibility levels for each 50-bp interval are plotted. Similar plots are used in
E-@G).

(B) Snapshots of methylation (4mC and 5mC measured by 4mC-AMD-seq and BS-seq, respectively), WT and Mpdn4mt1-1 sperm accessibility (measured by
ATAC-seq), and expression patterns of WT sperm, Mpdn4mt1-1 sperm, elongating WT spermatid, Mpdn4mt1-1 sperm minus WT sperm, and elongating WT
spermatid minus WT sperm (log, TPM). Arrows indicate the direction of transcription.

(C) Volcano plot illustrating transcripts that are over-represented (green) or under-represented (red) in Mpdn4mt1-1 sperm compared with WT sperm. Vertical
dashed lines mark 2-fold changes (FCs), and the horizontal dashed line shows p = 0.05.

(D) The relationship between gene expression (log, TPM) and chromatin accessibility (over 2 kb downstream of gene TSS). Each point represents one of 100
percentiles of gene expression (genes with TPM = 0 are excluded). The shaded area representing the 95% confidence interval. R? represents the proportion of the
total variation in the dependent variable that is explained by the independent variable.

(E) Chromatin accessibility profiles for WT and Mpdn4mt1-1 sperm over genes with 0-5, 5-100, or >100 TPM in Mpdn4mt1-1 sperm.

(F) 4mCG (WT sperm 4mC-AMD-seq) and 5SmCHG/5mCHH (WT sperm BS-seq) over genes with 0-5, 5-100, or >100 TPM in Mpdn4mt1-1 sperm.

(G) Differential chromatin accessibility between Mpdn4mt1-1 and WT sperm over genes with low or high non-CG 5mC methylation. CHG and CHH methylation
lower than 0.3 and 0.15, respectively, over 2 kb downstream of gene TSS, were regarded as low non-CG methylation, and the rest of the genes were regarded as
having high non-CG methylation.

See also Figure S6.
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Figure 6. 4mC is important for sperm motility and post-fertilization development
(A and B) Directionality and velocity of motile sperm. n = 30 (WT), 28 (Mpdn4mt1-1), 31 (Mpdn4mt1-2), 31 (MpDN4MT1a reintroduced into Mpdn4mt1-1; denoted
by a dagger symbol), 31 (Mpdnmt3b KD), and 33 (Mpcmta KD). p values (Kolmogorov-Smirnov test) between indicated genotypes and WT are shown:

**p < 8.8e—11, n.s., not significant.

(C) Percentage of defective embryos observed after fertilization with WT (n = 416), Mpdn4mt1-1 (n = 210), Mpdn4mt1-2 (n = 355), Mpdnmt3b KD (n = 193), and
Mpcmta KD (n = 390) sperm. p values (Fisher’s exact test) between indicated genotypes and WT are displayed: ***p < 0.0001, n.s. not significant.

(D) Days to maturation (the release of spores) for viable embryos fertilized as in (C). ***p

< 1.2e—15, Kolmogorov-Smirnov test. n.s., not significant.

(E) Temporal patterns and mechanisms of methylation reprogramming during Marchantia sperm development. First, 5SmC mediated by MpDNMT3b and
MpCMTa in non-CG contexts is reinforced over repeats and expands into genic regions during spermatogenesis. Subsequently, during the final stage of
spermiogenesis, MpDN4MT1a establishes 4mC in the CG context across the genome, except in TEs covered by 5mC.

See also Figure S6.

wild-type sperm (Figures 6A, 6B, and S6G; Data S1A-S1E).
Complementation of the Mpdn4mt1-1 mutant with wild-type
MpDN4MT1a successfully rescued the swimming phenotypes
(Figures 6A and 6B; Data S1F). Notably, the effect on swimming
behavior is specific to 4mC, as Mpdnmt3b and Mpcmta knock-
down mutant sperm cells swim with comparable velocity and
directionality to wild-type (Figures 6A and 6B; Data S1G and
S1H). As fertilization in Marchantia is achieved by active swim-
ming of sperm from male to female plants,’® this motility defect
would cause wild-type sperm to outcompete 4mC mutant sperm
in natural environments.

We examined the impact of 4mC on sperm fertility by applying
isolated wild-type and Mpdn4mt1-1 mutant sperm cells (mixed
together with equal numbers) directly to archegoniophores (fe-
male-organ-bearing structures) of female wild-type plants. Gen-
otyping of resulting embryos showed a significant 91% reduc-
tion of fertility in Mpdn4mti-1 mutant sperm compared with
wild type (among 809 embryos, 68 and 741, respectively, are
of Mpdn4mti-1/+ heterozygous and wild-type genotypes;
p < 1.0e—5, Fisher’s exact test). Among the resulting embryos,
a significantly higher proportion (20.5%-21.4%) of those pro-
duced from Mpdn4mti-1 (and similarly Mpdn4mt1-2) mutant
sperm show defects during later embryo development than
those produced from wild-type sperm (p < 0.0001; Fisher’s exact
test; Figures 6C and S6H). Among the ~80% Mpdn4mt1-1/+
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heterozygous embryos that can complete embryo development,
maturation occurred about 6 days faster than wild-type embryos
(Figure 6D). To test whether the requirement for post-fertilization
development is specific to 4mC, we examined embryos fertilized
with Mpdnmt3b or Mpcmta knockdown sperm. In contrast to the
effect of 4mC, reduced 5mC in the sperm did not increase defec-
tive embryos (Figure 6C), although the resulting embryos took
longer to mature (Figure 6D). Together, our results demonstrate
that 4mC has important roles in sperm function, fertility, and
post-fertilization development that are distinct from those
of 5mC.

DISCUSSION

4mC has been extensively characterized in prokaryotes. Howev-
er, whether 4mC has any function—or even exists—in eukary-
otes is unclear. This ambiguity is attributed to the detected
amounts—typically <1% of cytosines—falling below technical
false positive rates (frequently associated with antibody-based
and long-read sequencing methods), lack of evidence from mul-
tiple independent detection methods,®° and complication of
bacterial contamination.® These issues are also implicated in
the detection of 6mA in multicellular eukaryotes.>”*® In this
study, using multiple independent methods, we demonstrate
that late spermiogenesis in Marchantia involves extensive N4
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cytosine methylation. This methylation is catalyzed by a methyl-
transferase, MpDN4MT1a, which is specifically expressed in the
sperm (Figure 6E). The requirement of MpDN4MT1a for normal
sperm mRNA abundance, swimming behavior, and embryo
development demonstrates the biological importance of 4mC.
Overall, our results unambiguously establish 4mC as a functional
DNA modification in eukaryotes.

The closest homologs of MpDN4MT1a are bacterial N4 cyto-
sine methyltransferases (Figure S2), and no homologs are pre-
sent in available genome sequences of plant species outside liv-
erworts. This, given the known cases of horizontal gene transfer
between liverworts and bacteria,*” suggests that MpDN4MT1a
arose via such an event. Correspondingly, analyses of gene
transfers in land plants have identified MpDN4MT1a.”" However,
MpDN4MT1a has clearly been adapted for eukaryotic genomic
functions. In prokaryotes, N4 cytosine methyltransferases typi-
cally target a sequence motif as an essential part of restriction-
modification systems that distinguish self from foreign DNA.?
However, MpDN4MT1a targets CG dinucleotides. The high fre-
quency of CG dinucleotides allows extensive 4mC methylation
in the genome, encompassing 15% of total cytosines. This level
of 4mC methylation far exceeds that observed in prokaryotes
(typically <1%) or 6mA in prokaryotes or unicellular eukaryotes
(typically <2%).

We found that 5mC reprogramming precedes MpDN4MT1a
expression and 4mC reprogramming (Figure 6E), and there is
no 4,5mC in the sperm genome (Figure 3D). These indicate
that MpDN4MT1a cannot use 5mC as a substrate and suggest
one reason why the CG dinucleotide specificity of this enzyme
might be advantageous. In Marchantia somatic tissues, transpo-
sons and other repetitive elements are methylated in all
sequence contexts; however, CG methylation is far more satu-
rated than non-CG methylation (Figure 1C). Thus, restricting
methylation to CG sites allows MpDN4MT1a to methylate exclu-
sively non-repetitive regions. This way, through the two sequen-
tial waves of DNA methylation reprogramming, the Marchantia
sperm genome is epigenetically distinguished at repetitive and
genic regions, marked by 5mCG and 4mCG, respectively
(Figure 6E).

Extensive 4mC over genic regions in the sperm (Figures 4A
and 4C) may offer a mechanism for paternal genome recognition
during post-fertilization development. Transcription in early
Marchantia embryos was found to be maternally biased, while
the paternal chromosomes are silenced by a repressive histone
modification (histone H3 lysine 27 trimethylation [H3K27me3])
deposited by maternally expressed polycomb repressive com-
plex 2 (PRC2) proteins (at ~3 days after fertilization [DAF]).”? It
is unknown how maternally provided PRC2 distinguishes
paternal from maternal chromosomes and deposits H3K27me3
across all genic regions. As the sperm genome is densely
marked by 4mC over genic regions, 4mC may serve as the pri-
mary imprint that allows paternal genome recognition by
PRC2. Consistent with this idea, we observed significant devel-
opmental defects in embryos produced from wild-type female
and Mpdn4mt1 mutant male plants (Figure 6C). Among embryos
produced from manual crosses using a mixture of Mpdn4mt1
mutant and wild-type sperm cells, we also found that
Mpdn4mti/+ heterozygous embryos are 91% under-repre-
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sented than wild-type embryos. As embryos were examined
~35 DAF, the reduced Mpdn4mti/+ heterozygous embryos
may include those aborted during early embryo development.
Consistently, embryos produced from PRC2 female mutants,
which show disrupted paternal genome silencing, were reported
to have a ~75% reduced survival rate compared with wild-type
when examined at 32 DAF.”?

Plants and animals diverged more than a billion years ago from
a unicellular, sexual eukaryote.73 However, germ cells and multi-
cellularity evolved independently in both lineages. Loss of 4mC
in Marchantia compromises transcriptional regulation and im-
pairs sperm function, reminiscent of defects in mouse Dnmt3A
mutant, which is defective in 5mC reprogramming.”* The
convergent evolution of DNA methylation reprogramming during
gamete production in plants and mammals underscores the
crucial role of epigenetic reprogramming in sexual reproduction.
A comprehensive understanding of DNA methylation reprogram-
ming across different lineages is therefore essential for eluci-
dating the fundamental principles of sexual reproduction.
Conversely, the drastic changes during reproduction provide op-
portunities to uncover epigenetic mechanisms, such as the
extensive 4mC deposition in Marchantia sperm.

Limitations of the study

For the detection of DNA modifications, each method has
inherent limitations and potential biases, which have contributed
to the ongoing debate regarding the presence of 4mC in eukary-
otes.*® Our study addresses these concerns by employing mul-
tiple independent techniques and rigorous controls, providing
robust evidence that 4mC is a functionally relevant DNA modifi-
cation in Marchantia. Further investigations using complemen-
tary and emerging technologies will help explore the broader
occurrence and biological significance of 4mC in eukaryotic
systems.

Our findings indicate that 4mC exerts a suppressive effect on
chromatin accessibility and transcription over gene bodies
(Figures 5A and 5D). The mechanism underlying this suppression
remains unclear. Moreover, our data suggest that the loss of
4mC-mediated repression in the Mpdn4mt1-1 mutant dilutes
transcripts crucial for sperm function. Specifically, transcripts
related to cilium- or flagellum-dependent cell motility are most
reduced in the mutant sperm compared with wild-type
(Table S4B). It is yet unclear whether this dilution or other im-
pacts of 4mC loss on chromatin and transcription is responsible
for impaired motility; however, it is plausible that such dilution
leads to reduced functional proteins due to competition for
translational machinery. Consistent with this idea, inhibition of
protein translation in mammalian sperm is known to impair
sperm motility, highlighting the importance of translational activ-
ity in mature sperm.”®

Additionally, 4mC is lost in 12 DAF embryos (containing above
1,000 cells; Figure 1C), but the mechanisms underlying 4mC
erasure are mysterious. As MpDN4MT1a is specifically ex-
pressed in the sperm, 4mC can simply be lost through passive
dilution by embryonic cell divisions, and/or an active DNA deme-
thylation mechanism might be involved. In mammalian preim-
plantation embryos, global 5mC methylation is actively removed
by conversion to 5-hydroxymethylcytosine (5hmC) by TETs and
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passively lost through cell divisions.”” In plants, 5mC is actively
removed via the excision of the methylated cytosine by DNA
glycosylases such as REPRESSOR OF SILENCING1 (ROS1)
and is subsequently replaced with a fresh unmethylated
cytosine via DNA repair mechanisms.’® Two orthologs of
ROST1 exist in Marchantia, one of which (MpROS1x) is situated
on the female sex chromosome and is expressed in the em-
bryo,”® providing a potential candidate for the erasure of paternal
DNA methylation.
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pBC-GE34 Ran et al.,®* Sakuma et al.,®® Shen et al.®® N/A
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proMpDN4MT1a:MpDN4MT 1a-Citrine This paper N/A
proMpDN4MT1b:MpDN4MT1b-Citrine This paper N/A
proMpDN4MT1a:MpDN4MT1a This paper N/A
proMpDN4MT1b:MpDN4MT1b This paper N/A
proMpDN4MT1a:MpDN4MT1a - catalytic This paper N/A
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Software and algorithms
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Kallisto v0.43.0

sleuth package v0.30.0
TrimGalore v0.4.1
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ipdSummary v2.0

Primrose v1.3
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Bowtie 2 v2.3.4.1

deepTools v3.1.1
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MAFFT v7

BoxShade v3.2; NCBI Protein BLAST

Krueger and Andrews®”
Bray et al.®®
Pachter Lab

Felix Krueger

Love et al.®®
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Pacific Biosciences
Pacific Biosciences
Pacific Biosciences
Pacific Biosciences

Pacific Biosciences
Langmead and Salzberg™
Ramirez et al.”
Tian et al.%
Schindelin et al.”®
Katoh et al.”*

Altschul et al.”®

https://github.com/FelixKrueger/Bismark
https://github.com/pachterlab/kallisto
https://github.com/pachterlab/sleuth

https://github.com/FelixKrueger/
TrimGalore

https://github.com/mikelove/DESeq2

https://cran.r-project.org/web/packages/
ggplot2/index.html

https://www.pacb.com/support/software-
downloads/
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downloads/
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https://mafft.cbrc.jp/alignment/server/

https://sourceforge.net/projects/
boxshade/; https://blast.ncbi.nlm.nih.gov/
Blast.cgi?PAGE=Proteins

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant material and growth conditions

Male and female Marchantia polymorpha, L. subsp. ruderalis, accessions Takaragaike-1 (Tak-1, male) and Takaragaike-2 (Tak-2, fe-
male), were used. The study also included Mpdn4mt1-1, Mpdn4mt1-2, Mpdnmt3b knockdown, and Mpcmta knockdown mutants,
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as well as transgenic lines expressing proMpDN4MT1a:MpDN4MT1a-Citrine and proMpDN4MT1b:MpDN4MT1b-Citrine that were
generated in this study. Plants were grown on plates containing %2 x strength Gamborg’s B5 medium with 1% agar (Sigma) under
constant light at 21 °C, and Tak-1 thallus tissue was collected from 2-week-old plants. Plants were transferred to Jiffy 7 peat compost
pellets (Greens Hydroponics UK) after 2 weeks on plates and placed in a growth chamber at 21 °C with 70% humidity under constant
light with far-red irradiation for induction of sexual reproduction, as described previously.**°® Spores were sterilized with Milton’s
sterilizing solution (Milton Pharmaceutical UK) as described.®? Untransformed spores were grown to sexual maturity as above
and used as wild-type (WT) controls in phenotypic studies. Male and female plants were determined with sex chromosome-specific
markers, rom27 and rhf72°’ (Table S5).

METHOD DETAILS

Plasmid construction and transformation

The MpDNMT3b (Mp5g09290) knockdown construct was generated by synthesizing an artificial microRNA (amiRNA) construct
(JWO004; Table S5, ENSA), based on MpMIR160%¢ and designed as described® to target an exon of MpDNMT3b, and thereafter in-
serted into MpGWB103% using the Gateway system (Invitrogen). For the MpCMTa (Mp6g08650) knockdown construct, the amiRNA
sequence was amplified and modified with primers JW490, JW495, and JW539-542 (Table S5) to target an exon of MpCMTa and
inserted into MpGWB103.

To generate proMpDN4MT1a:MpDN4MT1a-Citrine and proMpDN4MT1b:MpDN4MT1b-Citrine constructs, Tak-1 genomic DNA
for each gene (Mp6g18330 and Mp6g18340) plus 2-kb upstream sequences were amplified using primers YL176, YL257, YL178,
and YL258 (Table S5), and inserted into the destination vector pMpGWB207%? using the Gateway system (Invitrogen).

For CRISPR/Cas9 deletion of MpDN4MT1a and MpDN4MT1b, double nicking was carried out as previously described®"*® using
PMpGEO017.%° Briefly, four different gRNAs (Table S5) were cloned into the Bsal site of pMpGE_En04 vector or into the multiplex vec-
tors pBC-GE12, pBC-GE23 or pBC-GE34.247%° The four gRNAs cassettes were then cloned into pMpGEO017 binary vector by LR re-
action (Invitrogen).

Gemmae (Mpdnmt3b and Mpcmta knockdown mutants) or F1 spores (Mpdn4mt1-1 and Mpdn4mt1-2 CRISPR/Cas9 deletion mu-
tants and proMpDN4MT1a/b:MpDN4MT1a/b-Citrine lines) were transformed with the above constructs using agrobacteria transfor-
mation (strain GV6620) and positive transformants were selected on hygromycin (Mpdnmt3b and Mpcmta knockdown mutants,
and Mpdn4mti-1 and Mpdn4mt1-2 knockout mutant) or gentamycin (proMpDN4MT1a/b:MpDN4MT1a/b-Citrine lines), as
described.'®*'°" The knockdown lines were checked by qPCR using antheridiophores as previously described,*" with primers
JW778 and JW779 for Mpcmta knockdown, primers JW448 and JW449 for Mpdnmt3b knockdown, and primers JW438 and
JW439 (Table S5) to compare expression to MpEFT1a (Mp3g23400). Mpdn4mt1-1 and Mpdn4mt1-2 deletion was detected via
PCR with primers YL1 and YL2 and sequenced with YL1 (Table S5). For Mpdn4mt1-1 an 8807-bp deletion (Chr6: 20,611,704 -
20,620,510) including the tandem repeats of MpDN4MT1a and 1b (Chr6: 20,613,540 — 20,619,372) was obtained except for the in-
clusion of a 9-bp sequence (AGGTTTCAA,; Chr6: 20,612,442 — 20,612,450) outside MpDN4MT1s. For Mpdn4mt1-2 a similar deletion
was obtained (8,785-bp; Chr6: 20,611,726 — 20,620,510) except for the inclusion of a 26-bp sequence (unplaced).

To generate complementation lines, proMpDN4MT1a:MpDN4MT1a and proMpDN4MT1b:MpDN4MT1b were inserted into the
destination vector pMpGWB201%? by the Gateway system (Invitrogen) using primers YL176, YL257, YL178, and YL258
(Table S5). MpDN4MT1a was also mutated at the catalytic site (TSPPY to AAAAA) and inserted into pMpGWB201 using primers
YL176, YL629, YL630, and YL257. F1 spores from a cross between Mpdn4mt1-1 and Tak-2 females were transformed with the
complementation constructs individually (oroMpDN4MT1a:MpDN4MT1a, proMpDN4MT1b:MpDN4MT1b, and proMpDN4M-
T1a:MpDN4MT 1a-catalytic mutant) using agrobacteria transformation (strain GV6620) and positive transformants were selected
on gentamycin, as described. %% %" Successful transformants within the Mpdn4mt1-1 background were then confirmed with primers
YL1, YL2, YL107, YL108, YL115, and YL116.

Sperm, antheridium and embryo extraction

For sperm, drops of sterile water (approximately 15 pl) were applied to the upper surface of at least 50 antheridiophore heads at stage
5.%8 Water was collected after waiting at least 2 minutes to allow sufficient sperm release. The collected solution (approximately
750 pl was used for each RNA- or bisulfite-seq library construction) was centrifuged at 10,000 rpm for 10 minutes to pellet sperm,
which was subsequently resuspended in 20 pl of sterile water. For each antheridium, antheridiophore receptacles of Stage 5°°
were manually cut longitudinally with razor blades to expose antheridia. Individual antheridia were thereafter picked up with tweezers
and each was transversely cut in half using fine needles (0.5 mm x 25 mm). One half was placed into a DNase-/RNase-free PCR tube
and immediately frozen in liquid nitrogen, while the other half was deposited into a separate PCR tube containing fixation buffer (4%
paraformaldehyde, PBS, pH 7.5, 0.1% Triton X-100, 0.1% Tween-20). Embryos were dissected from fertilized gametophores 12 days
following sperm application and the surrounding pseudoperianths were removed.

Sectioning and microscopy of antheridium halves

With the antheridium halves in fixation buffer, a series of ethanol dehydration steps were carried out followed by resin embedding
using a Technovit 7100 kit (Electron Microscopy Sciences). The fixed antheridium halves were then cut into 5 um sections with a
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microtome RM2250 (Leica) and stained with Toluidine blue.'% Imaging was carried out with an Axio Imager Z2 (Zeiss) with Hama-
matsu camera. Based on the morphology of containing spermatocytes/spermatids, antheridia are categorized into early (containing
spermatocytes), middle (early spermiogenesis, containing mostly round spermatids) or late (late spermiogenesis when DNA compac-
tion and sperm tail formation occur, containing mostly elongating spermatids) stages.

Expression microscopy

Antheridiophores of proMpDN4MT1a/b:MpDN4MT1a/b-Citrine lines corresponding to stage 5,°¢ with obvious anthocyanin accumu-
lation in the receptacle that suggest mature sperm formation, were manually cut longitudinally. Antheridiophore slices were subse-
quently prepared in VECTASHIELD mounting medium (H-1000, Vector Laboratories) for observation under a fluorescence stereo mi-
croscope (Leica M205FA), and fluorescence was captured with a Leica DFC310FX color camera illuminated by LED 470nm-GFP.
Antheridia with Citrine signal were manually taken out and observed under a confocal microscope (Leica SP8X) with a 40x/1.30
oil objective.

DNA dot blot immunoassay

dCTP and 4mdCTP PCR products were generated from pUC19 (NEB) synthesized with either dCTP or N4-methyl-dCTP (4mdCTP;
Trilink) using primers JZ294/JZ295 (Table S5). Thallus and sperm DNA was extracted as described.'®® 60 ng DNA for each sample
was spotted onto a nitrocellulose membrane (Millipore), air-dried and fixed by UV cross-linking (1.2 mJ/cm? for 1 min). The cross-
linked membrane was then blocked in a 5% non-fat milk in PBST (containing 0.05% v/v Tween) for 1 h. The membrane was then
incubated with the primary antibody (1: 2000 anti-N4-methyl-C antibody) at room temperature for 2 h. The membrane was washed
three times with PBST (10 min each), incubated with 1:10000 secondary donkey anti-rabbit antibody conjugated with horseradish
peroxidase (HRP; GE Healthcare) at room temperature for 1 h, and finally washed three times with PBST (10 min each). Positive sig-
nals were detected using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific). DNA dots were
visualized by developing the X-ray film which captured the light emitted by destabilized LumiGLO substrates in a dark room.

Liquid chromatography-mass spectrometry

Thallus and sperm DNA was digested into deoxyribonucleosides as previously described.'®* The digested samples were centrifuged
through 0.2 um filters and 5 pl was analyzed by LC-MS/MS (Waters Aquity UPLC and XevoTQS MS). Separation was carried out on a
100 x 2.1 mm 1.7 u Kinetex C18 column (Phenomenex) using the following gradient of methanol (solvent B) versus 0.1% formic acid
buffered to pH 8.3 with ammonium hydroxide (solvent A), run at 40 °C: 0 min, 0% B; 2 min, 0% B; 4 min, 10% B; 4.5 min, 90% B;
5.5 min, 90% B; 5.6 min, 0% B; 9.6 min, 0% B. The flow rate was 0.5 ml-min™ except during the periods 4.0 — 4.5 min and 5.5 -
6.5 min to avoid excessive pressure. Analytes were quantified against external standard curves by multiple reaction monitoring
(MRM) detecting the following transitions from positive-mode electrospray: 228 —112 (unmethylated C), 242 - 126 (4mC and
5mC), and 256 — 140 (4,5mC). 4mC and 5mC eluted at different retention times. Collision energies and cone voltages were optimized
using Waters’ Intellistart software. Spray chamber conditions were 3.5 kV spray voltage, 500 °C desolvation temperature, 900 |-hr
desolvation gas, 150 |-hr™! cone gas, and 7.0 bar nebulizer pressure. Deoxycytidine (Sigma), 5-Me-2’-deoxycytidine (Cayman chem-
icals), 2’-Deoxy-N4-methylcytidine (CarboSynth), and N4,5-Dimethyldeoxycytidine (Toronto Research Chemicals) were used as
standards.

Violin plots and heat maps
For all the violin plots in this study, the plot shows the distribution of the data and its probability density, with the box enclosing the
middle 50% of the distribution (the horizontal line marks the median).

Heat maps (otherwise referred to as circus plots; www.circos.ca) were generated with fractional CG, CHG, and CHH methylation of
10-kb genomic windows.

Protein sequence alignment and phylogenetic analysis

Protein sequences representing 5mC and B-class 4mC methyltransferases were obtained*>** and closest methyltransferase homo-
logs were found using Standard Protein BLAST of NACMT_A and MpDN4MT1s against the NCBI database with default parameters. %
Protein sequences up to motif lll were taken from 5mC methyltransferases and relocated onto the C-terminus. Sequences were
aligned with MAFFT (v7) using default settings.”* A phylogenetic tree was constructed with the neighbor joining method using 100
bootstraps. A multiple sequence alignment of MpDN4MT1a, MpDN4MT1b, and prokaryotic 4mC methyltransferases was obtained
and shaded with BoxShade (v3.2) using default parameters (http://sourceforge.net/projects/boxshade/). Motifs were labelled ac-
cording to published data.*? Amino acid sequences of MpDN4MT1a/b homologs from Marchantia polymorpha L. subsp. Polymorpha
(MppBR5_0228s0040 and MppBR5_0228s0050), Marchantia polymorpha L. subsp. Montivagans (MpmSA2_0387s0050.1 and
MpmSA2_0387s0050.2), Marchantia paleacea (Marpal_scaff4134_Fgenesh3.1), Marchantia inflexa (unannotated), and Lunularia cru-
ciata (Lc_composite_17444) were obtained via BLAST of the respective genomes'?>~'°® and sequences were refined using published
annotations in combination with the Marchantia polymorpha L. subsp. Ruderalis sequence structure. Due to the incomplete genome
sequence of Marchantia inflexa, the N-terminus of MpDN4MT1a/b homologous gene is likely truncated. A second copy of
MpDN4MT1a/b was also detected in Marchantia paleacea (Marpal_scaff4134_Fgenesh4.1) with the key TSPPY motif but the
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complete protein sequence could not be resolved. A multiple sequence alignment of MpDN4MT1a, MpDN4MT1b and these homo-
logs was created and annotated as above. Alternative plant genomes (259 published genomes in total) were explored via BLAST of
the protein sequences of MpDN4MT1a and MpDN4MT1b with Phytozome (v13)*© using default parameters, and no homologs were
identified.

RNA and DNA extraction

RNA extraction was performed as previously described.'®® For antheridium halves, genomic DNA extraction was also performed
from the same sample using this protocol.’'® Briefly, samples were ground in sodium lysis buffer (100 mM Tris pH 7.5, 500 mM
NaCl, 10 mM EDTA, 5 mM DTT, 1% SDS) in a PCR tube by a plastic pestle. RNA was sequestered with Dynabeads® Oligo (dT)25
from the mRNA DIRECT™ Micro Kit (Invitrogen), while genomic DNA in the supernatant was pipetted out into a new collection
tube and treated with pronase for protein digestion. Thallus, sperm and embryo DNA were extracted based on a CTAB-modified pro-
tocol as described.'*®

Sequencing-library construction

4mC and 5mC spike-in controls were generated from pUC19 (NEB) PCR product synthesized with N4-methyl-dCTP (4mdCTP; Tri-
link) using primers JZ294/J2295 (Table S5) and genomic lambda cl857 Sam7 DNA (Promega) methylated with 5mC CG methyltrans-
ferase M. Sss/ (NEB), respectively, and added to DNA samples prior to library construction where appropriate for testing bisulfite
conversion, as previously described.*’

RNA-seq library preparation was carried out as previously described.'” Briefly, the Smart-seq2 method was employed to
generate full-length cDNA and to allow sequencing via standard reagents. RNA-seq libraries were sequenced on NextSeq 500 (lllu-
mina) to produce 75-bp single-end data. RNA-seq data for thallus and embryo was obtained from published sources.®®"®

For antheridium halves (two biological replicates each for early, middle, and late stage used in Figures 1 and S1), sperm (one bio-
logical replicate used in Figures 1, 2, and S1), MpDNMT3b and MpCMTa knockdown sperm (one biological replicate each used in
Figures 2 and S1), a single-cell-based method for BS-seq library preparation was carried out as previously described.''® For one
biological replicate each of thallus, embryo, WT sperm and Mpdn4mt1-1 sperm, single-end BS-seq libraries were also constructed
with Ovation Ultralow Methyl-Seq Library Systems (Nugen, 0336) and EpiTect Bisulfite Kit (Qiagen, 59104) according to manufac-
turer’s instructions, with the incorporation of either one (WT sperm, Mpdn4mt1-1 mutant sperm, and Mpdn4mt1-2 mutant sperm
used in Figures 4 and S5A) or two rounds (WT sperm used in Figure S4, and thallus and embryo used in Figures 1 and S1) of bisulfite
conversion.

Native WT and Mpdn4mt1-1 mutant sperm libraries for SMRT-seq were prepared using the SMRTbell Express Prep kit (v2.0; Pa-
cific Biosciences, Menlo Park, CA, USA) following the low DNA input workflow as described.''" Whole genome amplified libraries
were also constructed, utilizing the SMRTbell gDNA Sample Amplification Kit (Pacific Biosciences, Menlo Park, CA, USA). Libraries
were sequenced under CCS running mode (one Sequel Il SMRT Cell for each native library and one Sequel Il SMRT Cell for the ampli-
fied libraries) via DNA Link (Seoul, Korea).

WT and Mpdn4mt1-1 mutant 4mC-TAB-seq sperm libraries were prepared with Ovation Ultralow Methyl-Seq Library Systems (Nu-
gen, 0336) and EpiTect Bisulfite Kit (Qiagen, 59104) according to manufacturer’s instructions, with the incorporation of one round of
bisulfite conversion. Prior to adaptor ligation, sheared DNA was treated with TET2 (NEB #E7120S) following manufacturer’s instruc-
tions. WT and Mpdn4mt1-1 mutant 4mC-AMD-seq sperm libraries were prepared with the ACCEL-NGS methyl seq DNA library kit
(Qiagen, 59104) after treatment of sheared DNA with APOBEC (NEB #E7120S), following manufacturer’s instructions.

For ATAC-seq libraries, Marchantia sperm nuclei were collected and sorted by FACS through SYBR Green staining. Approximately
10,000 sperm nuclei were used for each replicate. ATAC-seq libraries were constructed using lllumina Tagment DNA TDE1 Enzyme
and Buffer Kits, catalogue number: 20034197, as described.''? Briefly, sorted nuclei were kept on ice and centrifuged at 4 °C, 800 g
for 10 min before use. Most of the supernatant was removed and 5 pl of the tagmentation mix (2.5 pl tagmentation buffer, 0.5 ul
enzyme, and nuclease free water) was added. Samples were incubated at 37 °C for 30 min, then the samples were amplified for
5 cycles (72 °C 5 min, 98 °C 30 s, (98 °C 10's, 63 °C 30 s, 72 °C 1 min) x 5 cycles, 72 °C 10 min final extension). Amplified DNA
was quantified by gPCR as previously described®’ before any remaining additional PCR cycles required was performed. Libraries
were sequenced on NextSeq 500 (lllumina) to produce 75-bp paired-end data.

Sequencing-library analysis

For RNA-seq, low-quality reads and potential adaptor sequences were first trimmed using TrimGalore (v0.4.2) with default param-
eters. RNA-seq reads were processed with kallisto (v0.43.0) and statistical analysis was carried out with the sleuth package (v0.30.0)
using the Marchantia (v5.1) gene annotation. Transcripts > 10 TPM in either WT or Mpdn4mt1-1 were retained and those with a -logo
(Q-value) < 0.1 between the two genotypes were discarded, leaving a total of 5,970 genes. Gene Ontology analysis was performed
using the Plant Transcriptional Regulatory Map (PlantRegMap; Center for Bioinformatics Peking University).%”

For BS-seq, low-quality reads and potential adaptor sequences were first trimmed using TrimGalore (v0.4.2) with default param-
eters. Biological replicates for antheridia were combined and DNA methylation analysis was performed using Bismark.®” Methylation
data was mapped to the Marchantia chromosome assembly (v5.1)*>° as well as to the pUC19 vector sequence and lambda cl857
Sam?7 genome where appropriate.
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SMRT libraries were mapped to the Marchantia (v5.1) genome using pomm2 (v1.1.0). Base modifications were detected using ipd-
Summary (v2.0) with the following flags set (-identify 4mC —methylFraction). For 5mCG analysis, circular consensus reads were
generated with ccs (v6.4) using the “—hifi-kinetics” option to generate consensus kinetics tags, and primrose (v1.3) was used to pre-
dict 5mC modification of each CG motif and generate base modification (“MM?”) and base modification probability (“ML”) BAM tags.
Pileup-based consensus methylation sites and probabilities were generated by the script “aligned_bam_to_cpg_scores.py” from
pb-CpG-tools (v1.1.0) with the “-q 1 -m reference -p model -c 10” options.

Transposon and gene meta-analysis as well as 5mC methylation analysis was performed as previously described."'® The propor-
tion of the Marchantia genome considered to be methylated in thallus and during sperm development was taken as the percentage of
100-bp genomic windows (w100s) with fractional methylation > 0.2 for CG, > 0.1 for CHG, > 0.05 for CHH, > 0.1 for non-CG, or >0.1
for all cytosines (Cmethyl) out of the total number of sequenced w100s in the respective context. For comparisons between WT and
knockdown sperm, a fractional methylation level > 0.3 in each of the contexts was used. w100s were considered to be associated
with repeats if they overlapped or were within 500-bp of the Marchantia (v5.1) transposon annotation. For comparisons to LC-MS,
methylation levels from BS-seq data were calculated using the average fractional methylation of single cytosines from Cmethyl. For
SMRT-seq data, the proportion of N4 methylated cytosines for each w100 was taken as the average fractional methylation for 4mC
cytosines detected over the total number of cytosines within the w100 sequence for each cytosine context. The same was performed
for 5mCG analysis of SMRT-seq data. Violin plots were generated using w100s with at least ten informative sequenced cytosines in
the respective context for BS-seq data while all w100s were considered for SMRT-seq data. For both violin plots and calculations
regarding the fractional 5mC and 4mC methylation of repeats, only w100s overlapping the transposon annotation with CG fractional
methylation > 0.5 in thallus were considered.

Profiles of ATAC-seq reads were generated using bigwig files with a bin size of 50. First, ATAC and input reads were mapped to the
Marchantia genome (v5.1) with Bowtie 2(v2.3.4.1).°° The read counts were calculated using featureCounts (v2.0.6),"'* and the scale
factors were estimated using DESeq?2 (v3.16).2° bigWig files were then created from these mapped reads using the command bam-
Compare with a bin size of 50 and the calculated scale factors. Spearman correlations between ATAC-seq replicates and antheridia
RNA-seq replicates were calculated using multiBamSummary and plotCorrelation.

Sperm and post-fertilization phenotyping

Swimming dynamics of Marchantia sperm were examined as previously described,''® with modifications. Sperm discharged in water
were observed under an Axio Imager Z2 (Zeiss) with Hamamatsu camera and 40x/0.75 air objective in dark field and video-recorded
at the rate of 10 frames per second (fps) for 10s. To track sperm, TrackMate (v6.0.1),"'® a plugin bundled in ImageJ (v1.53c; the Fiji
distribution)®” was used. Swimming velocity was calculated by track displacement divided by track duration time. Directionality was
calculated by track displacement divided by sum of links displacement.

To examine the fertility of Mpdn4mt1-1 mutant sperm, freshly collected sperm cells from WT and Mpdn4mt1-1 mutant plants were
quantified by measuring the optical density at a wavelength of 600 nm (OD600). Subsequently, the sperm samples were equally
mixed according to the OD600 values, and the mixed sample was applied to archegoniophores of sexually mature WT Tak-2 plants.
At 35 DAF, embryos were collected and genotyped using primers YL1, YL2, and SX382 (Table S5).

For post-fertilization phenotyping, freshly collected sperm was crossed to sexually mature WT Tak-2 plants. The archegonio-
phores were dissected every two days from 35 DAF to record days required for maturation and the numbers of normal and defective
embryos. Normal mature embryos were identified as yellow ones that produce yellow spores; defective embryos were identified as
dry, brown embryos that did not produce spores (Figure S6H).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using R (3.6.3). The statistical tests used for each experiment are listed in figure legends.
Before applying parametric tests, we assessed whether the data met the required assumptions. For datasets that did not meet
normality assumptions, non-parametric alternatives were used. For sperm motility assays (Figures 6A and 6B), motile sperm were
analyzed per condition (WT: n = 30, Mpdn4mt1-1: n = 28, Mpdn4mt1-2: n = 31, MpDN4MT1a reintroduced into Mpdn4mt1-1: n =
31, Mpdnmt3b kd: n = 31, Mpcmta kd: n = 33). Velocity and directionality differences were assessed using a Kolmogorov-
Smirnov test. For embryo viability assays (Figure 6C), sample sizes ranged from n = 193 to 416 embryos per condition, representing
the number of embryos analyzed for viability post-fertilization. Statistical significance was determined using a Fisher’s exact test. For
embryo maturation timing (Figure 6D), the number of embryos assessed per condition was recorded, with development tracked at
35 days after fertilization (DAF) and analyzed using a Kolmogorov-Smirnov test to compare maturation timing distributions. For gene
expression analysis by gRT-PCR (Figure S1E), n = 3 biological replicates per condition were analyzed to assess transcript levels, with
statistical significance determined using a two-tailed t-test.
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Figure S1. Gene expression and DNA methylation during Marchantia spermatogenesis, related to Figures 1 and 2
(A) Transverse sections for each second biological replicate of developing antheridia stained with toluidine blue, staged as in Figure 1B. Scale bars, 20 um.
(B) Heatmap showing the Spearman correlation coefficient of pairwise comparison between the transcriptomes from each of the six individual antheridia.
(C) Transcript abundances detected in early, middle, or late stage for the six individual antheridia for three genes previously known to be developmentally
regulated as shown by RNA in situ hybridization.*® TPM, transcripts per million.

(legend continued on next page)
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(D) DNA methylation over TEs in the antheridia (of early, middle, or late stages) and sperm (illustrated by solid lines), in comparison to the thallus and embryo
(dashed green and blue lines, respectively). TEs were aligned at the 5’ and 3’ ends (dashed gray lines), and average methylation levels for each 100-bp interval are
plotted. Blue arrows indicate expansion of CG methylation to non-repetitive regions at the last stage of sperm maturation (after the late stage, the red line). Red
arrows illustrate expansion of non-CG methylation into non-repetitive regions in antheridia, starting from the middle stage (pink line).

(E) RT-gPCR showing the expression of MpDNMT3b and MpCMTa in Mpdnmt3b KD or Mpcmta KD mutant antheridiophores. ***p < 0.001, two-tailed t test; n = 3.
(F) Methylation over TEs in WT, Mpdnmt3b KD, and Mpcmta KD mutant sperm, as in (D).



Cell ¢ CelPress

RRERRERRRRERRERR

112
108

118
130
142
142
142
141
135
131

196
182
155
192
199
209
209
209
210
196
192

295
262
231
270
284
275
275
275
276
264
260

345

OPEN ACCESS

——————————————————————————— DMLNFGKKPAYTTSNGSMYIGDSLELLESFPDESISLVMTSPPFALQR- -~ ~~-~
e L e ——— KTTHRIYFKNSAD-MNELKDKSINLVVTSPPYPMVEIWDRLFS
—————————————————————————————————————————————————————————————————————— MKENIGDCTIDLTVTSPPY-----------

———————————————————— SEDQYKQIKLHLGMEDDNEDL-----PNHIPSSFPKQHLNKIYNGDTMNMLLD IPDNSVDLVVTSPPYNINK-------
---SGRDFGYVIQSSAALWNRLS-TFSQRGKALDTRLADIKKALGKPYYETSDVLLYHGDSLELLKSMPQQIFDLTVTSPPYNIGK----

PKANTAPPSGV----- ERILRPEPLILRGSTLFEGDALTVLRRLPSGSVRCVVTSPPYWGLR----
--PKANTAPPSGV----- ERILRPEPLILRGSTLFEGDALTVLRRLPSGSVRCVVTSPPYWGLR----
-PSKKSSSPLSV----- EKLHRSEPLELNGATLFEGDALSVLRRLPSGSVRCIVTSPPYWGLR----
————————————————— KKHSNNLDLF----DQTEECLESNLRSCKIIVGDAREAVQGLDSEIFDCVVTSPPYWGLR----
MGLSELCLEQRPRK-----KETNEQPPEESNLELELDEALSLW----TACADVNDIKNYENKAICGDSLKLMKRLPSEILDCTITSPPYNKGG----
MGLSELCSEERARK----- KAKKEHPSKKS----DLDEALSVR----TACLDVNVITNYENRAIRGDCLKLMRRLPSEILDCTITSPPYNKGG-------
Motif Il Motif IV

—————————————— DDLRNYNGYSFNFEETAQELYRVTKEGGVVVWVVGD ----
FKNDRRPLEEYLKWQTEIIEQCHRVLKPSGSIFWQVGT-------
———————————— EYEGVLSIEEYISWCETWMSRVHRATSAGGAFWLNVGYVPVPNQ
—————— DYGIEEQIGLEVTMPQFLHRLVAIFAEVKRVLTDDGTLWLNIGD-----------—

--DYGIEEQIGLEVTMPQFLHRLVAIFAEVKRVLTDDGTLWLNIGD---- --GYTSGNRGYRAPDKKNPARAMDVRPDTPVGLKPKDLMGI
--DYGIDEQIGLESSMTQFLNRLVTIFSEAKRVLTDDGTLWVNIGD---- --GYTSGNRGYRAPDKKNPARAMAVRPDTPEGLKPKDLIGI

—————— DYGNGGQIGAEDNINDYIKDLVDLFRDVRRTLKDDGTLWLNIGD-----------SYTSGGRTWRDKDDKNKGRAMSYRPPTPEGLKPKDLIGV
—————— VQFKYNSISDDMPWDVYMAEQIANLNELYRITKPGGHLWYVHQV-—----------QPRP--—--——-——-—————————————————————-AR
—————— DVIVYNSISDNMPWDVYMAEQLAILNELYRITKPGGHLWYVHQV-------=----QPRP-—-—-—-—-———-——-———————————————-—--AR
Motif V Motif VI
NFRVLIRMIDEVGFFLAEDFYWFNBSKLPSPIEWVN--KRKIRVKDAVNTVWWESKTE -WPKSDITKVLAPY SDRMKKLIED--------—---~— PDKFY
HVRTIDFFF-DRGYQVLPFIIWRKQSNKPTKFMGSGMLPPNAYVTHEHEYILIFRKEG-PRQFKTEEERKLRRESA -~ - ——-—————————————————
SFRQALYFK-ELGFNLHDTMIYEKDSISFP--------- DKNRYYQIFEYMFIFSKGK-PKTINLLADRKNKWYNGKKHIKGHYRKMDGEKVRHHKQNLL

DIRFFPIFE-SLGMFPRNRIVWVRPHGLHA-------
AVPIPYLLWDKSPFYMIQEVVWNYGAGVAS--
PWRLAFALQ-DDGWYLRSDIVWNKPNAMPE - -
PWRLAFALQ-DDGWYLRSDIVWNKPNAMPE - -

PWRLAFALQ-EDGWYLRSDIVWNKPNAMPE - -

--NKKFAGRHETILWFTKTP-EYKFFLDPIRVPQKYANKKHYKG------
------- RKSFSPRNEKFLWYVRDPLNYYFDLDSVRDPNVKYPN------

————— SVKDRPARSHEFLFMFTKSE-KYFYDWQAAREPADGGGL---
————— SVKDRPARSHEFLFMFTKSE-KYFYDWQAAREPADGGGL---
————— SVKDRPTRSHEFLFMLTKSE-KYYYDWEAVREEKDSGGF---
PWRLAFALQ-NDGWYLRTDIIWNKPNCQPE-------- SVRDRPTRSHEYIFLLSKGK-KYYYDWESIKEPASDPKM---
LFHPMEWII-KSPWTVRQEIMWSRSGCMDV--------- SQYRFMCLEERIYWLRKEP-GPPFELK--REVAKW------
LFHPMEWII-KSPWTVRQEIMWKKWGCQDR--------- SLYRFKCFEERIYWLRKEP-GPPFELK--REVAKW-----—--—--—--—-—-——-——-—————————

Motif VII Motif VIII Motif VIII'
TPKTRPSGHDIGKSFSKDNGGSIPPNLLQISNSESNGQYLANCKLMGIKAHPARFPAKLPEFFIRMLTEP-DDLVVDIFGGSNTTGLVAERESRKWISFE
—————————————— YFWEERNQWFSDVWTDLTG--VSQRLNHKN---LRKRAAAYPFELAYRLINMYSIM-GDWVLDPFLGTGTTMIAAACAGRNSIGYE

———————— GV----------RFNIWRIPNGH---QKSTLDK--IAFQHPAIFPEKLAEDHILSWSNE-GDIVFDPFMGSGTTAKMAALNNRKYIGTE
-—==G----- DPLGKNPGDVWAFRNV----- RHNHEE---DTIHPTQYPEDMIERIVLSTTEP-NDIVLDPFIGMGTTASVAKNLNRYFYGAE
----GKLKC-NPLGKNPTDVWQFPKVT-SGAKRSSVE---RTAHPAQFPSAVIERVIKACSPS-DGVILDPFLGSGTTSLTARKQGRCSVGIE

RNRRSVWNVNTKP------------ FAGAHFATFPPELIRPCIHASTEP-GDYVLDPFFGSGTVGLVCQDENRQYVGIE
RNRRSVWNVNTKP------------ FAGAHFTTFPPELIRPCIHASTEP-GDYVLDPFFGSGTVGLVCQDENRQYVGIE

RNRRTVWNVNTKP--- ----FAGAHFATFPTELIRPCILASTKP-GDYVLDPFFGSGTVGVVCQQEDRQYVGIE
KNRRTVWNINTEP------------ YPGSHFAVFPRAMARLCVLAGSRP-GGKVLDPFFGSGTTGVVCQELDRECVGIE
GTIWVRPYQ----- SLEHLNR---LYPHPCTFPLYLPLAILYAMNLPAGSLVFDPYGGTGTTAKAAQVSNHRYLTMD
GNLWVRPDQ----- SVHLQR---RYRHPSTFPLYLPLAILYAMNLPPGSLVFDPYGGTGTTAKAAQVSNHWYLTMD
Motif IX-N4 Motif X Motif |
MKPEYVAASAFRFLDNNISEEKITDI-- ---YNRILNGESLDLNSII----------

LDHNFKDLIESRINETLKLSNEIVMRR- HIEFIREKNGKYYSENYKFKVTTRQEQDTI
ISKEYCDIANERLKNYIILH------=-—---——-——— - —————— KRMEGKGYRLPQVHS == = = = = = = = m e e e e e e e e e e e e
IEKEYVDIAYQILSGEPDENNNFPNLKTLRQYCEKNGIIDPSQYTFTRQRKGSKPSLDSKAHPEEHHKKEIVERIEFEAENSVYKKVQNEQ--------—
BREDRHD YV GEEAEA -~ -~ — =~ === ===~ = e e e e e e mm e m e m———— QSLF-=—m——mmmmmmmmmm e
LNPEYVTLAADRLQGQN--- -SNVI-RIAAA--
LNPEYVTLAADRLQGQN--- ~-SNVI-RIAAA--
LNPEYVDIAVNRLQGED - ————— - —m—mmm e e e e e e - TNVI-RIAAA-—————mmmmmm e e e e e e e
LNEEYASLAKERI LRRR - === === = = m o e o e e e e e e e e e e e e m e
VDRGYITMTQDRLRVTVDEDEWWITV-- ---MMKQINDGTLNLSQDIR- -KAVQERVLSS----TY--LADDA-
VDKDYITMTKDRLRDTVYEDEWWITV-----------——-—-—-—-—-—— MMKQINDGTLNLSQDIR------ KSVQKRVLSS----TY--LADDA-—-—-——————

Motif Il
——————————— M.Pvull
PKKERQSKLNI M.MthZI
——————————— M.BamHII

-=--- M.Smal
e MpDN4MT1a
_____ QSGDHR MpDN4MT1b

Figure S2. MpDN4MT1a and MpDN4MT1b share homology with prokaryotic 4mC Dnmts, related to Figure 3
Protein sequence alignment of MpDN4MT1a and b with B-class 4mC methyltransferases.*? Amino acids with shared identity between sequences are shaded
green while similar amino acids are shaded blue. The TSPPY motif characteristic of 4mC methyltransferases is highlighted in orange.
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Figure S3. Genomic, expression, and mutant characterization of MpDN4MT1a and MpDN4MT1b, related to Figure 3
(A) Alignment of WT sperm RNA-seq reads to the Marchantia polymorpha v5.1 genomic region containing the genes that encode MpDN4MT1a and MpDN4MT1b.
Red lines indicate split reads that map across the introns of each gene.

(legend continued on next page)
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(B) Protein sequence alignment of MpDN4MT1a and b from the three Marchantia polymorpha subspecies ruderalis (used in this study), polymorpha, and
montivagans, a MpDN4MT1a/b homolog from Marchantia paleacea, as well as a MpDN4MT1a/b homolog each from Marchantia inflexa and Lunularia cruciata.
Amino acids with shared identity between sequences are shaded green while similar amino acids are shaded blue. The TSPPY motif characteristic of 4mC
methyltransferases is highlighted in orange. Dashed red line indicates the corresponding splice site of each gene.

(C-H) Longitudinal sections of MpDN4MT1a-citrine (C-E) and MpDN4MT1b-citrine (F-H) antheridiophores, showing mature antheridia with positive signals.
Antheridiophores correspond to stage 5,°° with obvious anthocyanin accumulation in the receptacle, indicating the presence of antheridia containing mature
sperm. Scale bars, 500 pm.

(land J) Zoomed-in view of elongating spermatids, in which MpDN4MT1a-citrine (I) or MpDN4MT1b-citrine (J) signals are specifically observed. Scale bars, 5 pm.
(K) DNA sequence alignment illustrating the 5’ and 3’ ends for the CRISPR-Cas9 deletion of MpDN4MT1a and MpDN4MT1b in the Mpdn4mt1-1 and Mpdn4mt1-2
mutants. Exons are indicated by dark blue bars.
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Figure S4. CG methylation at non-repetitive regions is sensitive to bisulfite treatment, related to Figure 4

(A) Violin plots showing DNA methylation detected from BS-seq with one or two rounds of BS treatment of Marchantia sperm, with a 5mC spike-in control (CG
methylated Lambda genomic DNA) and a 4mC spike-in control (pUC19 PCR product synthesized with 4mdCTP). All cytosine contexts (Cmethyl) are examined for
the 4mC spike-in control. Methylation in Marchantia sperm is separated into different sequence contexts and genomic regions (repeats and non-repeats).

(B) Snapshots of methylation levels detected by one or two BS treatments in different cytosine contexts over repeats and genic regions.
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Figure S5. Cytosine methylationin WT and Mpdn4mt1-1 mutant sperm measured by BS-seq, SMRT-seq, 4mC-TAB-seq, and 4mC-AMD-seq,
related to Figure 4

(A) Transposons were aligned at the 5" and 3’ ends (dashed lines), and average methylation levels for each 100-bp interval are plotted. The dashed line at zero
represents the point of alignment. Blue arrows indicate loss of CG methylation outside of transposons in Mpdn4mt1-1 mutant sperm.

(B) Cytosine methylation in WT sperm measured by 4mC-TAB-seq and 4mC-AMD-seq in comparison to SMRT-seq 4mC calls. Cytosines were separated by
SMRT-seq 4mC fractional methylation greater than or less than 0.5 (the latter including absent 4mC calls).

(C) 5mCG methylation in WT and Mpdn4mt1-1 mutant sperm measured by SMRT-seq, as in (A).

(D) Snapshot as in Figure 4C showing 5mCG methylation called by SMRT-seq.
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Figure S6. Functional and transcriptomic characterization of Mpdn4mt1-1 mutant sperm, related to Figures 5 and 6

(A) Heatmap showing the Spearman correlation coefficient of pairwise comparison across the entire genome from each of the sperm ATAC-seq biological
replicates (rep).

(B) Scatterplots showing high correlations between RNA-seq biological replicates of WT or Mpdn4mt1-1 mutant sperm. R, Pearson’s correlation coefficient.
(C) Kernel density plots displaying distributions of differential gene expression for genes expressed (TPM > 0) in at least one out of the two datasets compared.
Unlike thallus datasets from stress-response, mutants, or gene-overexpression (0x) compared with their respective controls,”®®" Mpdn4mt1-1 mutant sperm
displayed broad transcriptional shifts (top), indicative of non-uniform global changes in gene expression. As a control for noise, differential expression between
biological replicates of Mpdn4mt1-1 mutant and WT sperm is shown (bottom), both displaying central peaks at zero. This confirms that the broader distribution in
the mutant versus WT sperm reflects genuine global transcriptional changes, not experimental noise.

(D) Transcript abundance in indicated samples for genes with significantly different transcript abundance between Mpdn4mt1-1 sperm and WT sperm. Transcript
abundance is shown in logo (TPM + 1). Pearson’s R values are displayed, as in (B).

(E) Volcano plot showing the difference in expression between elongating spermatids and WT sperm for transcripts that are over-represented (green) or under-
represented (red) in Mpdn4mt1-1 sperm compared with WT sperm (highlighted in Figure 5C). Vertical dashed line marks 0-fold change (FC).

(F) Violin plots displaying differential chromatin accessibility (measured by ATAC-seq) between Mpdn4mt1-1 sperm and WT sperm (left) and DNA methylation in
WT sperm at 200 bp downstream of TSS (6mCHG, middle; 5mCHH, right) at genes that are under- or over-represented in Mpdn4mt1-1 sperm compared with WT
sperm. p values (Kolmogorov-Smirnov test) are shown: *p < 2.16e—10, *p < 7.33e—15, **p < 1.27e—12.

(G) Snapshots of Data S1A and S1B showing the swimming paths taken by example WT or Mpdn4mt1-1 sperm (indicated by colored lines). Scale bars, 20 um.
(H) Examples of two normally burst embryos (the sporophytes) and examples of defective embryos that failed to release spores. Scale bars, 1 mm.
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