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Abstract 24 

Background  25 

N6-Methyladenosine (m6A) regulates RNA fate in flowering plants, but the repertoire and 26 

expression patterns of m6A-related genes remain incompletely characterized in liverworts. Here, 27 

we characterized these gene families in the liverwort Marchantia polymorpha within a 28 

comparative framework spanning diverse plant lineages.  29 

Results 30 

A comparative survey of 122 plant genomes using sequence similarity and conserved-domain 31 

criteria identified 18 candidate m6A-related loci in M. polymorpha, comprising seven writer-32 

related genes, five AlkB homolog genes, and six reader-related genes. Across the surveyed 33 

genomes, canonical writer components generally had low copy numbers, whereas AlkB homolog 34 

and reader-related families showed greater copy-number variation. Phylogenetic and domain 35 

analyses supported the family assignments of the M. polymorpha candidates. Eight of the 18 36 

candidate loci showed detectable collinearity with Marchantia quadrata. Analysis of putative 37 

promoter regions identified motifs annotated as hormone-, light-, and stress-responsive, with 38 

hormone-responsive motifs forming the largest category among functionally classified sites. 39 

Public transcriptome analysis revealed variation in candidate gene expression across 40 

developmental stages and tissues. Quantitative reverse-transcription PCR showed significantly 41 

higher transcript abundance for four of the six reader-related genes in thalli than in both gemmae 42 

and gemma cups. Cold, heat, osmotic, salt, and dark treatments elicited gene-specific expression 43 

responses. In the qRT-PCR assays, darkness increased transcript abundance of several candidates, 44 

including MpMTA, MpALKBH1A, and MpECT2, relative to unstressed controls. A predicted 45 

protein-association network suggested links between subsets of the candidates and RNA-46 
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processing proteins.  47 

Conclusions 48 

These findings define a candidate m6A-related gene repertoire in M. polymorpha and identify 49 

tissue- and stress-responsive genes for targeted functional studies of RNA methylation in this 50 

liverwort. 51 

Keywords 52 

Marchantia polymorpha, N6-methyladenosine, m6A, RNA methylation, Genome-wide 53 

identification, Comparative genomics, Gene expression, Abiotic stress, cis-acting elements 54 
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Background 70 

N6-Methyladenosine (m6A) is a widespread internal RNA modification that adds a post-71 

transcriptional layer to gene regulation [1, 2]. On plant transcripts, m6A has been associated with 72 

RNA processing, alternative polyadenylation, transcript stability, and translation [3-6]. Its effects 73 

depend on the modified RNA and the proteins that install, remove, or recognize the methyl group 74 

[7-9]. These proteins are commonly classified as writers, erasers, and readers, respectively (Figure 75 

1A) [7-9]. Studies in flowering plants have linked this regulatory framework to embryogenesis, 76 

organ development, and responses to environmental signals, but the functions of individual family 77 

members can differ across biological contexts [1, 8, 10, 11]. 78 

In Arabidopsis thaliana, METHYLTRANSFERASE A (MTA) and METHYLTRANSFERASE B 79 

(MTB) are central components of the mRNA m6A writer complex, together with FKBP12 80 

INTERACTING PROTEIN 37 KD (FIP37), VIRILIZER (VIR), and HAKAI [1, 8]. Depletion of 81 

several of these components lowers mRNA methylation and can disrupt embryogenesis, shoot 82 

meristem activity, and root development [1, 8, 10]. The effects of the writer machinery also extend 83 

beyond protein-coding mRNAs [12]. MTA-dependent methylation of primary microRNAs (pri-84 

miRNAs) promotes their efficient processing by the nuclear microRNA machinery, which includes 85 

DICER-LIKE 1 (DCL1) and HYPONASTIC LEAVES 1 (HYL1) (Figure 1B) [12]. FIONA1 86 

(FIO1), a methyltransferase related to METHYLTRANSFERASE-LIKE 16 (METTL16), 87 

represents a distinct route to RNA methylation: its modification of U6 small nuclear RNA (snRNA) 88 

affects splice-site selection and pre-mRNA splicing [4]. Thus, the presence of a methyltransferase-89 

related domain does not necessarily imply membership in the MTA–MTB writer complex or the 90 

same RNA substrate specificity [4, 8]. 91 

Removal of m6A adds another potential level of regulation [7, 13]. The A. thaliana AlkB homolog 92 
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(ALKBH) protein ALKBH10B demethylates transcripts encoding flowering regulators, including 93 

FLOWERING LOCUS T (FT), SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 3 (SPL3), 94 

and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9), and thereby affects their 95 

stability and the timing of floral transition [7]. A different family member, ALKBH9B, influences 96 

the m6A content of alfalfa mosaic virus RNA and viral infection [13]. These examples show that 97 

plant ALKBH proteins can act in different cellular and biological contexts (Figure 1A) [7, 13]. 98 

However, RNA demethylase activity and substrate choice have been demonstrated for only a 99 

subset of plant ALKBH proteins; they cannot be inferred for every family member from sequence 100 

similarity alone [7, 13, 14]. 101 

The consequences of m6A are also determined by reader proteins [5, 9]. In A. thaliana, the long 102 

isoform of CLEAVAGE AND POLYADENYLATION SPECIFICITY FACTOR 30 (CPSF30-L) 103 

contains an m6A-recognizing YT521-B homology (YTH) domain and contributes to alternative 104 

polyadenylation of target transcripts in the nucleus, with reported effects on nitrate signaling, floral 105 

transition, and abscisic acid (ABA) responses [3, 9]. In the cytoplasm, EVOLUTIONARILY 106 

CONSERVED C-TERMINAL REGION (ECT) proteins constitute another group of YTH-domain 107 

readers [5, 15]. A. thaliana ECT2, ECT3, and ECT4 support organogenesis and can promote the 108 

stability of bound transcripts; they have also been implicated in translation of immune-related 109 

mRNAs under specific conditions [5, 6, 15, 16]. ECT8 provides a distinct stress-associated 110 

example: it sequesters m⁶A-modified PYRABACTIN RESISTANCE 1-LIKE 7 (PYL7) mRNA in 111 

stress granules and limits its translation during ABA responses [17], whereas its association with 112 

processing bodies promotes target mRNA decay during salt stress [11]. Accordingly, reader-113 

dependent outcomes range from RNA persistence to selective translation or turnover and should 114 

be evaluated in the relevant cellular context (Figure 1B) [5, 6, 9, 11, 17]. 115 
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Genome-wide and transcriptome-scale studies in A. thaliana, Oryza sativa, Litchi chinensis, Pinus 116 

massoniana, poplar, and Brassica napus have catalogued m6A-related gene families and described 117 

variation in copy number, promoter motifs, and developmental or stress-associated expression [18-118 

23]. A broader comparative analysis across 154 plant species examined the evolutionary 119 

relationships, family expansions, and conserved genomic contexts of m6A-related proteins [14]. 120 

The liverwort Marchantia polymorpha belongs to an early-diverging lineage of land plants, 121 

providing an evolutionary comparison with flowering plants and a model for examining gene 122 

expression across vegetative, asexual, and sexual developmental contexts [24]. Homologs of the 123 

core writer-complex components MTA, MTB, FIP37, VIR, and HAKAI have already been 124 

identified in M. polymorpha [25]. In addition, a M. polymorpha YTH-domain family (YTHDF) 125 

protein partially complemented leaf-development defects in A. thaliana ect2 ect3 ect4 mutants in 126 

a heterologous assay [26]. These findings establish a basis for investigating m6A-related proteins 127 

in M. polymorpha, but do not resolve how the broader candidate repertoire is expressed across 128 

developmental contexts and abiotic stress conditions. Integrating comparative sequence analyses 129 

with expression profiling can help identify candidates for functional investigation. 130 

Here, we surveyed candidate m6A-related proteins across 122 plant genomes and identified 18 131 

candidate loci in M. polymorpha: seven writer-related genes, five ALKBH-family genes, and six 132 

reader-related genes (Figure 1C). We analyzed phylogenetic relationships, conserved domains, 133 

gene structures, predicted protein structures, chromosomal collinearity with Marchantia quadrata, 134 

putative promoter motifs, expression across developmental contexts and abiotic stresses, and 135 

predicted protein associations. This integrated analysis defines a candidate repertoire and identifies 136 

specific genes for future tests of RNA methylation and function in a liverwort. 137 

 138 



7 

 

Methods 139 

Plant materials and growth conditions 140 

The male Marchantia polymorpha subsp. ruderalis accession Takaragaike-1 (Tak-1), previously 141 

identified by Prof. Masaki Shimamura [27], was propagated on half-strength Gamborg’s B5 142 

medium with vitamins (Duchefa Biochemie, G0210) supplemented with 1% (w/v) sucrose 143 

(Adamas life, 66841U) and 1.4% (w/v) phyto agar (Duchefa Biochemie, P1003), adjusted to pH 144 

5.5. Plants were grown at 22 °C under continuous LED illumination at a photosynthetic photon 145 

flux density of 100 μmol m-2 s-1. The Tak-1 stock used in this study was originally obtained from 146 

the laboratory of Prof. Masaki Shimamura and subsequently maintained at Yonsei University, 147 

Republic of Korea. No wild plants were collected, and no voucher specimen was deposited as part 148 

of this study. 149 

 150 

Abiotic stress treatments 151 

Abiotic stress treatments were performed as previously described, with modifications [28]. For 152 

salt and osmotic stress treatments, gemmae were grown for 15 days on sucrose-free half-strength 153 

Gamborg’s B5 medium with vitamins and 1.4% (w/v) phyto agar, supplemented with 40 mM NaCl 154 

(Macklin, S805286) or 100 mM mannitol (Greagent, G77529B), respectively. Both media were 155 

adjusted to pH 5.5. For cold, heat, and dark stress treatments, gemmae were initially grown on the 156 

same sucrose-free basal medium without NaCl or mannitol. On day 14, plates were transferred to 157 

3 °C or 33 °C for 24 h for cold and heat treatments, respectively. For dark treatment, plates were 158 

wrapped in aluminum foil on day 12 and maintained in darkness for 3 days. Corresponding control 159 

plants were grown on the same sucrose-free basal medium without stress treatment at 22 °C under 160 

continuous LED light until day 15. On day 15, control and stress-treated plants were harvested and 161 
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used for further analysis. 162 

 163 

Genome-wide identification of m6A writers, erasers, and readers in 122 plant genomes 164 

Predicted protein sequences for 119 plant species were obtained from Ensembl Plants release 62 165 

[29]. A. thaliana Araport11 protein sequences were obtained from TAIR [30]. The full protein 166 

dataset (Araport11_pep_20250411.gz) was included among the target proteomes, and reference 167 

query sequences were selected from the representative-gene-model dataset 168 

(Araport11_pep_20250411_representative_gene_model.gz). The M. quadrata var. MQ v1.1 169 

primary-transcript protein sequences were obtained from JGI Phytozome [31, 32]. The M. 170 

polymorpha MpTak_v7.1 assembly, annotation, and predicted protein sequences were obtained 171 

from MarpolBase, bringing the dataset to 122 plant genomes [33]. Previously reported A. thaliana 172 

m6A-related proteins were used as reference queries [18, 34]. The query set comprised writer-173 

related proteins, ALKBH-family proteins, and reader-related proteins. Candidates assigned to 174 

ALKBH8 or ALKBH8A were excluded after domain-compatible query assignment because the 175 

corresponding A. thaliana reference proteins have characterized roles in tRNA wobble-uridine 176 

modification: AtALKBH8 catalyzes hydroxylation of mcm5U to (S)-mchm5U, whereas 177 

AtALKBH8A (AtTRM9) catalyzes methylation of cm5U to mcm5U [35]. The names and locus 178 

identifiers of the reference queries are provided in Supplementary Table S1 (Additional file 1). 179 

Predicted protein sequences from the 122 species were combined into a single FASTA file, with 180 

sequence identifiers linked to their species of origin and original protein identifiers. Only protein 181 

sequences beginning with methionine were retained. A local protein database was constructed from 182 

the combined sequences using makeblastdb (NCBI BLAST+ v2.17.0+). BLASTp v2.17.0+ was 183 

used to search this database with the A. thaliana reference sequences at an E-value cutoff of 1 × 184 
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10-5 [36]. Hits with less than 30% amino acid identity across the aligned region were excluded. 185 

Proteins passing these criteria were extracted for conserved-domain analysis. 186 

Candidate proteins were searched against the NCBI Conserved Domain Database (CDD v3.21) 187 

using RPS-BLAST v2.17.0+ at an E-value cutoff of 1 × 10-2 [36, 37]. The diagnostic domain 188 

models examined were MT-A70 (CDD: 368270, pfam05063), Wtap (CDD: 465345, pfam17098), 189 

VIR_N (CDD: 464938, pfam15912), Methyltransf_10, MTase-10 (CDD: 399160, pfam05971), 190 

RING-HC_HAKAI-like (CDD: 438171, cd16508), 2OG-FeII_Oxy_2, ALKBH (CDD: 433285, 191 

pfam13532), YTH (CDD: 410979, cd21134, CDD: 461195, pfam04146), Cleavage and 192 

polyadenylation specificity factor, CPSF (CDD: 227416, COG5084), and RRM_ist3_like, RRM 193 

(CDD: 409845, cd12411). Candidates were retained only when they shared at least one selected 194 

CDD model with a reference query and met the corresponding BLAST criteria. For assignments 195 

involving the RRM_ist3_like model, an additional BLAST E-value threshold of ≤ 1 × 10-40 was 196 

applied before query assignment. The remaining proteins were classified as writer-, eraser-, or 197 

reader-related candidates based on their similarity to the reference queries and their conserved-198 

domain composition. 199 

For cross-species copy-number analysis, the longest protein isoform among those passing both the 200 

BLASTp and RPS-BLAST criteria was retained for each locus, and each locus was counted once 201 

within its assigned family. For cross-species phylogenetic analysis, the same representative-202 

isoform approach was used for the other species, whereas proteins annotated with the .1 isoform 203 

suffix in MarpolBase were used for M. polymorpha. All annotated protein isoforms of the 204 

identified M. polymorpha loci were evaluated for isoform-level characterization. The short 205 

MpECT12 isoform Mp3g00420.2 was excluded from downstream analyses because it lacked the 206 

YTH-domain region, leaving 23 selected protein isoforms. For the subsequent isoform-level 207 
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analyses, the 23 selected transcript/protein isoforms listed in Table 1 were used. 208 

The theoretical molecular weights and isoelectric points of the identified M. polymorpha proteins 209 

were calculated using ExPASy Compute pI/Mw [38-40]. Subcellular localization was predicted 210 

using CELLO2GO, Plant-mPLoc v2.0, and LOCALIZER v1.0.4 [41-43]. The identified M. 211 

polymorpha loci, selected transcript identifiers, physicochemical properties, and predicted 212 

localizations are listed in Table 1. 213 

 214 

Taxonomic distribution of m6A-related gene copy numbers 215 

Species names were mapped to NCBI taxonomy identifiers using ETE3 NCBITaxa, with manual 216 

correction of synonyms where required. NCBI lineage information was used to assign taxonomic 217 

ranks and organize the 122 species in a circular taxonomic display. For each species, copy numbers 218 

were calculated for five writer groups (MT-A70, Wtap, VIR_N, MTase-10, and RING-219 

HC_HAKAI-like), one eraser group (ALKBH), and four reader groups (YTH, YTH+CPSF, CPSF, 220 

and RRM). Counts were derived from the locus-level representative protein sets prepared for the 221 

cross-species phylogenetic analyses. Within each group, one representative sequence was retained 222 

per species-specific gene identifier, prioritizing the longest isoform among proteins that passed 223 

both the BLASTp and conserved-domain criteria. Each represented locus contributed one copy to 224 

its assigned group. The taxonomic grouping and ten group-specific copy-number heatmap tracks 225 

were visualized in iTOL. The taxonomic display does not represent a species phylogeny inferred 226 

from the m6A-related protein sequences. 227 

 228 

Multiple sequence alignment and phylogenetic analysis 229 

For the cross-species analyses, records sharing the same species-specific gene identifier within a 230 
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conserved-domain dataset were reduced to one representative sequence. For species other than M. 231 

polymorpha, the longest sequence was prioritized, with BLAST E-values, amino acid identities, 232 

BLAST bit scores, and protein identifiers, in that order, used to resolve ties. For M. polymorpha, 233 

the .1 isoforms annotated in MarpolBase were used. Full-length proteins were analyzed in five 234 

writer groups (MT-A70, Wtap, VIR_N, MTase-10, RING-HC_HAKAI-like), one eraser group 235 

(ALKBH), and four reader groups (YTH, YTH+CPSF, CPSF, and RRM). Each group was aligned 236 

independently with MAFFT v7.526 using the --auto option [44]. No trimming was applied to the 237 

resulting alignments. 238 

A maximum-likelihood tree was inferred independently for each alignment with IQ-TREE v3.1.4 239 

[45]. Model selection was performed using ModelFinder with the -m MFP option, and branch 240 

support was assessed with 3,000 ultrafast bootstrap replicates and bootstrap-tree refinement with 241 

the -bb 3000 -bnni options [46, 47]. To display the independently inferred writer trees in one panel, 242 

their consensus trees were grafted onto a predefined synthetic backbone using a custom Python 243 

v3.12.14 script based on ETE3 v3.1.3 [48]. The four reader trees were assembled in the same way. 244 

The ALKBH eraser tree was displayed directly. Relationships connecting different writer or reader 245 

groups were specified by the synthetic backbones and were not inferred or assigned bootstrap 246 

support by IQ-TREE. The trees were visualized and annotated with iTOL v7 [49]. Group 247 

annotations were based on conserved-domain composition and similarity to A. thaliana reference 248 

proteins. 249 

For analyses restricted to M. polymorpha, the 23 selected protein isoforms were aligned separately 250 

for the writer, eraser, and reader groups using MUSCLE [50] implemented in MEGA12. 251 

Alignment parameters were set as follows: gap-opening penalty, −2.90; gap-extension penalty, 252 

0.00; hydrophobicity multiplier, 1.20; maximum iterations, 16; clustering method, UPGMA for 253 
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both the initial two iterations and subsequent iterations; and minimum diagonal length (λ), 24. 254 

Separate maximum-likelihood trees were then generated using MEGA12 [51]. Model selection 255 

based on the Bayesian information criterion identified rtREV+G+F, rtREV+I+F, and WAG+G+I+F 256 

for the writer, eraser, and reader datasets, respectively. Node support was assessed using 2,000 257 

bootstrap replicates. 258 

 259 

Gene structure and conserved domain architecture analysis 260 

Gene structures and protein domain architectures of the identified M. polymorpha m6A-related 261 

genes were visualized using custom Python scripts with pandas v2.2.3 and matplotlib v3.8.4. For 262 

gene-structure visualization, exon and CDS annotations were extracted from the MpTak_v7.1 263 

GFF3 file using transcript parent IDs. Gene structures and domain architectures were visualized 264 

for 23 selected transcript and protein isoforms from 18 loci. The short MpECT12 isoform 265 

Mp3g00420.2, which lacks the YTH-domain region present in Mp3g00420.1, was excluded. The 266 

genomic start and end positions and strand of each selected mRNA feature were extracted from 267 

the GFF3 file to generate a transcript information table, and genomic coordinates were converted 268 

into transcript-oriented relative positions. Introns were defined as the intervals between adjacent 269 

exons, and UTRs were inferred as exon regions that did not overlap CDSs. Introns were defined 270 

as the intervals between adjacent exons, and UTRs were inferred as exon regions that did not 271 

overlap CDSs. In the final gene-structure plot, UTRs were shown as blue boxes, CDSs as yellow 272 

boxes, and introns as black lines. For domain visualization, the 23 selected protein sequences were 273 

extracted from the MpTak_v7.1 protein FASTA file and searched against a local Conserved 274 

Domain Database using RPS-BLAST with an E-value cutoff of 1 × 10-3. Hits to ten specified CDD 275 

identifiers were retained in a script-generated tab-delimited file. Protein lengths were calculated 276 
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from the extracted protein FASTA file, and the RPS-BLAST query start and end positions were 277 

plotted relative to the full-length protein sequences. Overlapping hits from the two selected YTH 278 

domain models were collapsed when their overlap covered at least 80% of the shorter hit, 279 

prioritizing CDD identifier 410979. Domain names were simplified for plotting, while the original 280 

domain descriptions were retained in the tab-delimited RPS-BLAST results. Protein backbones 281 

were represented as grey horizontal bars, and annotated domains were displayed as colored 282 

rectangles according to domain type. 283 

 284 

Chromosomal location and collinearity analysis 285 

The chromosomal locations of the 18 candidate m6A-related genes in M. polymorpha were 286 

determined from the MpTak_v7.1 GFF3 annotation. The corresponding genome assembly, v1.1 287 

gene annotation, and primary-transcript protein dataset of Marchantia quadrata var. MQ were 288 

obtained from JGI Phytozome [31]. For M. polymorpha, primary protein sequences were mapped 289 

to their parent gene loci, with one sequence retained per locus. For M. quadrata, the primary-290 

transcript-only protein dataset was used. Transcript-level identifiers of the candidate M. 291 

polymorpha m6A-related genes were collapsed to their corresponding gene loci, and species-292 

specific prefixes (MP_ and MQ_) were added to gene and chromosome identifiers to prevent 293 

identifier conflicts between the two genomes. Gene positions corresponding to the representative 294 

protein sequences from both genomes were extracted from the respective genome annotations and 295 

formatted as positional input for MCScanX v1.0.0. 296 

Bidirectional protein similarity searches between the genome-wide representative protein sets of 297 

the two species were performed using DIAMOND v2.2.8 in BLASTP sensitive mode, with an E-298 

value threshold of 1 × 10-3 and a maximum of 20 target sequences per query [52]. The results from 299 
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both search directions were combined, and interspecific collinear blocks were identified using 300 

MCScanX with the parameters -b 2 -s 3 -e 1e-5 -m 30 -a [53]. These settings restricted the analysis 301 

to interspecific blocks, required a minimum of three anchor gene pairs per block, applied a block 302 

E-value threshold of 1 × 10-5, and set the maximum gap parameter to 30. The -a option limited 303 

output to the pairwise collinearity file. Duplicate M. polymorpha–M. quadrata collinear gene pairs 304 

were collapsed before downstream analysis. 305 

Collinear pairs containing one of the 18 candidate M. polymorpha m6A-related genes were grouped 306 

according to whether the candidate belonged to the writer-related, ALKBH-family, or reader-307 

related group. Pairs whose M. polymorpha member was not among the 18 candidates were 308 

classified as background relationships. The visualization included M. polymorpha chromosomes 309 

1–8, U, and V and M. quadrata chromosomes 1–9. Collinear relationships were visualized using 310 

the Multiple Synteny Plot module of TBtools-II v2.498 [54]. Candidate genes and their detected 311 

M. quadrata collinear counterparts were highlighted in red, green, and purple for the writer-related, 312 

ALKBH-family, and reader-related groups, respectively. Links involving these highlighted loci 313 

were displayed in the corresponding colors, including links connecting a highlighted M. quadrata 314 

locus to a non-candidate M. polymorpha gene. All other links were displayed in light grey. Only 315 

pairs containing one of the 18 candidate M. polymorpha genes were counted as candidate-316 

associated collinear pairs. This analysis was used to assess conservation of chromosomal context 317 

and did not independently establish strict one-to-one orthology or the direction of gene duplication 318 

or loss. 319 

 320 

Identification of cis-regulatory elements in the putative promoter regions 321 

For cis-regulatory element analysis, 2-kb genomic regions immediately upstream of the annotated 322 
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5′ end of each selected transcript model of the identified M. polymorpha m6A-related genes were 323 

extracted using the MpTak_v7.1 genome assembly and corresponding annotation. Upstream 324 

sequences were extracted according to transcript orientation, with sequences from negative-strand 325 

transcripts reverse-complemented. For loci represented by multiple transcript models in the 326 

curated dataset, a separate promoter entry was retained for each transcript model, resulting in 23 327 

transcript-level promoter entries corresponding to 18 candidate m6A-related loci. Entries from the 328 

same locus could represent identical or overlapping upstream regions. 329 

Putative cis-regulatory elements within the 2-kb promoter sequences were identified using 330 

PlantCARE (accessed 27 September, 2026) [55, 56]. Site-level predictions were compiled from 331 

the PlantCARE output and processed using custom Python scripts. PlantCARE hits were retained 332 

for functional classification when their annotations could be assigned to one of the functional 333 

subcategories listed in Table 2. Hits outside these subcategories were excluded from the functional 334 

summaries. For Figure 5A, named motif hits were plotted regardless of whether they could be 335 

assigned to these subcategories; unnamed motif hits were omitted. 336 

The retained motif hits were grouped into five major categories based on their PlantCARE 337 

functional annotations: light-responsive, hormone-responsive, environmental stress-related, 338 

development-related, and other elements (Table 2). MYBHv1-binding sites were assigned to the 339 

other-elements category. These annotations do not establish regulatory functions in M. polymorpha. 340 

To characterize motif distributions, the positions and identities of individual predicted elements 341 

were plotted along each 2-kb upstream sequence, from its distal 5′ end toward the annotated 342 

transcript 5′ end. A promoter-entry-by-functional-subcategory count matrix was generated by 343 

counting retained motif hits assigned to each functional subcategory within each transcript-level 344 

promoter entry and was visualized as a heatmap (Figure 5B). Counts within each entry were 345 
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additionally aggregated into the five major functional categories and displayed as stacked 346 

horizontal bar plots (Figure 5C). Totals reported in Table 2 were calculated across the 23 transcript-347 

level promoter entries. All data processing and visualization were performed using custom Python 348 

scripts with pandas, NumPy v1.26.4, matplotlib, and seaborn v0.13.2. 349 

 350 

Expression analysis across tissues and developmental stages 351 

Expression data in transcripts per million (TPM) for the 18 candidate M. polymorpha m6A-related 352 

genes, comprising seven writer-related genes, five ALKBH-family genes, and six reader-related 353 

genes, were obtained from the MarpolBase Expression database (MBEX; accessed 9 September 354 

2026) [57]. The 18 candidate loci were matched to MBEX entries by their MarpolBase gene IDs, 355 

and gene-level TPM values were retrieved for expression analysis. The dataset included 16 tissue 356 

and developmental-stage conditions, covering a spore germination time course (0–96 h), 357 

vegetative and meristematic tissues, male and female reproductive tissues or cells, and early 358 

sporophyte tissue. Each tissue or developmental-stage condition was represented by two to four 359 

biological replicates. Replicate-level TPM values for the 18 candidate genes across the 16 tissue 360 

and developmental-stage conditions, together with their gene names and MarpolBase gene IDs, 361 

are provided in Supplementary Table S2 (Additional file 2). 362 

Sample labels were standardized before analysis. Expression values from individual replicates 363 

were log2 (TPM + 1)-transformed and subsequently averaged within each tissue or developmental 364 

stage. No gene-wise Z-score transformation was applied. The heatmap display scale was set from 365 

−1 to 8, with values outside this range displayed at the corresponding limit. Separate heatmaps 366 

were generated for writers, erasers, and readers using the pheatmap and grid packages in R. Genes 367 

were hierarchically clustered within each functional class, whereas tissues and developmental 368 



17 

 

stages were arranged in a predefined biological order without column clustering. 369 

 370 

RNA-seq data processing and differential expression analysis under abiotic stress 371 

Raw RNA-seq data were obtained from ArrayExpress under accession number E-MTAB-11141 372 

[28]. The analyzed dataset comprised seven single-stress conditions (cold, heat, osmotic stress, 373 

salt stress, nitrogen deficiency, darkness, and high light), 18 pairwise stress combinations, and two 374 

unstressed control groups from independent experimental batches, designated Control D2 and 375 

Control H2. Sample accession numbers, treatment details, and batch assignments were obtained 376 

from the associated SDRF metadata; each condition comprised three biological replicates. 377 

Zeitgeber time-course samples were excluded. Transcript abundance was quantified using Salmon 378 

v1.12.0 with mapping validation (--validateMappings) against the M. polymorpha Tak-1 v5.1r2 379 

cDNA reference transcriptome obtained from MarpolBase [58]. For transcript-to-gene mapping, 380 

only transcript identifiers ending in .1 were retained from the Tak-1 v5.1 cDNA annotation. Salmon 381 

abundance estimates for retained .1 transcripts were imported into R using tximport v1.30.0, with 382 

countsFromAbundance = "lengthScaledTPM", and assigned to their corresponding gene 383 

identifiers by removing the terminal .1 suffix [59]. These estimates represent primary-transcript-384 

based abundance rather than the summed abundance of all isoforms of each locus. Gene identifiers 385 

in the v5.1 reference were matched to the candidate loci identified using the v7.1 annotation by 386 

exact gene identifier matching. 387 

Genes with fewer than 10 estimated counts summed across all analyzed samples were excluded 388 

before model fitting; all 18 candidate m6A-related genes passed this prefilter. A DESeq2 v1.42.0 389 

model was fitted to all retained genes across the 27 sample groups using the design formula ~ 390 

StressSimple. Each stress condition was compared separately with Control D2 and Control H2 391 
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using Wald tests. Within each contrast, P values were adjusted using the Benjamini–Hochberg 392 

method before extracting the results for the 18 candidate genes [60]. Under each stress condition, 393 

a candidate gene was classified as consistently differentially expressed when both control 394 

comparisons yielded adjusted P values < 0.05 and log2 fold changes with the same sign. For each 395 

gene–stress combination meeting these criteria, the arithmetic mean of the log2 fold changes from 396 

the two control comparisons was used for heatmap visualization. Combinations that did not meet 397 

the criteria were displayed as zero, indicating failure to meet the selection criteria rather than an 398 

estimated absence of expression change. Separate heatmap panels were generated for single-stress 399 

and pairwise-stress conditions using pheatmap v1.0.12 and grid in R v4.3.3. Both panels used the 400 

same asymmetric color scale ranging from −10 to +3, with white assigned to zero, red to positive 401 

values, and blue to negative values. Within each panel, genes were hierarchically clustered 402 

separately within the writer-related, ALKBH-family, and reader-related groups using Euclidean 403 

distance and complete linkage. Clustering was performed on the displayed matrix after entries that 404 

did not meet the differential-expression criteria were set to zero and values were limited to the 405 

display range. Stress conditions were displayed in a predefined order without column clustering. 406 

 407 

qRT-PCR analysis 408 

Quantitative reverse-transcription PCR (qRT-PCR) was performed to analyze transcript levels of 409 

the 18 candidate M. polymorpha m6A-related genes. Total RNA was extracted from thalli, gemmae, 410 

and gemma cups for tissue comparisons and from control and stress-treated plants for stress-411 

response analyses using the Complex Plant RNA Extraction Kit (Adamas Life, G8028). cDNA 412 

was synthesized from 1 μg of total RNA using the RevertAid First Strand cDNA Synthesis Kit 413 

(Thermo Fisher Scientific, K1622). qRT-PCR was conducted using ChamQ Universal SYBR 414 
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qPCR Master Mix (Vazyme, Q711-03) on a StepOnePlus Real-Time PCR system (Applied 415 

Biosystems). MpSAND was used as an internal reference based on its previously reported 416 

suitability for developmental and abiotic-stress comparisons in M. polymorpha [61]. Relative 417 

transcript levels were calculated using the 2−ΔΔCt method, with MpSAND as the internal reference 418 

gene and thallus samples or the corresponding unstressed controls as calibrators for tissue 419 

comparisons or stress-response analyses, respectively [62]. For each gene, relative expression 420 

values were expressed on a scale with the arithmetic mean of the thallus or corresponding 421 

unstressed control group set to 1. Three independent biological replicates were analyzed for each 422 

condition, with three technical replicates performed for each biological replicate. Within each qRT-423 

PCR run, Cq values from technical triplicates were averaged for each target and reference gene 424 

before calculating relative expression. One relative expression value per biological replicate was 425 

used for plotting and statistical analysis. Individual-well Cq values and associated quality metrics 426 

for the tissue comparisons (Figure 7), abiotic-stress response analyses (Figure 9), and stress-427 

marker validation (Supplementary Figure 4 in Additional file 3) are provided in Supplementary 428 

Table S3 (Additional file 4). 429 

For stress-response analyses, plants were subjected to 40 mM NaCl or 100 mM mannitol treatment, 430 

cold treatment at 3 °C for 24 h, heat treatment at 33 °C for 24 h, or darkness for 3 days before 431 

sample collection. Primer sequences used for qRT-PCR are provided in Supplementary Table S4 432 

(Additional file 5). Previously published primer sets for MpSAND and selected stress-responsive 433 

marker genes, including MpFAD3, MpHSP17.8A1, MpLEA-like4, MpCIPK-B, MpCBL-A, 434 

MpABI3A, MpABI5B, and MpSIG1, were adopted from previous studies [61, 63-67], with the 435 

corresponding source references provided in Supplementary Table S4 (Additional file 5). The 436 

MpSIG2 primer pair was designed in this study. MpSIG1 and MpSIG2 were selected as darkness-437 
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responsive markers based on the previously reported decrease in MpSIG1 and increase in MpSIG2 438 

transcript accumulation after 24 h of darkness following growth under continuous light [68]. 439 

 440 

Protein structure prediction and domain visualization 441 

Three-dimensional structural models of 21 of the 23 candidate m6A-related protein isoforms were 442 

obtained from the AlphaFold Protein Structure Database [69]. Precomputed models from the Tak-443 

1 proteome were used for all proteins except MpVIR.1 (Mp1g10290.1) and MpVIR.2 444 

(Mp1g10290.2), for which models were unavailable. The structures of MpVIR.1 and MpVIR.2 445 

were therefore predicted de novo using ColabFold, with multiple sequence alignments generated 446 

using MMseqs2 and five recycles used for model refinement. All other prediction parameters were 447 

maintained at their default settings [70, 71]. 448 

Predicted structures were visualized in PyMOL v2.5.0 using cartoon representation. For 449 

visualization only, residues with predicted local distance difference test (pLDDT) scores below 450 

protein-specific thresholds ranging from 20 to 70 were hidden. The pLDDT scores were obtained 451 

from the B-factor column of each PDB file [69]. Conserved domains were identified using CD-452 

Search against the NCBI Conserved Domain Database with RPS-BLAST, and the resulting domain 453 

boundaries were mapped onto the corresponding structural models [36, 37]. MT-A70, Wtap, 454 

VIR_N, RING-HC_HAKAI-like, MTase-10, ALKBH, YTH, CPSF, and RRM domains were 455 

distinguished using a fixed color scheme, whereas regions without annotated domains were 456 

displayed in light grey. 457 

All structures were rendered against a white background using consistent PyMOL settings. 458 

Individually rendered structures were assembled into a composite panel to compare the domain-459 

associated structural features of writer, eraser, and reader proteins (Figure 10). 460 
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 461 

Predicted protein-interaction network analysis 462 

Predicted functional associations involving 18 representative candidate M. polymorpha m6A-463 

related proteins, with one protein selected per locus, were retrieved from STRING v12.0 using the 464 

uploaded M. polymorpha proteome dataset (organism upload ID: STRG0A11VKF) [72]. For loci 465 

with multiple annotated isoforms, the .1 isoform was used. Candidate proteins from the writer-466 

related, ALKBH-family, and reader-related groups were submitted as query nodes. The minimum 467 

required interaction score was set to 0.4, and the maximum numbers of additional interactors in 468 

the first and second shells were set to 20 and 5, respectively. All other STRING parameters were 469 

maintained at their default settings. 470 

The resulting network was visualized using Cytoscape v3.10.4, with unconnected query proteins 471 

retained [73]. Gene identifiers and annotations of additional associated proteins were compiled 472 

from MarpolBase. These annotations were used to describe the nodes and do not constitute 473 

experimental validation of their functions. Network edges were interpreted as predicted functional 474 

protein associations supported by the evidence sources integrated in STRING and not necessarily 475 

as direct physical protein–protein interactions [72]. 476 

 477 

Statistical analysis 478 

Statistical analyses were performed using GraphPad Prism 10.5.0. For qRT-PCR analyses, each 479 

biological replicate was treated as one independent observation (n = 3 per condition). Statistical 480 

tests were performed separately for each gene using the relative expression values. Data are 481 

presented as means ± SD, with individual biological replicates shown as points. For qRT-PCR 482 

comparisons among tissues and among control and abiotic-stress conditions, data were analyzed 483 
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by ordinary one-way analysis of variance (ANOVA), assuming equal variances, followed by 484 

Tukey’s multiple-comparisons test for all pairwise comparisons. For two-group comparisons 485 

between the control and an individual stress treatment in the stress-marker validation experiment, 486 

a two-tailed unpaired Welch’s t-test was used. For Tukey’s test, the family-wise significance level 487 

was set at α = 0.05, and multiplicity-adjusted P values were reported. Significance was denoted as 488 

ns (P ≥ 0.05), * (P < 0.05), ** (P < 0.01), *** (P < 0.001), and **** (P < 0.0001). 489 

 490 

Use of large language models 491 

ChatGPT (OpenAI; GPT-6 Astra) was used to assist with the development and revision of custom 492 

analysis scripts and with English-language editing. The authors reviewed and tested the scripts, 493 

checked the resulting outputs, and critically revised the AI-assisted text. The authors take full 494 

responsibility for the analyses, interpretation, and final content of the manuscript. 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 
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 509 

Results 510 

Genome-wide analysis reveals conserved plant m6A-related gene families and identifies 18 511 

genes in Marchantia polymorpha 512 

To define the evolutionary landscape of plant m6A regulation, we first performed a genome-wide 513 

identification of putative writer, eraser, and reader proteins across 122 plant genomes. Candidate 514 

genes were identified using Arabidopsis thaliana m6A-related proteins as reference queries and 515 

retained when their encoded proteins contained conserved domains consistent with their family 516 

assignments. The annotated domains included MT-A70, Wtap, VIR_N, Methyltransf_10 (MTase-517 

10), RING-HC_HAKAI-like, 2OG-FeII_Oxy_2 (ALKBH), YT521-B homology (YTH), cleavage 518 

and polyadenylation specificity factor (CPSF), and RRM_ist3_like (RRM) domains. This survey 519 

showed that the three functional classes of m6A-related proteins were broadly represented across 520 

the sampled plant lineages, although individual families differed substantially in copy number 521 

among species (Figure 2). Canonical writer components generally occurred at relatively low copy 522 

numbers, whereas ALKBH-family erasers and reader proteins showed broader copy-number 523 

variation. These patterns are consistent with broad conservation of plant m6A regulatory 524 

components and lineage-dependent variation in gene family size [14]. Together, the copy-number 525 

survey provides a broad evolutionary context for defining the m6A-related gene repertoire in M. 526 

polymorpha. 527 

Maximum-likelihood phylogenetic analyses were performed separately for each conserved-528 

domain group (Supplementary Figures 1–3). The writer analyses included the MT-A70 group, 529 
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containing MTA-, MTB-, and MTC-related clades, and separate FIP37-, VIR-, FIO1-, and 530 

HAKAI-related groups. Eraser proteins clustered within ALKBH-related clades. The reader 531 

dataset included proteins annotated in four domain categories: YTH, YTH+CPSF, CPSF, and RRM. 532 

M. polymorpha candidates were placed within the corresponding plant clades, supporting their 533 

family assignments. 534 

Using this identification and domain-validation strategy, we identified 18 candidate m6A 535 

regulatory genes in M. polymorpha, including seven writers, five erasers, and six readers (Table 536 

1). The writer genes comprised MpMTA, MpMTB, MpMTC, MpFIP37, MpVIR, MpFIO1, and 537 

MpHAKAI. The eraser genes comprised MpALKBH1A, MpALKBH1C, MpALKBH6, 538 

MpALKBH8B, and MpALKBH9C. The reader genes comprised MpECT2, MpECT12, MpCPSF30-539 

L1, MpCPSF30-L3, MpCPSF30-L4, and MpCPSF30-L5. In the selected dataset, five loci—540 

MpMTA, MpFIP37, MpVIR, MpFIO1, and MpALKBH1C—were each represented by two 541 

transcript models, giving a total of 23 transcript models across the 18 loci. Nuclear localization 542 

was predicted for many of the identified proteins. Cytoplasmic or organellar localization was also 543 

predicted for several proteins, including MpFIO1, MpALKBH6, MpALKBH8B, MpALKBH9C, 544 

MpCPSF30-L4, and MpCPSF30-L5, by one or more tools (Table 1). These predictions suggest 545 

potential differences in subcellular distribution among the proteins. This set of 18 M. polymorpha 546 

m6A-related genes provided the basis for subsequent analyses of gene structure, domain 547 

architecture, chromosomal distribution and collinearity, putative promoter elements, expression 548 

patterns, predicted protein structures, and predicted protein associations. 549 

 550 

Gene structure and domain analyses support the annotation of M. polymorpha candidate m6A 551 

regulators 552 
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We next examined the exon–intron structures and conserved domain composition of the identified 553 

M. polymorpha candidate m6A regulators. Exon–intron structures and protein domain architectures 554 

are shown in Figure 3A and B, respectively. Exon–intron organization varied among the three 555 

functional classes, although several candidates within related phylogenetic groups showed 556 

comparable structural features (Figure 3A). The writer genes displayed substantial structural 557 

diversity. Among the writer candidates, MpVIR encoded one of the largest predicted proteins and 558 

showed an extended gene model with numerous exons, whereas MpMTC and MpHAKAI 559 

displayed more compact gene structures. MpFIP37 and MpFIO1 were each represented by two 560 

annotated transcript models, with similar overall exon–intron organization between the two models 561 

at each locus. Among the reader proteins, MpCPSF30-L3 had the greatest predicted length (Figure 562 

3B). Overall, these genes showed diverse exon–intron structures, with similarities among some 563 

phylogenetically related members.  564 

Conserved-domain analysis revealed the domain architectures of the identified proteins (Figure 565 

3B). Among the writer proteins, MpMTA, MpMTB, and MpMTC contained MT-A70 domains, 566 

whereas MpFIP37, MpVIR, MpFIO1, and MpHAKAI contained Wtap, VIR_N, MTase-10, and 567 

RING-HC_HAKAI-like domains, respectively. All eraser proteins contained ALKBH-related 568 

domains. Proteins assigned to the reader group contained YTH, CPSF, and/or RRM domains. 569 

Together, the domain annotations and phylogenetic analyses supported the family assignments of 570 

the 18 identified m6A-related genes. We next examined the chromosomal distribution of these 571 

genes and their collinear relationships with loci in Marchantia quadrata.  572 

 573 

Chromosomal distribution and collinearity analysis reveal conserved genomic context for 574 

eight M. polymorpha m6A-related genes 575 
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To place the M. polymorpha candidates in a genomic and genus-level comparative context, we 576 

examined their chromosomal distribution and interspecific collinearity with the closely related 577 

species M. quadrata. The 18 candidate m6A-related genes, comprising seven writers, five erasers, 578 

and six readers, were distributed across multiple M. polymorpha chromosomes rather than being 579 

concentrated within a single genomic region (Figure 4). Specifically, the candidates were located 580 

on chromosomes 1, 3, 4, 6, 7, and 8, whereas no candidate m6A-related genes were identified on 581 

chromosomes 2, 5, U, or V. Chromosome 1 contained the largest number of candidates, with eight 582 

loci comprising five writers, two erasers, and one reader. Chromosome 3 contained three 583 

candidates. Chromosome 4 contained one candidate, whereas chromosomes 6, 7, and 8 each 584 

contained two. 585 

Genome-wide comparison between M. polymorpha and M. quadrata identified 5,560 586 

nonredundant interspecific collinear gene pairs. Among the 18 M. polymorpha m6A-related loci, 587 

eight were associated with detectable collinear relationships in M. quadrata, comprising three 588 

writer, three eraser, and two reader genes (Figure 4). Thus, detectable collinearity was retained for 589 

3 of 7 writer loci, 3 of 5 eraser loci, and 2 of 6 reader loci under the criteria used in this analysis. 590 

At the individual-gene level, the writer genes Mp1g04450, Mp3g09940, and Mp7g09040 formed 591 

collinear pairs with M. quadrata loci Maqua.1G029900, Maqua.7G060800, and Maqua.8G103000, 592 

respectively. Among the eraser candidates, Mp1g08100, Mp1g21480, and Mp3g00190 formed 593 

collinear pairs with Maqua.2G120300, Maqua.2G183700, and Maqua.4G032100, respectively. 594 

Two reader genes, Mp3g00420 and Mp8g06500, formed collinear pairs with Maqua.4G034600 595 

and Maqua.6G082600, respectively. These relationships involved eight distinct loci in each species 596 

and were distributed across several chromosomes rather than being restricted to a single conserved 597 

chromosomal segment. 598 
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By contrast, no collinear counterpart was detected under the applied parameters for the remaining 599 

four writer genes (Mp1g03170, Mp1g08870, Mp1g10290, and Mp1g24270), two eraser genes 600 

(Mp6g08620 and Mp7g10560), or four reader genes (Mp1g00140, Mp4g02260, Mp6g15200, and 601 

Mp8g18820). The absence of a detected collinear counterpart under the applied criteria does not 602 

establish the absence of a homologous gene in M. quadrata. Together, these results identified eight 603 

M. polymorpha m6A-related loci with conserved genomic context in M. quadrata, complementing 604 

the sequence-based phylogenetic analyses. 605 

 606 

Putative promoters of M. polymorpha m6A-related genes contain abundant light-, hormone-, 607 

development-, and stress-associated cis-elements 608 

To explore potential transcriptional regulation of M. polymorpha m6A-related genes during 609 

development and environmental responses, we analyzed predicted cis-regulatory elements in 2-kb 610 

genomic regions immediately upstream of the annotated 5′ ends of 23 transcript models 611 

representing 18 loci. These regions were treated as putative promoters, and the positions of 612 

predicted cis-elements were mapped for each transcript model (Figure 5A). 613 

In total, 636 predicted motif occurrences were retained for functional classification across the 23 614 

putative promoter sequences, including 282 in writer-gene promoters, 153 in eraser-gene 615 

promoters, and 201 in reader-gene promoters (Table 2). These elements were grouped into five 616 

functional categories based on PlantCARE annotations: light-responsive, hormone-responsive, 617 

environmental stress-related, development-related, and other elements (Figure 5B). This 618 

classification provided an overview of the potential regulatory inputs associated with the identified 619 

m6A-related genes. 620 

Hormone-responsive elements represented the most abundant major category, with 262 predicted 621 
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motif occurrences, including 90 in writer-gene promoters, 74 in eraser-gene promoters, and 98 in 622 

reader-gene promoters. Among individual functional subcategories, the light-responsive element 623 

subcategory was the most abundant, with 229 occurrences, including 121 in writer-gene promoters, 624 

50 in eraser-gene promoters, and 58 in reader-gene promoters. Hormone-associated elements were 625 

also highly represented across the putative promoter regions. Methyl jasmonate (MeJA)-626 

responsive and abscisic acid (ABA)-responsive elements accounted for 138 and 78 predicted motif 627 

occurrences, respectively. Auxin-responsive elements were also present, with 22 predicted sites 628 

across the analyzed promoter regions. Stress-associated motifs were detected across the putative 629 

promoters, including MYB binding sites associated with drought inducibility, low-temperature-630 

responsive elements, defense/stress-responsive elements, anoxic inducibility elements, and 631 

anaerobic-responsive elements. Development-related and growth-associated motifs, including 632 

motifs annotated as zein metabolism-related motifs, meristem expression elements, endosperm 633 

expression elements, circadian elements, and cell cycle regulation elements, were also detected. 634 

Because several motif names are derived from annotations in seed plants, these elements should 635 

be interpreted as sequence motifs associated with regulatory categories rather than as direct 636 

evidence for the same biological processes in M. polymorpha.  637 

The distribution of predicted cis-elements differed among individual m6A-related transcript-level 638 

promoter entries (Figures 5B and 5C). MpECT12 had the highest number of functionally classified 639 

occurrences, including 32 hormone-responsive annotations. Together, these motif annotations 640 

generate hypotheses about light-, hormone-, stress-, and development-associated regulations that 641 

require experimental testing. These predictions provide a basis for comparing promoter 642 

architecture with tissue- and stress-dependent expression patterns in the following sections. 643 

 644 
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M. polymorpha m6A-related genes show tissue- and developmental-stage-dependent 645 

expression 646 

We next examined the expression patterns of the 18 M. polymorpha m6A-related genes across 16 647 

tissue and developmental-stage conditions using data from the MarpolBase Expression database 648 

(MBEX) [57]. Heatmap analysis showed that all 18 genes had nonzero TPM values in at least one 649 

sampled condition, but their expression levels varied across samples (Figure 6). Several genes 650 

showed relatively broad expression across samples from the spore germination time course, thallus, 651 

reproductive tissues or cells, and early sporophytes. For example, MpECT2 showed relatively high 652 

expression across the sampled conditions, whereas MpCPSF30-L3 showed lower expression in the 653 

9-day gametophytic apical cell sample and higher expression in the antheridium. Others showed 654 

more restricted or condition-enriched expression patterns. Hierarchical clustering within the writer, 655 

eraser, and reader groups organized genes according to similarities in their expression profiles 656 

across the sampled tissues and developmental stages. These heatmap-based expression profiles 657 

provided context for the subsequent qRT-PCR analysis of tissue-associated expression. To further 658 

examine tissue-associated expression, we measured transcript levels in thallus, gemmae, and 659 

gemma cups using qRT-PCR (Figure 7). Most writer genes showed significant differences in 660 

expression among tissues. MpMTC, MpFIO1, and MpHAKAI transcript levels were significantly 661 

higher in thallus than in gemmae or gemma cups. MpMTA and MpVIR were significantly more 662 

highly expressed in thallus than in gemma cups, whereas MpFIP37 was significantly more highly 663 

expressed in thallus than in gemmae. No significant differences among tissues were detected for 664 

MpMTB. Among erasers, MpALKBH1A expression was significantly higher in gemmae and 665 

gemma cups than in thallus, whereas MpALKBH1C, MpALKBH6, and MpALKBH9C were more 666 

highly expressed in thallus than in gemmae or gemma cups. MpALKBH8B expression was 667 
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significantly higher in thallus than in gemmae, whereas the difference between thallus and gemma 668 

cups was not significant. Reader genes also showed tissue-dependent expression: MpECT12, 669 

MpCPSF30-L1, MpCPSF30-L3, and MpCPSF30-L4 were significantly more highly expressed in 670 

thallus than in gemmae or gemma cups. MpECT2 expression was significantly higher in thallus 671 

than in gemmae, whereas MpCPSF30-L5 expression was significantly higher in thallus than in 672 

gemma cups. None of the six reader-related genes showed a significant difference between 673 

gemmae and gemma cups. Thus, the qRT-PCR results complemented the MBEX expression 674 

profiles by revealing gene-specific expression differences among the three tested tissues, with 675 

many writer, eraser, and reader genes showing higher expression in the thallus. Together, these 676 

expression patterns suggest potential roles for m6A-related genes in distinct vegetative and 677 

reproductive contexts in M. polymorpha. 678 

 679 

Abiotic stress alters the expression of M. polymorpha m6A-related genes 680 

We examined stress-associated expression changes in the 18 M. polymorpha m6A-related genes by 681 

reanalyzing published RNA-seq data [28]. Under the seven single-stress conditions, writer, eraser, 682 

and reader genes displayed stress-dependent expression changes relative to unstressed controls 683 

(Figure 8A). The response was not uniform across the writer, eraser, and reader gene groups. Under 684 

darkness, the dual-control analysis identified increased primary-transcript-based abundance of 685 

MpMTA (mean log2FC = 1.54) and MpVIR (0.87), whereas MpFIP37 decreased (−5.23). Among 686 

reader-related candidates, MpECT2 increased under cold (2.10), whereas MpCPSF30-L3 687 

decreased under darkness (−1.20). Eraser genes also showed divergent responses, suggesting that 688 

stress may differentially affect the expression of genes associated with m6A methylation and 689 

demethylation pathways. Reader genes also showed gene-specific increases and decreases across 690 
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the tested stresses. Heatmaps for the 18 pairwise stress combinations showed expression patterns 691 

that differed from those observed under the corresponding individual stresses (Figure 8A, B). 692 

These data suggest that M. polymorpha m6A-related genes are associated with stress-responsive 693 

transcriptional programs. These RNA-seq analyses provided a broader context for the subsequent 694 

qRT-PCR analysis under selected abiotic stress conditions. 695 

Expression changes in stress-responsive marker genes confirmed responses to the selected 696 

treatments (Supplementary Figure 4). qRT-PCR analysis showed that many M. polymorpha m6A-697 

related genes exhibited altered transcript levels relative to unstressed controls following exposure 698 

to cold, heat, osmotic stress, salt stress, or darkness (Figure 9). Darkness significantly increased 699 

the transcript levels of multiple genes, including MpMTA, MpMTC, MpVIR, MpFIO1, 700 

MpALKBH1A, MpECT2, MpCPSF30-L1, and MpCPSF30-L3, while significantly reducing those 701 

of MpFIP37, MpHAKAI, and MpALKBH8B. Heat significantly increased MpALKBH9C 702 

expression and reduced MpVIR and MpHAKAI expression. Osmotic stress significantly reduced 703 

the expression of MpMTC, MpVIR, and MpCPSF30-L1. Salt stress significantly increased 704 

MpALKBH1A and MpALKBH6 expression and reduced MpVIR expression. Several genes showed 705 

significantly reduced expression under cold stress, including MpMTA, MpMTC, MpFIP37, MpVIR, 706 

MpFIO1, MpALKBH8B, MpALKBH9C, MpCPSF30-L1, and MpCPSF30-L4, whereas 707 

MpCPSF30-L5 expression significantly increased. Together, the RNA-seq and qRT-PCR analyses 708 

revealed gene- and stress-dependent expression responses among M. polymorpha m6A-related 709 

genes. 710 

 711 

Predicted protein structures are consistent with conserved domain architectures in M. 712 

polymorpha m6A-related proteins 713 
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To visualize the structural context of the sequence-based domain annotations, we examined 714 

predicted protein models corresponding to the 23 selected transcript models of the 18 M. 715 

polymorpha m6A-related loci. Twenty-one models were retrieved from the AlphaFold Protein 716 

Structure Database, and the two MpVIR isoforms were modeled using ColabFold (Figure 10). For 717 

each of the five loci with two annotated transcript models—MpMTA, MpFIP37, MpVIR, MpFIO1, 718 

and MpALKBH1C—the corresponding protein models are displayed separately under a shared 719 

gene label. Annotated domains were mapped onto the predicted models and highlighted using a 720 

fixed color scheme, whereas displayed residues outside these domains were shown in grey. 721 

Residues below the protein-specific pLDDT thresholds were omitted from the visualization. The 722 

mapped regions included MT-A70 domains in MpMTA, MpMTB, and MpMTC; Wtap, VIR_N, 723 

MTase-10, and RING-HC_HAKAI-like domains in MpFIP37, MpVIR, MpFIO1, and MpHAKAI, 724 

respectively; ALKBH-related domains in the eraser candidates; and YTH, CPSF, or RRM-related 725 

domains in the reader candidates (Figure 10). These predicted models provide a structural context 726 

for the sequence-based domain annotations and complement the phylogenetic and conserved-727 

domain analyses. However, experimental validation will be required to confirm the biochemical 728 

activities and RNA-related functions of these proteins in M. polymorpha. 729 

 730 

A predicted protein-association network links M. polymorpha m6A-related proteins to RNA-731 

processing factors 732 

Finally, we used STRING to examine predicted functional associations among the identified writer, 733 

eraser, and reader proteins and between these proteins and additional proteins (Figure 11). The 734 

network contained one main connected component and three isolated protein nodes labelled 735 

MpALKBH1C, MpCPSF30-L3, and MpCPSF30-L5. Most candidate m6A-related proteins were 736 
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incorporated into the main component, although their connectivity and associated partners differed 737 

among the three functional groups. 738 

The writer-associated portion of the main component included MpMTA, MpMTB, MpMTC, 739 

MpFIP37, MpVIR, MpFIO1, and MpHAKAI. Within this component, MpMTA, MpMTB, 740 

MpFIP37, MpVIR, and MpHAKAI showed predicted associations with other writer candidates 741 

and additional proteins. Several associated proteins had annotations related to RNA binding or 742 

processing, including MpTHO2 (Mp1g20320.1; THO complex subunit 2), Mp5g19650.1 (splicing 743 

factor 3B subunit 1), and Mp1g27850.1 (heterogeneous nuclear ribonucleoprotein A1/A3). Studies 744 

in other species have implicated THO/TREX components in RNA processing and export and 745 

established roles for SF3B1 and hnRNP A1 in pre-mRNA splicing [74-76]. Their occurrence 746 

within the writer-associated region therefore suggests potential functional connections between the 747 

candidate m6A machinery and broader RNA-processing pathways. MpFIP37 was also connected 748 

to a peripheral subnetwork containing Mp5g12770.1 and Mp2g23770.1, both annotated as GPI-749 

anchor transamidase subunit K, together with proteins with hypothetical or unspecified annotations. 750 

Reader candidates, including MpECT2, MpECT12, MpCPSF30-L1, and MpCPSF30-L4, were 751 

also included in the main connected component. Their predicted associations with writer 752 

candidates and proteins annotated as RNA-processing factors suggest possible links between the 753 

reader candidates and RNA-processing pathways. However, MpCPSF30-L3 and MpCPSF30-L5 754 

appeared as isolated nodes under the network settings used in this analysis. 755 

Among the eraser candidates, MpALKBH1A, MpALKBH6, MpALKBH8B, and MpALKBH9C 756 

were incorporated into the main component, whereas the MpALKBH1C node was isolated. The 757 

connected ALKBH candidates showed predicted associations with one another and with additional 758 

proteins annotated as RNA-related factors, suggesting possible links to RNA metabolism. The 759 



34 

 

absence of predicted edges for MpALKBH1C, MpCPSF30-L3, and MpCPSF30-L5 under the 760 

selected network parameters does not demonstrate the absence of biological interactions, because 761 

such interactions may not yet be represented in the databases or may occur only under specific 762 

developmental or environmental conditions. 763 

The network was inferred using STRING’s integrated functional-association evidence and does 764 

not establish direct physical interactions in M. polymorpha [72]. Collectively, the predicted 765 

network links subsets of the M. polymorpha candidate m6A-related proteins to additional proteins 766 

annotated as RNA-related factors. These predictions identify candidate associations for subsequent 767 

biochemical and genetic testing. 768 
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 784 

 785 

Discussion 786 

Our analysis identifies 18 candidate m6A-related loci in Marchantia polymorpha and places them 787 

in a comparative framework spanning 122 plant genomes. The candidates encompass seven writer-788 

related proteins, five ALKBH-family proteins, and six YTH-, CPSF30-, or RRM-related proteins, 789 

represented by 23 selected transcript models. Their phylogenetic placement and domain 790 

composition support the proposed family assignments, while their expression profiles reveal gene-791 

specific patterns across developmental stages and stress conditions (Figures 2, 3, and 6–9). These 792 

data provide a framework for studying RNA methylation in M. polymorpha. 793 

The detection of MpMTA, MpMTB, MpFIP37, MpVIR, and MpHAKAI is consistent with the 794 

conservation of the core mRNA writer machinery described in Arabidopsis thaliana (Figures 2 795 

and 3) [1, 8]. This finding extends earlier reports that recognized several writer homologs in M. 796 

polymorpha, while the present study analyzes them alongside eraser and reader-related candidates 797 

[25]. MpMTC and MpFIO1 warrant separate consideration. Although MpMTC contains an MT-798 

A70-related domain, its participation in the canonical writer complex cannot be assumed from that 799 

feature. A. thaliana FIO1 modifies U6 snRNA and affects splice-site selection, so the annotation 800 

of MpFIO1 as writer-related does not establish that it acts on the same RNAs as MpMTA [4]. 801 

Across the sampled species, relatively limited copy-number variation among several writer 802 

families contrasts with broader variation in ALKBH- and reader-related groups (Figure 2). Family 803 

counts reported for flowering plants and gymnosperms show a similar overall diversity, although 804 

direct numerical comparisons depend on genome assembly, isoform filtering, and family 805 
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definitions [14, 21, 22]. 806 

The eraser and reader-related candidates illustrate why domain-based annotation must be 807 

interpreted at the family level. All five MpALKBH proteins contain an ALKBH-related domain, 808 

but the present data cannot show that each removes m6A from mRNA [7, 13, 35]. Likewise, the 809 

YTH domains of MpECT2 and MpECT12 provide a rationale for testing m6A recognition, whereas 810 

the CPSF30-like proteins are not all equivalent to the experimentally characterized A. thaliana 811 

CPSF30-L reader [9, 15]. In particular, MpCPSF30-L3, MpCPSF30-L4, and MpCPSF30-L5 lack 812 

a detectable YTH domain in the displayed annotation (Figure 3B). They should therefore remain 813 

reader-related candidates until m6A binding is demonstrated. The predicted structures provide 814 

structural context for the sequence-based domain annotations but cannot resolve substrate 815 

specificity, catalytic activity, or RNA-binding capacity (Figure 10). Previous heterologous 816 

complementation by a M. polymorpha YTHDF-like protein supports conservation of some reader-817 

associated molecular function; it does not establish the endogenous functions of the candidates 818 

analyzed here [26]. 819 

Chromosomal comparisons provide additional evidence of evolutionary conservation. Eight of the 820 

18 M. polymorpha candidate loci, including members of all three functional groups, showed 821 

detectable collinearity with Marchantia quadrata (Figure 4). These relationships indicate retention 822 

of local genomic context and complement the sequence-based phylogenetic analyses. No collinear 823 

counterpart was detected for the remaining ten loci under the applied criteria. The relationships 824 

indicate retention of local genomic context for a subset of candidates without establishing one-to-825 

one orthology or the direction of any duplication or loss. In this respect, the collinearity analysis 826 

complements sequence phylogenies but does not replace locus-specific evolutionary analysis. 827 

The putative promoter analysis suggests possible routes by which the candidate genes could 828 
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respond to developmental and environmental signals. A total of 636 predicted motif occurrences 829 

were retained for functional classification across 23 transcript-level promoter entries representing 830 

18 loci (Figure 5 and Table 2). Hormone-responsive motifs were the most abundant broad category, 831 

whereas the light-responsive element subcategory had the highest individual count. This 832 

distribution suggests potential regulation by hormonal and light signals. Functional labels derived 833 

from seed-plant studies, such as endosperm- or seed-associated elements, should not be transferred 834 

literally to the liverwort life cycle.  835 

The expression analyses indicate potential developmental contexts in which these genes could be 836 

investigated. Public expression data varied across the sporeling time course, vegetative tissues, 837 

reproductive structures, and sporophyte samples (Figure 6). In the independent qRT-PCR 838 

experiment, the thallus showed significantly higher transcript abundance than both gemmae and 839 

gemma cups for many candidates, including MpMTC, MpFIO1, MpHAKAI, MpALKBH1C, 840 

MpALKBH6, MpALKBH9C, and four reader-related candidates (MpECT12, MpCPSF30-L1, 841 

MpCPSF30-L3, and MpCPSF30-L4) (Figure 7). MpALKBH1A transcript abundance was 842 

significantly higher in gemmae and gemma cups than in thallus, whereas MpMTB showed no 843 

significant differences among the three tissues. These differences are consistent with regulated 844 

deployment of RNA-related factors across vegetative and asexual tissues, but transcript abundance 845 

alone cannot establish a developmental function or a change in m6A deposition. The broader 846 

database profiles and the qRT-PCR experiments sample different developmental materials and 847 

should be interpreted as complementary views rather than paired measurements of the same 848 

specimens. 849 

Abiotic stress also elicited gene-specific responses. Reanalysis of the public RNA-seq data 850 

detected changes under single and combined stresses, with some combinations differing from the 851 



38 

 

corresponding individual treatments (Figure 8). In our qRT-PCR experiments, darkness was 852 

associated with increased transcript abundance for several candidates, including MpMTA, MpMTC, 853 

MpVIR, MpFIO1, MpALKBH1A, MpECT2, MpCPSF30-L1, and MpCPSF30-L3; cold, heat, 854 

osmotic treatment, and salinity produced different responses across the gene set (Figure 9). This 855 

diversity is consistent with the context-dependent expression reported in other plant gene-family 856 

surveys [21-23]. The RNA-seq and qRT-PCR analyses provide complementary evidence of stress-857 

responsive expression, although their treatment designs and biological materials differ. Time-858 

resolved methylation profiling and functional assays could clarify how these expression responses 859 

relate to RNA metabolism during stress. 860 

The predicted association network provides possible connections to broader RNA metabolism. 861 

Several writer-related candidates appear within the main component together with MpTHO2 and 862 

proteins annotated as splicing factor 3B subunit 1 (Mp5g19650.1) and heterogeneous nuclear 863 

ribonucleoprotein A1/A3 (Mp1g27850.1) (Figure 11). STRING evidence supports predicted 864 

functional associations, which cannot be interpreted as proof of direct physical interactions [72]. 865 

Predicted cellular localizations also warrant direct testing: for example, the nuclear localization 866 

predicted for MpECT2 should be examined in light of the cytoplasmic localization reported for A. 867 

thaliana ECT2, ECT3, and ECT4 [15]. Localization imaging, biochemical interaction tests, and 868 

RNA-binding assays would distinguish these possibilities. 869 

The combined results prioritize experimentally tractable questions. Loss-of-function and 870 

complementation analyses could test whether specific candidate genes affect gemma cup 871 

development or stress responses; m6A mapping and measurements on defined RNA classes could 872 

then establish which effects depend on methylation. Direct assays of MpMTA- and MpFIO1-873 

related activities, ALKBH-dependent demethylation, YTH-dependent RNA binding, and CPSF30-874 
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associated 3′ end processing would clarify whether the functions described in flowering plants are 875 

retained or altered in M. polymorpha [4, 7-9, 15]. Together, this study places the m6A-related gene 876 

repertoire of M. polymorpha in a comparative framework spanning 122 plant genomes and links 877 

family conservation with tissue- and stress-associated expression patterns. These findings provide 878 

a foundation for investigating RNA methylation in liverwort development and environmental 879 

responses. 880 
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 899 

 900 

Conclusions 901 

This study identifies 18 candidate m6A-related genes in Marchantia polymorpha—seven writer-902 

related, five ALKBH-related, and six reader or reader-related loci—and places them within a 903 

survey of 122 plant genomes. Conserved domains and phylogenetic relationships support their 904 

family assignments, while collinearity with Marchantia quadrata identifies eight candidates with 905 

retained genomic context. Promoter analysis identifies putative regulatory elements, while 906 

expression analyses reveal variation across tissues, developmental stages, and abiotic stress 907 

conditions. Predicted protein structures and associations provide additional context for 908 

investigating the functions of the identified proteins. Together, these findings provide a 909 

comparative framework and candidate genes for investigating the roles of RNA methylation in 910 

liverwort development and stress responses. 911 
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 1015 

Figure Legends 1016 

Figure 1. Plant m6A regulatory pathways and the analytical workflow used in this study. 1017 

a Schematic of plant N6-methyladenosine (m6A) regulation. Nuclear RNA polymerase II (Pol II) 1018 

transcribes DNA into precursor mRNA (pre-mRNA), and the MTA, MTB, FIP37, VIR, and 1019 

HAKAI writer complex adds m6A. The long isoform of cleavage and polyadenylation specificity 1020 

factor 30 (CPSF30-L) is shown as a nuclear reader associated with 3′ end processing and 1021 

polyadenylation. Evolutionarily conserved C-terminal region (ECT) proteins represent 1022 

cytoplasmic readers; selected AlkB homolog (ALKBH) proteins represent nuclear or cytoplasmic 1023 

erasers. Orange, lavender, and pale-blue shapes denote writers, readers, and ALKBH proteins, 1024 

respectively. Yellow circles denote m6A; white circles labeled A denote unmodified adenosine. The 1025 

divider separates nuclear and cytoplasmic compartments; arrows indicate RNA processing and 1026 

transport. 1027 

b Examples of RNA processes associated with these proteins: FIONA1 (FIO1), U6 small nuclear 1028 

RNA (snRNA), and pre-mRNA splicing; CPSF30-L and alternative 3′ end formation; MTA and 1029 

primary microRNA (pri-miRNA) processing; and ECT proteins and transcript stability or stress-1030 

associated decay in cytosolic condensates. The ribosome and pink peptide chain depict translation. 1031 

DICER-LIKE 1 (DCL1) and HYPONASTIC LEAVES 1 (HYL1) are indicated in the small-RNA 1032 

pathway. These schematics do not establish corresponding functions in Marchantia polymorpha. 1033 

c Genome-wide searches across 122 plant genomes identified candidate m6A regulators. M. 1034 

polymorpha candidates were classified as writers (orange), erasers (light blue), or readers 1035 



46 

 

(lavender). Analyses covered phylogeny, gene structure, conserved domains, chromosomal 1036 

collinearity, cis-elements, expression profiles, tissue- and stress-response quantitative reverse-1037 

transcription PCR (qRT-PCR), predicted protein structures, and a protein–protein interaction (PPI) 1038 

network of predicted associations. Pale orange, mint, and lavender panels group gene 1039 

architecture/collinearity, regulation/expression, and protein structure/interaction analyses, 1040 

respectively. Grey arrows indicate the workflow. 1041 

 1042 

Figure 2. Distribution of candidate m6A regulator families across 122 plant species. 1043 

Each radial column represents a species. From the outermost to innermost ring, the ten rings show 1044 

copy numbers for RRM_ist3_like (RRM), Cleavage and polyadenylation specificity factor (CPSF), 1045 

YTH plus CPSF (YTH+CPSF), YTH, 2OG-FeII_Oxy_2 (ALKBH), RING-HC_HAKAI-like, 1046 

Methyltransf_10 (MTase-10), VIR_N, Wtap, and MT-A70 categories. Within each category, 1047 

stronger color intensity indicates a higher value according to its separate gradient in the key; black 1048 

indicates zero detected copies. Colored taxonomic sectors correspond to the lineages identified in 1049 

the left-hand key, and the central tree depicts relationships among the sampled species. BOP and 1050 

PACMAD designate the Bambusoideae-Oryzoideae-Pooideae and Panicoideae-Aristidoideae-1051 

Chloridoideae-Micrairoideae-Arundinoideae-Danthonioideae grass clades, respectively. One 1052 

protein isoform per locus was retained for cross-species counts. The central tree and colored 1053 

sectors represent NCBI taxonomy and do not constitute an m6A-protein phylogeny. 1054 

 1055 

Table 1. Identified candidate m6A-related genes in M. polymorpha. 1056 

The table lists 18 loci—seven writers, five erasers, and six readers—and their 23 selected transcript 1057 

entries. Gene names, locus and transcript identifiers, transcript genomic coordinates, strand, 1058 
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transcript genomic span, predicted protein length, molecular weight (MW), isoelectric point (pI), 1059 

and predicted subcellular localization are shown. Localization abbreviations are Nu, nucleus; Cp, 1060 

chloroplast; Mt, mitochondrion; and Cy, cytoplasm. Superscripts a, b, and c identify predictions 1061 

from CELLO2GO, Plant-mPLoc v2.0, and LOCALIZER v1.0.4, respectively; predictions from 1062 

different programs are reported separately. bp, base pairs; aa, amino acids; kDa, kilodaltons; Mp, 1063 

M. polymorpha. 1064 

 1065 

Figure 3. Exon–intron structures and conserved protein domains of M. polymorpha candidate 1066 

m6A regulators. 1067 

a Separate maximum-likelihood gene trees and transcript-specific gene structures of the writer, 1068 

eraser, and reader candidates. Each row represents a selected transcript isoform. Yellow boxes 1069 

indicate coding sequences (CDS), dark-blue boxes untranslated regions (UTRs), and thin black 1070 

lines introns. The horizontal scale is in kilobases (kb). 1071 

b Conserved domains mapped onto the proteins encoded by the transcript models in a. Grey bars 1072 

indicate full protein lengths. Colored blocks indicate MT-A70 (very pale blue), Wtap (pale blue), 1073 

VIR_N (blue), RING-HC_HAKAI-like (medium blue), MTase-10 (dark blue), 2OG-FeII_Oxy_2 1074 

(orange), YTH (yellow-green), CPSF (green), and RRM (dark green) domains, as keyed in the 1075 

panel. The lower scale is in amino acids (aa). 1076 

 1077 

Figure 4. Chromosomal positions and interspecific collinearity of candidate m6A-related 1078 

genes in Marchantia. 1079 

Chromosomes of M. polymorpha (MP_, teal bars, top) and Marchantia quadrata (MQ_, lime-1080 

green bars, bottom) are shown in reference-assembly order. The input data contain 5,560 1081 
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interspecific collinear gene pairs. Light-grey curves represent 5,551 pairs without highlighted 1082 

endpoints. Eight colored curves connect an M. polymorpha candidate to an M. quadrata locus: 1083 

three writer-associated links in red, three eraser-associated links in green, and two reader-1084 

associated links in purple. A ninth colored curve, also green, connects M. polymorpha Mp1g16590 1085 

to M. quadrata Maqua.2G183700. Mp1g16590 is not among the 18 candidates in Table 1; this 1086 

curve is highlighted because its M. quadrata endpoint is also linked to the eraser candidate 1087 

Mp1g21480. Correspondingly colored triangles mark candidate loci and their detected collinear 1088 

counterparts. MP_ and MQ_ are species-specific chromosome prefixes; U and V designate the sex 1089 

chromosomes labeled in the M. polymorpha assembly. 1090 

 1091 

Table 2. Predicted cis-elements in putative promoters of M. polymorpha candidate m6A-1092 

related genes. 1093 

Predicted motif occurrences in the 2-kb upstream sequences of 23 transcript entries representing 1094 

18 loci are grouped by 21 PlantCARE functional subcategories. The Total column gives the 1095 

number of predicted occurrences of each element across all entries; Writer, Eraser, and Reader give 1096 

the corresponding counts within each candidate group. Across the listed elements, 636 occurrences 1097 

were recorded: 282 in writer, 153 in eraser, and 201 in reader promoter entries. These are motif 1098 

counts, not counts of genes with a motif. When transcript models have identical or overlapping 1099 

upstream regions, their predictions contribute separately to the transcript-entry totals. MeJA, 1100 

methyl jasmonate; MYB and MYBHv1, motif names used in the PlantCARE annotations. The 1101 

functional categories are predictions and do not establish regulatory activity in M. polymorpha. 1102 

 1103 

Figure 5. Predicted cis-elements in putative promoters of M. polymorpha candidate m6A-1104 
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related genes. 1105 

a Positions of 2,619 named motif occurrences predicted by PlantCARE within 2-kb upstream 1106 

sequences of 23 selected transcript models representing 18 candidate loci. Each colored tick 1107 

denotes a predicted motif; its color corresponds to the motif named in the key beneath the plot. 1108 

Motif positions are shown in base pairs from the distal end of the 2-kb upstream sequence (0 bp) 1109 

toward the annotated transcript 5′ end (2,000 bp). Separate rows for isoforms of the same locus 1110 

represent the analyzed transcript-level promoter entries. Colored label backgrounds distinguish 1111 

writer (pink), eraser (green), and reader (purple) entries.  1112 

b Heatmap of 636 functionally classified motif occurrences across 21 annotated functional 1113 

subcategories for the same 23 promoter entries. Darker red indicates more annotated occurrences, 1114 

whereas pale or white cells indicate few or none. The colored strip above the heatmap identifies 1115 

the five major categories. 1116 

c Stacked bars aggregate sites into light-responsive (purple), hormone-responsive (yellow), 1117 

environmental stress-related (green), development-related (light blue), and other (orange) 1118 

categories. The bar-plot axis gives the number of predicted motif occurrences. These are 1119 

PlantCARE motif annotations, rather than experimentally established functions in M. polymorpha. 1120 

MeJA, methyl jasmonate; ABA, abscisic acid; MYB, MYB-family binding motif. 1121 

 1122 

Figure 6. Expression of M. polymorpha candidate m6A-related genes across tissues and 1123 

developmental stages. 1124 

Writer, eraser, and reader genes are shown in separately clustered blocks, with dendrograms at left. 1125 

Columns show the spore time course (0–96 h), gametophytic apical cell, thallus, midrib, gemma 1126 

cup, male and female reproductive tissues or cells, and sporophyte; sample identity, age, and 1127 
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accession are indicated above the heatmap. Values are condition means of replicate-level log2 1128 

(TPM + 1) values from the MBEX data; the display scale is bounded at −1 and 8. Red indicates 1129 

higher transformed expression, blue lower expression, and white values near log2 (TPM + 1) = 1. 1130 

h, hours; d, days. 1131 

 1132 

Figure 7. Tissue-associated expression of 18 M. polymorpha candidate m6A-related genes 1133 

measured by qRT-PCR. 1134 

Individual panels for the seven writer, five eraser, and six reader candidates are arranged in that 1135 

order from left to right and top to bottom. Thallus is represented by black points, gemmae by blue 1136 

points, and gemma cups—labeled Cup in the plots—by magenta points. Relative transcript levels 1137 

were calculated using the 2−ΔΔCt method, with MpSAND as the internal reference and thallus 1138 

samples as the calibrator. Bars represent means, error bars indicate SD, and points represent 1139 

individual biological replicates (n = 3 per condition). Statistical comparisons used ordinary one-1140 

way ANOVA followed by Tukey’s multiple-comparisons test for all tissue pairs. Groups without a 1141 

shared uppercase letter differ at adjusted P < 0.05. 1142 

 1143 

Figure 8. Differential expression of M. polymorpha candidate m6A-related genes under 1144 

abiotic stress in RNA-seq data. 1145 

a Single-stress conditions. b Pairwise stress combinations; “x” in a column label denotes a 1146 

combined treatment. Writers, erasers, and readers are clustered separately. Cells show the mean 1147 

log2 fold change (log2FC) relative to Control D2 and Control H2 when adjusted P < 0.05 and the 1148 

direction of change agreed in both comparisons; otherwise, the displayed value is zero. Red 1149 

denotes increased expression, blue decreased expression, and white a display value of zero, which 1150 



51 

 

does not necessarily indicate an estimated log2FC of zero. The color scale ranges asymmetrically 1151 

from −10 to +3. N. deficiency, nitrogen deficiency; high light, elevated-light treatment. 1152 

 1153 

Figure 9. Expression of 18 M. polymorpha candidate m6A-related genes under abiotic stress 1154 

measured by qRT-PCR. 1155 

Treatments are Normal (black points), cold at 3 °C for 24 h (blue), heat at 33 °C for 24 h (pink), 1156 

osmotic stress induced by 100 mM mannitol (orange), salt stress induced by 40 mM NaCl (green), 1157 

and darkness for 3 d (grey). Relative transcript levels were calculated using the 2−ΔΔCt method, 1158 

with MpSAND as the internal reference and the corresponding Normal samples as the calibrator. 1159 

Bars represent means, error bars indicate SD, and points represent individual biological replicates 1160 

(n = 3 per condition). Statistical comparisons used ordinary one-way ANOVA followed by Tukey’s 1161 

multiple-comparisons test for all treatment pairs. Groups without a shared uppercase letter differ 1162 

at adjusted P < 0.05. 1163 

 1164 

Figure 10. Predicted three-dimensional structures of M. polymorpha candidate m6A-related 1165 

protein isoforms. 1166 

Structures are grouped as writers, erasers, and readers, with protein identifiers and family names 1167 

beneath the models. Models were obtained from the AlphaFold Protein Structure Database except 1168 

for the two MpVIR isoforms, which were modeled using ColabFold. Colored ribbon segments 1169 

indicate annotated domains: MT-A70 (blue), Wtap (orange), VIR_N (green), RING-HC_HAKAI-1170 

like (red), MTase-10 (mauve), ALKBH (yellow), YTH (teal), CPSF (pink), and RRM (brown). 1171 

Displayed regions outside annotated domains are grey; low-confidence regions excluded for 1172 

visualization are not shown. 1173 
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 1174 

Figure 11. STRING-derived protein–protein interaction (PPI) network of M. polymorpha 1175 

candidate m6A-related proteins and predicted functional associates. 1176 

Circles denote labeled proteins. The 18 candidate query proteins were represented by one protein 1177 

per locus; the .1 isoform was used for loci with multiple annotated isoforms. Within the main 1178 

connected component, candidate writer nodes are salmon, eraser nodes orange, and reader nodes 1179 

blue. The figure displays three unconnected candidate nodes—MpALKBH1C, MpCPSF30-L3, 1180 

and MpCPSF30-L5—below the connected component. Edge colors indicate STRING evidence 1181 

channels: experimentally determined (magenta), gene neighborhood (green), text mining (olive), 1182 

gene fusion (red), curated databases (blue), gene co-occurrence (dark blue), co-expression (black), 1183 

and protein homology (lavender). The minimum required STRING association score was 0.4, with 1184 

up to 20 first-shell and five second-shell additional interactors. Edges represent predicted 1185 

functional associations. 1186 

 1187 

Supplementary Figure 1. Composite display of maximum-likelihood phylogenies of 1188 

candidate m6A writer proteins across 122 plant species. 1189 

Colored outer sectors delimit MTB (pink), MTA (peach), MTC (pale yellow), FIP37 (pale green), 1190 

VIR (light blue), FIO1 (periwinkle), and HAKAI (lavender) clades. Within each domain-defined 1191 

writer group, branches represent IQ-TREE-inferred protein relationships. The arrangement of the 1192 

writer groups was imposed using a synthetic backbone for visualization and does not represent an 1193 

inferred relationship among the groups; bootstrap support therefore applies only within each 1194 

domain-defined subtree. One representative isoform per locus was retained. 1195 

 1196 
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Supplementary Figure 2. Maximum-likelihood phylogeny of candidate ALKBH proteins 1197 

across 122 plant species. 1198 

Colored outer sectors identify ALKBH1A (light blue), ALKBH1B (blue), ALKBH1C (lavender), 1199 

ALKBH1D (light purple), ALKBH2 (light green), ALKBH6 (pale yellow), ALKBH8B (orange), 1200 

ALKBH8B-2 (teal), and ALKBH9/10 (pink) groups. Group labels follow the Arabidopsis 1201 

reference-query nomenclature. One representative isoform per locus was retained. 1202 

 1203 

Supplementary Figure 3. Composite display of maximum-likelihood phylogenies of 1204 

candidate m6A reader-related proteins across 122 plant species. 1205 

Colored outer sectors distinguish YTH (pink), combined YTH+CPSF (peach), CPSF (pale yellow), 1206 

and RRM (pale green) protein/domain categories. Within each domain-defined reader group, 1207 

branches represent IQ-TREE-inferred protein relationships. The arrangement of the reader groups 1208 

was imposed using a synthetic backbone for visualization and does not represent an inferred 1209 

relationship among the groups; bootstrap support therefore applies only within each domain-1210 

defined subtree. One representative isoform per locus was retained. 1211 

 1212 

Supplementary Figure 4. qRT-PCR expression of abiotic-stress marker genes under the 1213 

treatments used in this study. 1214 

MpFAD3 is shown under cold; MpHSP17.8A1 under heat; MpLEA-like4, MpCIPK-B, and MpCBL-1215 

A under osmotic stress; MpLEA-like4, MpABI3A, and MpABI5B under salt; and MpSIG1 and 1216 

MpSIG2 under darkness. Relative transcript levels were calculated using the 2−ΔΔCt method, with 1217 

MpSAND as the internal reference and the corresponding Normal samples as the calibrator. Control 1218 

points are black; cold, heat, osmotic, salt, and dark-treatment points are blue, pink, orange, green, 1219 
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and grey, respectively. Bars represent means, error bars indicate SD, and points represent 1220 

individual biological replicates (n = 3 per condition). Brackets indicate comparisons assessed by 1221 

two-tailed unpaired Welch’s t-tests; * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 1222 

0.001, and **** indicates P < 0.0001. 1223 

 1224 

Supplementary Table S1. Arabidopsis thaliana reference genes used for the identification of 1225 

candidate m6A-related genes. 1226 

Gene names and A. thaliana locus identifiers are provided for the reference genes used to select 1227 

protein queries for homology searches. The reference set comprises seven writer-related genes, 14 1228 

ALKBH-family genes, and 17 reader-related genes. 1229 

 1230 

Supplementary Table S2. Transcript abundance of candidate m6A-related genes across 1231 

tissues and developmental stages in M. polymorpha. 1232 

Replicate-level transcript abundance values for 18 candidate m6A-related genes across 16 tissue 1233 

and developmental-stage conditions were obtained from the MarpolBase Expression database 1234 

(MBEX) and are expressed as transcripts per million (TPM). Gene names and corresponding 1235 

MarpolBase gene identifiers are provided above the expression columns. Each row represents a 1236 

biological replicate, with two to four replicates per condition. These data were used for the 1237 

expression analysis shown in Figure 6. 1238 

 1239 

Supplementary Table S3. Raw qRT-PCR Cq values and associated quality metrics. 1240 

The workbook contains nine worksheets: Tissue_1–Tissue_3 for tissue comparisons (Figure 7), 1241 

Stress_1–Stress_3 for abiotic-stress response analyses of candidate m6A-related genes (Figure 9), 1242 
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and Reference_1–Reference_3 for stress-marker validation (Supplementary Figure 4). The 1243 

suffixes 1–3 indicate the three independent biological replicates. Each row represents an individual 1244 

qRT-PCR well. Well numbering restarts for each qRT-PCR run, and target Cq values were 1245 

normalized to the MpSAND measurements from the same run. The data include well positions, 1246 

sample and target identifiers, individual-well Cq values, amplification scores, Cq confidence 1247 

values, and instrument-reported Cq means and standard deviations. 1248 

 1249 

Supplementary Table S4. Primer sequences used for qRT-PCR analysis in M. polymorpha. 1250 

Forward (F) and reverse (R) primer sequences are provided for the 18 candidate m6A-related genes, 1251 

nine abiotic-stress marker genes, and the internal reference gene MpSAND. All sequences are 1252 

presented in the 5′–3′ direction. Sources of previously published primer pairs are indicated by 1253 

reference numbers corresponding to the manuscript reference list. 1254 

 1255 

 1256 

 1257 

 1258 

 1259 

 1260 

 1261 
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Gene names and Arabidopsis locus identifiers for the reference genes used to select protein queries 1502 

for homology searches, grouped into writer-related, ALKBH-family, and reader-related categories. 1503 
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Additional file 2 (.xlsx): Supplementary Table S2. Transcript abundance of candidate m6A-1505 

related genes across tissues and developmental stages in M. polymorpha. 1506 

Replicate-level transcript abundance values, expressed as transcripts per million (TPM), for 18 1507 

candidate genes across 16 tissue and developmental-stage conditions. The dataset includes gene 1508 

names and MarpolBase gene identifiers and was obtained from the MarpolBase Expression 1509 

database (MBEX) for the analysis shown in Figure 6. 1510 
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of abiotic-stress responses. 1513 

Supplementary Figure 1. Composite display of maximum-likelihood phylogenies of candidate 1514 

m6A writer proteins across 122 plant species. 1515 

Supplementary Figure 2. Maximum-likelihood phylogeny of candidate ALKBH proteins across 1516 

122 plant species. 1517 

Supplementary Figure 3. Composite display of maximum-likelihood phylogenies of candidate 1518 
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m6A reader-related proteins across 122 plant species. 1519 

Supplementary Figure 4. qRT-PCR expression of abiotic-stress marker genes under the 1520 

treatments used in this study. 1521 

 1522 

Additional file 4 (.xlsx): Supplementary Table S3. Raw qRT-PCR Cq values and associated 1523 

quality metrics. 1524 

Individual-well Cq values and associated quality metrics for tissue comparisons, abiotic-stress 1525 

response analyses, and stress-marker validation, corresponding to Figures 7 and 9 and 1526 

Supplementary Figure 4. The nine worksheets are organized by experiment and biological replicate. 1527 

 1528 

Additional file 5 (.xlsx): Supplementary Table S4. Primer sequences used for qRT-PCR 1529 

analysis in M. polymorpha. 1530 

Forward and reverse primer sequences for the 18 candidate m6A-related genes, nine abiotic-stress 1531 

marker genes, and the internal reference gene MpSAND. Reference numbers identify the sources 1532 

of previously published primer pairs. 1533 
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