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A B S T R A C T   

As a reversible modification, N6-methyladenosine (m6A) plays key roles in series of biological processes. 
Although it has been found that m6A modification is regulated by writers, erasers and readers, their evolutionary 
processes are still not clearly and systematically described. In the present work, we identified 1592 m6A 
modification regulators from 65 representative plant species and performed the phylogenetic relationships, 
sequence structure, selection pressure, and codon usage analysis across species. The regulators from different 
species or subfamilies were distinguishable based on the phylogenetic trees. Although the gene structure was 
structurally and functionally conserved for each kind of regulators, the unique exon/intron structures and motif 
organizations were observed among different families. The selection pressure analysis demonstrated that the 
regulators experienced purifying selection. Interestingly, the selection pressure for the regulators in higher plants 
was more relaxed, indicating that they might have acquired new functions during evolution. In addition, the 
different codon usage preferences were observed for the different kinds of m6A modification regulators. These 
results will not only facilitate our understanding of the evolution of m6A regulators, but also shed light on how 
the evolutionary differences affect their functional divergence.   

1. Introduction 

N6-methyladenosine (m6A) is one of the most abundant modifica-
tions found in three domains of life. As a reversible modification, m6A is 
regulated by methyltransferases (writers), demethyltransferases 
(erasers), and binding proteins (readers) that allow the formation, 
removal, and recognition of m6A in RNA [1]. Under the regulation of 
writers, erasers and readers, m6A is involved in many aspects of mRNA 
metabolic processes, thus affecting gene expression and participating in 
the regulation of cellular differentiation, stress responses, biological 
rhythms, etc [2]. 

In plants, the formation of m6A is mainly catalyzed by six kinds of 
writers, namely methyltransferase A (MTA), methyltransferase B (MTB), 
methyltransferase C (MTC), FKBP12 interacting protein 37 kD (FIP37), 
E3 ubiquitin ligase HAKAI and Virilizer (VIR) [3–6]. MTA, MTB and 
MTC belong to the MT-A70 family. Among them, MTA is the first 
methyltransferase with m6A catalytic activity identified in Arabidopsis 
thaliana [3]. MTB can interact with MTA and constitute the MTA-MTB 
heterodimer [4,6]. m6A writers are evolutionarily conserved and null 
mutations in any member of the m6A methyltransferase complex are 

embryonic lethal [5]. 
The m6A modification is recognized by readers that regulates a va-

riety of biological functions. Two types of readers have been identified in 
plants, namely the 30-kDa-subunit of the cleavage and polyadenylation 
specificity factor (CPSF30) and the evolutionarily conserved C-terminal 
region (ECT) protein [7,8]. CPSF30 is required for the m6A assisted 
polyadenylation pathway [9]. ECT can bind to m6A modified mRNAs 
and play important roles in leaf formation [10]. 

As a kind of dynamic modification, the removal of m6A is regulated 
by erasers. Unlike methylation, the demethylation process of m6A 
modification requires a class of enzymes, namely α-ketoglutarate- 
dependent dioxygenase homologs (ALKBH) [11,12]. 

Despite the progress has been made in identifying the physiological 
functions of m6A regulators (writers, readers and erasers) and the 
modification sites [13,14], however, the evolutionary processes of these 
regulators are still not clearly and systematically described. The existing 
results concerning on the evolution of m6A regulators was only limited 
to individual species [15–17]. To better understand the evolution and 
function of m6A regulators, a comprehensive analysis on a larger scale is 
necessary. 
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Hence, in the present work, we performed a comprehensive analysis 
on m6A regulators. We firstly identified the writers, readers and erasers 
involved in m6A modification from 65 plant species. Subsequently, the 
phylogenetic relationships, sequence structure, selection pressure, and 
codon usage of the regulators were investigated. The obtained results 
not only facilitate our understanding of the evolution of m6A regulators, 
but also contribute to illustrating how the evolutionary differences affect 
their functional diversity. 

2. Materials and methods 

2.1. Identification of m6A regulatory genes 

The 65 plant genomes from the Ensembl plant database (version 99) 
were involved in the analysis, including three red algae, two green algae, 
one marchantiophyta, one bryophyta, one lycopodiophyta, one basal 
angiosperm, 25 monocots, and 31 dicots (Supplementary Table S1). 
Their whole genome sequences and annotation information were all 
obtained from EnsemblPlants (http://plants.ensembl.org/index.html). 

To identify m6A regulators in the above mentioned species, the m6A 
regulators reported in a previous work [18] were used as seeds to 
perform the BLASTP search with the E-value of 1e-3. To make sure the 
sequences contain the corresponding domains, the obtained candidates 
were checked in Pfam (http://pfam.xfam.org/) [19], CDD (htt 
ps://www.ncbi.nlm.nih.gov/cdd) [20], and SMART (http://smart. 
embl-heidelberg.de/) [21]databases. The default parameters were 
used for these databases. Finally, nine kinds of m6A regulators were 
obtained (Table 1). 

2.2. Classification and phylogenetic analysis of m6A regulators 

To clarify the phylogenetic relationships in each m6A regulator 
family, the MUSCLE [22] was used to perform multiple sequence 
alignment with default parameters. The phylogenetic trees were con-
structed using the neighbor-joining (NJ) method with the bootstrap 
value of 1000 and the Poisson correction model in MEGAX [23]. 

2.3. Sequence structure characterization of m6A regulators 

The conserved motifs in m6A regulators were predicted by MEME 
[24] with default parameters. The gene structure was derived from 
annotation information, and the gene length and exon–intron structure 
information were obtained by performing the in-house Perl script. The 
domain, conserved motifs and gene structure of m6A regulators were 
visualized using EvolView [25]. 

2.4. Estimation of Ka/KS ratios 

The sequence alignment of the coding sequences (CDS) of m6A reg-
ulators were performed using MEGAX. The ratio of the number of non- 
synonymous substitutions per non-synonymous site (dN) to the number 

of synonymous substitutions per synonymous site (dS) (called Ka/KS or 
ω) was calculated by the yn00 program in the PAML package (version 
4.7) [26]. The saturation effects were avoided by discarding the gene 
pairs with dS < 0.005 or dS > 2, as values for that with S*dS < 10 (S is the 
number of synonymous sites in a sequence) [27]. The ω value was a 
measure of selection. ω > 1 means positive selection; ω = 1, neutral 
evolution; and ω < 1, purifying selection. The grouped ω values were 
displayed by using the ggplot2 package in R (version 4.0.5) [28]. 

2.5. Calculation of codon usage preference 

The CodonW1.4 (http://codonw.sourceforge.net) was used to 
calculate the relative synonymous codon usage (RSCU), the GC content 
at third codon position (GC3s) and the effective number of codon (ENC). 
RSCU value is an important measure of codon usage bias. RSCU = 1 
means that the codon is equally used with other synonymous codons, 
RSCU > 1 means the codon is more frequently used than expected, 
RSCU < 1 means the codon is less frequently used than expected [29]. If 
RSCU < 0.6, the codon is under-represented, and if RSCU > 1.6, the 
codon is over-represented [30]. The RSCU heatmaps for the nine kinds 
of regulators were visualized by the Pheatmap package in R (version 
4.0.5). ENC is another parameter, which can be able to measure codon 
preference. The value of ENC ranges from 20 to 61. An ENC value <35 
indicates strong codon bias [31]. In addition, the ENC-GC3s plot were 
used to evaluate the influence of mutation selection on codon bias [31]. 

2.6. Statistical analysis 

The Kruskal-Wallis test was performed using R (version 4.0.5). The 
Pearson correlation coefficient between gene length and intron (or exon) 
length was calculated by using the in-house python script. 

3. Results and discussions 

3.1. Quantity and distribution of m6A regulators 

We identified 1592 writers, readers and erasers participating in m6A 
modification from the 65 plants species. Their distributions in each 
species were illustrated in Fig. 1. Their names, EnsemblID and sequences 
were listed in Supplementary Table S2. Compared with the algae, there 
are more kinds of m6A modification writers in most of the early land 
plants, monocots and dicots. The number of readers and erasers was also 
higher in monocots and dicots. Interestingly, the number of m6A regu-
lators in polyploid plants, such as Triticum dicocoides, Triticum aestivum, 
Triticum turgidum, Eragrostis tef, Brassica napus, was higher than that in 
most diploid plants. These results show that the m6A modification reg-
ulators were subjected to large scale expansion in higher plants 
(monocots and dicots). 

It has been demonstrated that m6A modification regulators experi-
enced whole genome duplication (WGD) events [15,16], and the m6A 
regulators had a higher retention rate [16]. The WGD and the higher 
retention rate not only provide the genetic material necessary for bio-
logical innovation, but also give rise bring about the diversity of ho-
mologous genes. Hence, the expansion of m6A modification regulators in 
higher plants might be due to their genome duplications. 

3.2. Phylogenetic analysis of m6A regulators 

To understand the evolutionary relationship of m6A regulators, the 
sequences for each kind of m6A regulators in the 65 species were used to 
construct phylogenetic trees. As shown in Fig. 2 A, the 136 MT-A70 
sequences were divided into three groups, namely MTA, MTB and 
MTC. Except for MTC, MTA and MTB were all present in algae, early 
land plants, monocots and dicots. FIP37 was also observed in algae, 
while HAKAI and VIR were not detected in algae (Fig. 2 B-D). Almost all 
members of the m6A writers were clustered in accordance with their 

Table 1 
The domain information and motif length of m6A regulators.  

Regulators Type Domain Motif 
number 

Motif 
width 

MTA Writer MT-A70 (Pfam: PF05063) 10 27–92 
MTB Writer MT-A70 (Pfam: PF05063) 10 27–92 
MTC Writer MT-A70 (Pfam: PF05063) 10 27–92 
FIP37 Writer Wtap (Pfam: PF17098) 6 50–80 
HAKAI Writer RING-HG_HAKAI_like(CDD: 

cd16508) 
6 28–75 

VIR Writer VIR_N (Pfam: PF15912) 6 100 
CPSF30 Reader YTH1 (CDD: cl25862) 6 52–80 
ECT Reader YTH (Pfam: PF04146) 6 52–80 
ALKBH Eraser 2OG-FeII_Oxy-2(Pfam: 

PF13532) 
6 20–50  

M. Wu et al.                                                                                                                                                                                                                                     

http://plants.ensembl.org/index.html
http://pfam.xfam.org/
https://www.ncbi.nlm.nih.gov/cdd
https://www.ncbi.nlm.nih.gov/cdd
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
http://codonw.sourceforge.net


Methods xxx (xxxx) xxx

3

genetic relationships. 
The phylogenetic relationships of CPSF30 and ECT were shown in 

Supplementary Fig. S1A and B. The phylogenetic topology of CPSF30 
satisfactorily reflects the species relationships. Interestingly, CPSF30 in 
Amborella trichopoda was more close to those in dicots. In the gramineae 
plants, CPSF30 in the Oryzoidea was more close to those from the 
PACMAD (Panicoideae, Aristidoideae, Chloridoideae, Micrairoideae, 
Arundinoideae, Danthonioideae) clade. In general, CPSF30 tends to 
evolve more conservatively from algae to higher plants (Supplementary 
Fig. S1A). The evolutionary relationships of ECT are more complex than 
those of CPSF30. Most ECT homologs tended to cluster in different 
branches, with the ECT from green alga located in the outermost part of 
the phylogenetic tree (Supplementary Fig. S1 B). 

ALKBH was divided into 3 groups, where group I and group II were 

further divided into 2 subgroups, namely group Ia, group Ib, group IIa, 
and group IIb (Supplementary Fig. S1C), respectively. They may be 
functionally differentiated and involved in different biological reactions. 
Most of the ALKBH homologs in each group tended to cluster in different 
branches. In each group, the ALKBH from the lower plants was located 
on the outer side of the phylogenetic tree. Therefore, we deduce that 
ALKBH showed sub-functional differentiation after the formation of 
green algae. The different types of ALKBH may work together with other 
m6A modification regulators to form a precise m6A regulatory 
mechanism. 

3.3. Sequence characterization of m6A regulators 

To explore the genetic evolutionary features of m6A regulators, we 

Fig. 1. The number and classification m6A regulators in the 65 species. The phylogenetic relationship of these species was constructed according to previous works 
[33–38]. ’–’ indicates that the regulator was not found in the related species. 
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performed gene structure analysis for the nine kinds of regulators. It’s 
interesting that the gene lengths of writers, readers, and erasers were all 
significantly correlated with the intron length, whereas the results were 
not hold between the length of genes and exons (Supplementary 
Table S3). In different plants, the correlation between the length of 
genes and exons of the regulators varies dramatically. For example, the 
significant correlation (r = 0.84, p < 0.05) between the length of gene 
and exon of MTA was only found in algae. In terms of MTB, the signif-
icant correlation was found in monocots and dicots. In monocots, the 
gene length of HAKAI was significantly correlated with the exon length 
(r = 0.93, p < 0.01), whereas the correlation was only moderate (r =
0.57, p < 0.01) in dicots. In dicots, the gene lengths of m6A readers were 
all correlated with exon length, whereas such a significant correlation 
was not observed in monocots. Except for in early land plants, the cor-
relation between the length of gene and exon of ALKBH was observed in 
other plants, which is especially significant in algae (Supplementary 
Table S3). 

To investigate the domain and motif organizations, the MEME was 
used to analyze the structures of m6A regulators. Although MTA, MTB 

and MTC all share the MT-A70 domain, they contain distinct motifs 
(Fig. 3 A). For example, the order of motifs in the MT-A70 domain of 
MTA is 4-1-9-8, while that for MTB is 2-1-6-3-7, and only the unique 
motif 10 was identified in MTC (Fig. 3A). Detail information about these 
motifs was provided in Supplementary Table S4. Although the same 
motifs can be identified in HAKAI of monocots and dicots, the motif 5 
and motif 6 were arranged in opposite orders (Fig. 3A). Similar results 
were observed in readers and erasers as well. Although the same 
conserved motifs exist in their sequences, some of the motifs were 
located outside the functional structural domain and reorganized in 
different orders. For example, motif 4 and motif 5 were located at 
different positions in CPSF30 and ECT (Fig. 3B). Most of the ECT se-
quences are relatively long, while a few of them are short and only 
contain motifs 3-1-2 (Fig. 3B). Accordingly, the ECT was divided into 
two categories (ECT-I and ECT-II) in terms of motif structures. The m6A 
eraser ALKBH is not only variable in gene structure, but also diverse in 
motif structures and could be classified into six categories (Fig. 3C). 

Although the gene structure was structurally and functionally 
conserved for each kind of regulators, the unique exon/intron structures 

Fig. 2. The phylogenetic relationship of m6A modification writers. A. MTA (red dotted line), MTB (blue dotted line), and MTC (green dotted line). B. FIP37. C. 
HAKAI. D. VIR. The bootstrap values were indicated by hollow circles. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Fig. 3. The identified domains and motifs in m6A modification writers (A), readers (B) and erasers (C). The motif structure of Zm00001d017566_P001, KQK23653, 
ERN17563, TRIUR3_25122-P1, TraesCS1D02G150900.1, PNT30719, TraesCS7A02G338200.1, OTF95239, OB04G31620.1, VIT_02s0025g04760.t01, KRH15710, 
OIT40702, OBART04G24190.1, KQL10330, PSS10443, AT3G14140.1 and OAY32354 were used to represent the motif schematic structure of MTA, MTB, MTC, 
FIP37, HAKAI (monocot), HAKAI (dicot), VIR, CPSF30, ECT-I, ECT-II, ALKBH group Ia, ALKBH group Ib (dicot), ALKBH group Ib (monocot), ALKBH group IIa (dicot), 
ALKBH group IIa (monocot), ALKBH group IIb and ALKBH group III, respectively. Different colored boxes represent different domains. The number above the 
rectangle indicates the type of the corresponding motif. The dotted box indicates that the motif (or domain) is not present in some protein sequences. 

Fig. 4. Selection pressure analysis for MTA (A) and MTB (B). The statistical analysis was performed by using the Kruskal-Wallis test.  
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and motif organizations were observed among different families. The 
distinctions among species or subfamilies may facilitate them to fulfill 
similar functions at different developmental stages or under different 
conditions. 

3.4. Selection pressure analysis of m6A regulators 

We calculated and compared the ω values of the nine kinds of reg-
ulators in different plants (Supplementary Table S5). MTA was the most 
conserved member of writers with the mean ω values of 0.0488 and 
0.0313 in monocots and dicots, respectively. The mean ω values for MTB 
were 0.0704 and 0.0738 in monocots and dicots, respectively (Fig. 4 and 
Supplementary Table S5). In contrast, MTC, FIP37, HAKAI and VIR were 
subjected to more relaxed purifying selection in higher plants (Supple-
mentary Fig. S2A–D and Supplementary Table S5). It was noted that the 
writers were almost subjected to purifying selection pressure between 
higher and lower plants, indicating that writers have evolved conser-
vatively in plants. 

The CPSF30 was also under purifying selection in almost all species 
(Supplementary Fig. S2E), except for two gene pairs between Galdieria 
sulphuraria and dicots (Supplementary Table S5). The selection pressures 
in two categories of ECT were different. Compared with ECT-II, ECT-I is 
under a more relax selection pressure and acquired new functions 
(Supplementary Fig. S2F–G; Supplementary Table S5). 

To understand the selective pressure in ALKBH, we calculated the ω 
values of ALKBH gene pairs among its different groups. In higher plants, 
ALKBH from group Ib and group IIb were subjected to more relaxed 
purifying selection than those in other groups (Supplementary 
Fig. S2H–J; Supplementary Table S5). Except for group Ia, there were 
some gene pairs between higher and lower plants with ω values > 1 in 
the other groups, indicating that ALKBH was not only subject to pur-
ifying selection pressure. 

3.5. Codon usage bias of m6A regulators 

It has been reported that different genomes display distinct codon 

usages. For example, the green algae favors codons ending with G/C, 
dicots favors codons ending with A/U, and monocots favors codons 
ending with G/C and A/U [32]. To explore the codon usage patterns of 
m6A regulators, the RSCU, ENC and GC3s of m6A regulators in 65 plants 
were calculated (see Materials and Methods). 

In higher plants, MTA and MTB exhibit different patterns of codon 
usage (Fig. 5). The codon usage pattern of MTA in different plants was 
similar to that of their genomes, while MTB had a more uniform selec-
tion preference for codons, with no distinction between monocots and 
dicots. The codon usage of MTC, FIP37 and HAKAI were similar to that of 
MTA, while VIR showed similar results to MTB (Supplementary 
Fig. S3A–D). The CPSF30 and ECT of the analyzed species exhibit codon 
usage preferences similar to those of their genomes (Supplementary 
Fig. S3E–F). Interestingly, the codon usage preferences of ALKBH for 
different group members were different (Supplementary Fig. S3G). This 
preference reflects the characteristics of sequence base composition and 
is independent of protein function. 

To further understand the codon usage preference, we explored the 
factors affecting codon usage preference by performing ENC-GC3s 
analysis. Although the distribution of ENC-GC3s values in different 
plants was different, most of the points were located below the expec-
tation line and only a few are located at or above the curve (Fig. 6). 
These results hold for the nine kinds of m6A regulators, indicating that 
selection pressure rather than mutation pressure contributed to the 
codon usage bias. 

4. Conclusion 

A total of 1592 m6A modification regulators were identified from 65 
representative species. Based on these data, we analyzed phylogenetic 
relationships, sequence structure, selection pressure, and codon usage of 
m6A modification regulators, and provided a framework for exploring 
the evolutionary characteristics of m6A modification regulators. This 
comprehensive analysis will provide insights for researches on structure 
and evolution of m6A modification regulators. 

Fig. 5. The heatmap of RSCU values of MTA and MTB in the 65 species.  
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[4] K. Růžička, M. Zhang, A. Campilho, Z. Bodi, M. Kashif, M. Saleh, D. Eeckhout, S. El- 
Showk, H. Li, S. Zhong, G. De Jaeger, N.P. Mongan, J. Hejátko, Y. Helariutta, R. 

G. Fray, Identification of factors required for m(6) A mRNA methylation in 
Arabidopsis reveals a role for the conserved E3 ubiquitin ligase HAKAI, New 
Phytologist 215 (1) (2017) 157–172. 

[5] L. Shen, Z. Liang, X. Gu, Y. Chen, Z.W. Teo, X. Hou, W.M. Cai, P.C. Dedon, L. Liu, 
H. Yu, N(6)-Methyladenosine RNA Modification Regulates Shoot Stem Cell Fate in 
Arabidopsis, Dev. Cell 38 (2) (2016) 186–200. 

[6] Z. Liang, A. Riaz, S. Chachar, Y. Ding, H. Du, X. Gu, Epigenetic Modifications of 
mRNA and DNA in Plants, Molecular Plant 13 (1) (2020) 14–30. 

[7] S.H. Ok, H.J. Jeong, J.M. Bae, J.S. Shin, S. Luan, K.N. Kim, Novel CIPK1-associated 
proteins in Arabidopsis contain an evolutionarily conserved C-terminal region that 
mediates nuclear localization, Plant Physiol. 139 (1) (2005) 138–150. 

[8] B. Addepalli, A.G. Hunt, A novel endonuclease activity associated with the 
Arabidopsis ortholog of the 30-kDa subunit of cleavage and polyadenylation 
specificity factor, Nucleic Acids Res. 35 (13) (2007) 4453–4463. 

[9] M. Chakrabarti, A.G. Hunt, CPSF30 at the Interface of Alternative Polyadenylation 
and Cellular Signaling in Plants, Biomolecules 5 (2) (2015) 1151–1168. 

[10] L. Arribas-Hernández, S. Simonini, M.H. Hansen, E.B. Paredes, S. Bressendorff, 
Y. Dong, L. Østergaard, P. Brodersen, Recurrent requirement for the m(6)A-ECT2/ 
ECT3/ECT4 axis in the control of cell proliferation during plant organogenesis, 
Development (Cambridge, England) 147 (14) (2020). 
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