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Abstract 

Background N6-methyladenosine  (m6A) is one of the common internal RNA modifications found in eukaryotes. 
The  m6A modification can regulate various biological processes in organisms through the modulation of alternative 
splicing, alternative polyadenylation, folding, translation, localization, transport, and decay of multiple types of RNA, 
without altering the nucleotide sequence. The three components involved in  m6A modification, namely writer, eraser, 
and reader, mediate the abundance of RNA  m6A modification through complex collaborative actions. Currently, 
research on  m6A regulatory genes in plants is still in its infancy.

Results In this study, we identified 52 candidate  m6A regulatory genes in common tobacco (Nicotiana tabacum L.). 
Gene structure, conserved domains, and motif analysis showed structural and functional diversity among different 
subgroups of tobacco  m6A regulatory genes. The amplification of  m6A regulatory genes were mainly driven by poly-
ploidization and dispersed duplication, and duplicated genes evolved through purified selection. Based on the poten-
tial regulatory network and expression pattern analysis of  m6A regulatory genes, a significant number of  m6A regula-
tory genes might play important roles in growth, development, and stress response processes. Furthermore, we have 
confirmed the critical role of NtFIP37B, an  m6A writer gene in tobacco, in enhancing drought resistance.

Conclusions This study provides useful information for better understanding the evolution of  m6A regulatory genes 
and the role of  m6A modification in tobacco stress response, and lays the foundation for further elucidating the func-
tion of  m6A regulatory genes in tobacco.
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Background
Epigenetic modifications are mechanisms that affect gene 
expression and function directly without altering bio-
logical gene sequences that can be passed on to offspring. 
Nowadays, epigenetic regulations have been found to 
involve in DNA/RNA methylation, histone modifica-
tion, chromatin remodeling, and noncoding RNA profile 
changes [1, 2]. DNA methylation and histone acetylation 
are important strategies for the fine regulation of devel-
opmental processes and the response to environmental 
stresses. RNA modification, which is analogous to DNA 
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methylation in function, also plays a prominent role 
throughout the life cycle of organisms. Initially discov-
ered in mammals, chemical modifications of RNA are 
subsequently found to be prevalent in all living things [3]. 
More than 160 types of RNA modifications have been 
identified, most of which are present in transfer RNA 
(tRNA) and ribosomal RNA (rRNA). Methylation at the 
sixth N of adenosine, also known as N6-methyladenosine 
 (m6A), is the earliest and most common type of mRNA 
modification. Further research has revealed that  m6A 
modification also exists in non-coding RNAs, such as 
circular RNA (circRNA) [4] and long non-coding RNA 
(lncRNA) [5]. In eukaryotes,  m6A modification is respon-
sible for about 80% of all RNA methylation modifications. 
The identification of the  m6A demethylase FTO (Fat 
Mass and Obesity-Associated Protein) [6] and its homo-
logue ALKBH5 (α-ketoglutarate-dependent dioxygenase) 
in mammals has confirmed the dynamic nature of  m6A 
modification [7].

The degree of  m6A modification is governed by two 
classes of proteins, known as methyltransferase  (m6A 
writer) and demethylase  (m6A eraser), which add or 
remove methyl groups to the adenine located in the 
RNAs’ conserved motif. To recognize  m6A methyla-
tion on RNA base sites, specific reading enzymes  (m6A 
reader) are also needed. Reader proteins recognize the 
 m6A methylation motifs and bind specifically, thereby 
regulating downstream translation, mRNA nucleation 
transport speed, and mRNA degradation [8]. In sum-
mary, the precise regulatory network formed by writers, 
erasers, and readers governs the production, clearance 
and functional realization of  m6A modification in bio-
logical organisms.

The  m6A modification is catalyzed by a highly con-
served multi-component methyltransferase complex 
(MTC, also known as the m6A writer complex). In mam-
mals, MTC comprises of two sub-complexes, designated 
as  m6A methyltransferase-like (METTL) complex (MAC) 
and  m6A METTL-associated complex (MACOM) [1, 9]. 
MAC composes of the methylase heterodimer of meth-
yltransferase-like 3 (METTL3) and METTL14, which 
comprises the catalytic core of the  m6A methyltrans-
ferase [10, 11]. MACOM includes Wilms’ tumor 1 asso-
ciated protein (WTAP), VIRMA (KIAA1429), HAKAI, 
RNA Binding Motif Protein 15 (RBM15), and its par-
alog RBM15B, as well as the recently discovered zinc-
finger CCCH domain-containing protein 13 (ZC3H13) 
[12–16]. Similar with the mammalian counterparts, the 
 m6A methyltransferase complex has been systematically 
identified in Arabidopsis, demonstrating its two core 
methyltransferases MTA (ortholog of METTL3) and 
MTB (ortholog of METTL14), and several accessory 
proteins FKBP12 INTERACTING PROTEIN 37 KD 

(FIP37, ortholog of WTAP), VIRLIZER (VIR, ortholog 
of VIRMA/KIAA1229), HAKAI [17]. In contrast, 
another known methyltransferase FIONA1 (ortholog of 
METTL16) functions separately for the deposition of 
 m6A markers on mRNA [18, 19]. In Arabidopsis, recent 
research has proposed HIZ2, a HAKAI-interacting zinc 
finger protein, as a plausible plant analogue to ZC3H13, 
but the precise biological role of HIZ2 within the  m6A 
writer complex is still undetermined [20].

Dynamic modifications of  m6A have been recognized 
as a crucial regulator of plant growth, development, and 
stress response, as they influence the expression of cor-
responding genes through methylation modification. 
 M6A modification in plants performs three main func-
tions: mRNA processing, plant growth and development, 
and stress response [21]. Typically, the regulation of RNA 
metabolism of a single transcript is associated with the 
position of  m6A marks. Specifically,  m6A modification at 
the 3’ UTR and stop codon sites primarily governs tran-
script stability and transcriptome integrity, whereas  m6A 
modification in the 5’ UTR assists in translation regula-
tion and those in the coding region affect mRNA stability 
and splicing [17, 21, 22]. In Arabidopsis,  m6A modifica-
tion in the 3’ UTR and 5’ UTR is positively related to 
gene expression, while modification in other regions 
leads to reduced gene expression [23]. Research sug-
gests that  m6A modification plays a significant role in 
the embryonic development of plants. Reduction in the 
post-embryonic expression level of  m6A methyltrans-
ferase, including MTA, MTB, FIP37, VIRILIZER, and 
HAKAI, caused a sharp decline in  m6A. Knocking out the 
genes that encode core writer genes results in embryonic 
death [24–26]. Additionally, various developmental pro-
cesses, such as flowering transition [19, 27], trichome and 
leaf morphology [28] and fruit maturation [29] are also 
influenced by  m6A modification. In response to abiotic 
stresses, such as drought [30, 31], salt [32], cold [33], and 
biotic stresses, including bacterial infection [34],  m6A 
can either promote or inhibit the expression of related 
genes. However, the current research on  m6A is limited 
to a few model plants, highlighting the need for further 
research in other plants.

Common tobacco (Nicotiana tabacum L.) is a widely 
cultivated non-food crop, which is also commonly uti-
lized as a model plant for genetic research. Furthermore, 
as a classical allotetraploid species, it plays a critical 
function in evolutionary studies. Recent studies have 
demonstrated that the infection of tobacco mosaic virus 
(TMV) has altered the level of  m6A within tobacco [35]. 
Additionally, overexpression  m6A methyltransferase 
ClMTB of watermelon enhanced the drought tolerance 
of tobacco [36]. However, genes associated with  m6A 
modification in tobacco have yet to be identified. In this 
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context, we conducted a comprehensive analysis of the 
classification, evolution, gene structure, and potential 
interaction network of  m6A regulatory genes in tobacco, 
as well as studied the patterns of gene expression at dif-
ferent stages of tissue development and in response to a 
range of biotic and abiotic stresses. In addition, we vali-
dated the significant roles of NtFIP37B in drought resist-
ance of tobacco. This study provides profound insights 
into the biological functions of  m6A regulatory genes in 
tobacco and reveals the potential  m6A-mediated regula-
tory mechanism in stress response.

Materials and methods
Identification and characterization of  m6A regulatory 
genes in tobacco
To identify all members of  m6A regulatory genes in 
tobacco, the protein sequence of  m6A regulatory genes 
in Arabidopsis, tomato and rice were obtained from 
The Arabidopsis Information Resource (TAIR) [37], Sol 
Genomics Network (SGN) [38] and Ensembl Genome 
database [39], respectively. These sequences were used as 
queries against the tobacco genome [40] using BLAST pro-
gram with the parameter E-value <  10–5. Then, HMMER 
v3 [41] was applied to identify candidate of  m6A regula-
tory genes using hidden Markov models (HMM) based on 
 m6A conserved domains: the MT-A70 family (PF05063), 
WTAP family (PF17098), VIRILIZER domain (PF15912), 
AdoMet_MTases domain (PF05971), 20G-Fe (II) oxyge-
nase superfamily (PF14532) and YTH domain (PF04146) 
[42]. Candidates with incomplete domains were further 
removed by Conserved Domain Search (CD-Search) [43]. 
The physicochemical parameters of the  m6A regulatory 
proteins, including molecular weight (MV), and isoelec-
tric points (PI), were examined using TBtools [44]. Protein 
subcellular localization was predicted by WoLF PSORT 
Online software (https:// wolfp sort. hgc. jp/) [45].

The phylogenetic classification, gene structures 
and conserved motifs analysis
An unrooted phylogenetic tree was generated by MEGA 
7 [46] using the neighbor-joining method with boot-
strap value of 1,500. ITOL (https:// itol. embl. de/) [47] 
was used to visualize phylogenetic trees. The protein 
sequences of dicotyledonous species (Arabidopsis thali-
ana, N. tabacum, Solanum lycopersicum, Vitis vinifera, 
and Gossypium hirsutum), monocotyledonous spe-
cies (Zea mays, Triticum aestivum, and Oryza sativa), 
pteridophyte species (Selaginella moellendorffii), moss 
species (Marchantia polymorpha and Physcomitrella 
patens), and gymnospermous species (Pinus tabu-
liformis) for the evolutionary tree construction were 
derived from previous studies [48, 49]. TBtools soft-
ware [44] was used to visualize the structures of  m6A 

regulatory genes in tobacco. MEME software [50] was 
employed to analyze the conserved motifs in  m6A regu-
latory proteins with maximum number of motifs of 10. 
InterProScan [51] was used to annotate the identified 
motifs.

The chromosomal distributions, gene duplication 
and collinearity analysis
All tobacco  m6A regulatory genes were mapped to their 
respective chromosomes. To infer the origin of  m6A reg-
ulatory genes in allotetraploid tobacco,  m6A regulatory 
genes of its two ancestors of the modern diploids: Nico-
tiana sylvestris and Nicotiana tomentosiformis were iden-
tified by the same method as above. Then, the origin, loss 
and expansion of  m6A regulatory gene in tobacco were 
inferred through phylogenetic tree. DupGen_finder [52] 
program was used to explore the duplication events of 
 m6A regulatory genes in tobacco, with Arabidopsis as the 
outgroup. For these duplicated gene pairs, KaKs_Calcu-
lator3.0 [53] was used to calculate the non-synonymous 
(Ka) and synonymous substitution (Ks) rates. The protein 
sequences of duplicated  m6A regulatory gene pairs were 
used to calculate the divergence time with the formula 
T = Ks/(2× 1.5× 10

−8)× 10
−6 [54]. TBtools [44] and 

MCScanX [55] were used for the collinearity analysis of 
 m6A regulatory genes among different species.

Promoter analysis and interaction network prediction
The STRING v11.5 database [56] was used to construct 
the protein–protein interaction network among  m6A 
regulatory genes in tobacco. The 2,000  bp upstream 
sequences from the transcription start site, were col-
lected and submitted to the PlantCare [57] database for 
cis-acting element analysis. Mature miRNAs was down-
loaded from the miRBase database [58]. The psRNAT-
target database [59] was used to search the regulatory 
relationship between miRNAs and tobacco  m6A regu-
latory genes, with an Expectation threshold of < 5 and 
other parameters at their default values. Cytoscape [60] 
was used to visualize the interaction network.

Expression profiles based on transcriptome data
Transcriptome data from eight representative tobacco 
tissues (root, stem, young leaf, mature leaf, senes-
cent leaf, immature flower, mature flower and senes-
cent flower) were utilized to investigate tissue-specific 
expression patterns of  m6A regulatory genes. Addition-
ally, tobacco transcriptome samples subjected to vari-
ous biotic stresses such as Potato Virus Y (PVY), black 
shank (BS), Cucumber mosaic virus (CMV), and Ralsto-
nia solanacearum (RS), as well as abiotic stresses includ-
ing high/low temperature, drought, salt, cadmium, and 
topping, were obtained from the NCBI SRA database to 

https://wolfpsort.hgc.jp/
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investigate the response of  m6A regulatory genes to dif-
ferent stresses. The accession numbers for all the tran-
scriptome samples utilized in this study could be found 
in Table S2. The Salmon software (v1.10.1) [61] was 
employed to perform quantification on all clean reads, 
while the R package ‘tximport’ (https:// github. com/ mikel 
ove/ tximp ort) was utilized for calculating the transcripts 
per kilobase million (TPM) values. Visualization of 
expression profiling was performed by TBtools software.

3D structure predictions and protein docking
The three-dimensional (3D) structures of  m6A regula-
tory proteins were predicted using the homology mod-
eling method. All  m6A regulatory proteins were queried 
against the Protein Data Bank (PDB) to identify the best 
template, and the models were built by Swiss-Model [62]. 
The protein docking among tobacco  m6A writer proteins 
were performed using HDOCK software [63], and the 
model with the lowest docking energy score, which rep-
resents the best quality of docking, was retained for sub-
sequent analysis. PyMOL software (https:// pymol. org/2/) 
[64] was used to visualize these models.

Plant materials and stress treatments
The tobacco cultivar K326 was employed to investigate 
the tissue-specific and stress-induced expression pat-
terns of  m6A regulatory genes in tobacco. Briefly, the 
seedlings were grown in plastic pots with a 16-h light 
cycle at 28°C during the day and 23°C at night. Similar 
with our previous study [65], root, stem, leaf, bud tissues 
at seedling stage (SS), vigorous growth stage (VG), and 
flowering stage (FS), as well as petal, receptacle, stamen, 
and pistil samples of reproductive organs (RO), were col-
lected from tobacco. The drought and cold stress were 
conducted during the vigorous growth stage of tobacco. 
For drought treatment, 28-day-old tobacco plants were 
subjected to 7 days of water withholding. Cold treatment 
was conducted in a growth chamber with the tempera-
ture set at 4°C. Untreated plantlets were used as controls. 
After treatment, the treated and control plantlets were 
collected and immediately frozen in liquid nitrogen, then 
stored at -80°C for further experiments. All samples were 
independently conducted with three biological replicates.

RNA isolation and relative expression analysis
Total RNA was extracted from the above-mentioned 
tobacco samples using the SuperPure Plantpoly RNA 
Kit (Gene Answer, Beijing, China). RNase-free DNase 
I (Gene Answer) was used to eliminate the DNA con-
tamination. First-strand cDNA synthesis was performed 
using 1 μg of total RNA as a template using reverse tran-
scriptase M-MLV (Takara Biomedical Technology, Bei-
jing, China), and the resulting cDNA was diluted to a 

concentration of 50  ng/µL. The quantitative real-time 
polymerase chain reaction (qRT-PCR) of tobacco  m6A 
regulatory genes was performed using a 20 μL reaction 
system and employing the SYBR Green kit (Imagene, Bei-
jing, China). The PCR program included an initial step 
of 95°C for 30  s, followed by 40 cycles of 95°C for 10  s, 
and 60°C for 30 s. The relative gene expression was calcu-
lated using  2−∆∆Ct method, and the expression levels were 
standardized to the expression level of the GAPDH gene. 
All specific primers for qRT-PCR are listed in Table S3. 
Three independent biological replicates were employed 
for qRT-PCR analysis.

Construction of subcellular localization vectors 
and virus‑induced gene silencing vectors
The full-length coding sequences (CDS) of the NtFIP37B 
spanning 300-500bp was used to design primers for con-
structing subcellular localization and virus-induced gene 
silencing (VIGS) vectors (Table S3). For the subcellular 
localization vector, the PCR-amplified insert was ligated 
into the homologous recombination vector PC1300s-
NtFIP37B-GFP containing adapter primers for sequenc-
ing verification. The resulting construct was transformed 
into Agrobacterium tumefaciens GV3101, along with an 
empty vector control, and positive colonies were selected 
and grown in liquid cultures at 28°C until reaching an OD 
of 1. The bacteria were then resuspended in a mixture of 
 MgCl2, acetosyringone (As), and 2-N-morpholinoethane-
sulfonic acid (MES) before being injected into Nicotiana 
benthamiana leaves in the dark for 3 h. The plants were 
then incubated in darkness for one day followed by one 
day in a greenhouse, after which their subcellular locali-
zation was assessed using confocal microscopy system 
(Nikon C2-ER, Japan). Similarly, the VIGS vector pYY13-
NtFIP37B was constructed by homologous recombina-
tion and transformed into A. tumefaciens GV3101, along 
with TRV1, TRV2, and pTRV2-PDS controls. Positive 
colonies were selected and grown as above, and the bac-
teria were resuspended and injected into N. benthamiana 
leaves alongside negative controls (A. tumefaciens car-
rying pTRV2) and experimental groups (A. tumefaciens 
carrying pTRV2-NtFIP37B) as infecting agents. The bac-
teria carrying pTRV1 and pTRV2, pTRV1 and pTRV2-
PDS, and pTRV1 and pTRV2-NtFIP37B were mixed in a 
1:1 ratio and injected into the lower leaves of N. bentha-
miana using a sterile syringe. After one day of incubation 
in darkness, the plants were transferred to a greenhouse 
for 14 days. Once the bleaching phenotype was observed 
in the leaves inoculated with TRV2-PDS, the expression 
levels of newly grown leaves on the same site inoculated 
with TRV2-NtFIP37B were analyzed. Subsequently, 
silenced plants were subjected to drought treatment, 
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and Fv/Fm ratios were calculated using IMAGING-PAM 
Chlorophyll Fluorescence System.

Results
Genome‑wide identification and characterization of  m6A 
regulatory genes in tobacco
After comprehensive screening of the tobacco genome, 
a total of 16  m6A writers, 16  m6A erasers and 20  m6A 
readers were finally identified (Table S4). All  m6A regu-
latory genes were named according to their homologs 
of Arabidopsis, tomato and rice. Protein length and 
predicted molecular weight (MW) were significantly 
different between three types of  m6A regulatory genes 
(Fig.  1a-d), especially for  m6A writer members. The 
lengths of putative  m6A writer proteins ranged from 
341 (NtFIP37A/B) to 2,153 (NtVIR2) amino acid, and 
the MW of proteins ranged from 38.56 (NtFIP37A) to 
235.81 (NtVIR2) kDa. Commonly, the length and MW 
of  m6A writer proteins with the same domain were simi-
lar, except for NtMTB1/2 and NtMTB3/4. Although 
all  m6A eraser proteins belonged to ALKBH family, 
their protein length and MW varied greatly, from the 
smallest NtALKBH6 (176 aa, 19.38  kDa) to the largest 
NtALKBH9B1 (668 aa, 75.09  kDa). In contrast, protein 
length and MW was similar among  m6A reader pro-
teins, with protein length (443 ~ 764 aa, mean = 636.95 
aa) and MW (49.6 ~ 84.11  kDa, mean = 70.051  kDa). 
Similarly, theoretical isoelectric points also varied widely 
among  m6A regulatory proteins. NtALKBH9B2 had 
the highest theoretical isoelectric point (9.23), while 

NtALKBH7A had the lowest one (4.84). In addition, 
subcellular localization prediction showed that most 
 m6A regulatory proteins were located in the nucleus 
(40/52: 77%), and only several proteins were located in 
the cytoplasm (NtALKBH6, NtALKBH7A, NtALKBH8B 
and NtALKBH9B1/2), plasma membrane (NtMTC1 and 
NtVIR1/2) and chloroplast (NtMTA1/2, NtALKBH10 
and NtYTHDF3D) (Fig. 1e).

The phylogenetic classifications and structural features 
of  m6A regulatory genes in tobacco
To gain an insight into the evolutionary history of  m6A 
regulatory genes in tobacco, the protein sequences of 
 m6A writer, eraser and reader from five dicotyledons, 
three monocotyledons, one gymnosperm, one pteri-
dophyte and two mosses were used for phylogenetic 
analysis. The results showed that  m6A writers could 
be naturally grouped into five categories, namely MT, 
FIP37, VIR, HAKAI, and FIONA (Fig.  2a-e). The MT 
group was further divided into three subgroups: MTA, 
MTB and MTC, which belonged to their evolutionary 
clades. Among all the plants used for phylogenetic analy-
sis, MTB, HAKAI and VIR subfamilies were absent from 
the pteridophyte and S. moellendorffii, whereas other 
subfamilies were present in all plants, suggesting dif-
ferent evolutionary roles of  m6A writers among differ-
ent plants. Most diploid plants contained single copy of 
FIONA, while polyploid plants usually had 2 to 3 paral-
ogs of FIONA protein. The phylogenetic tree of ALKBH 
family of  m6A eraser was clustered into three groups, 

Fig. 1 Distribution and statistic analysis for (a and c) molecular weight, (b and d) isoelectric point and (e) percentage of subcellular localization 
of tobacco  m6A regulatory proteins. The P values in c and d were analyzed by ‘t-test’ method
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with a relatively uniform distribution in all plants (Fig. 2f; 
Table S5). Phylogenetic analysis showed that YTH pro-
teins of  m6A reader were grouped into two main catego-
ries, namely YTHDF and YTHDC (Fig.  2g). Compared 
with  m6A writers and eraser, the number of genes encod-
ing YTH domain proteins was much greater, especially 
for YTHDF subgroups. Interestingly,  m6A regulatory 
proteins from the same plant clade tended to cluster 
together. Most  m6A proteins from mosses, pteridophytes 
and gymnosperms were located in a same branch, 
whereas dicotyledons and monocotyledons tended to be 
in other branches. In addition, as a typical allotetraploid 
plant, tobacco had more  m6A regulatory genes than dip-
loid plants such as Arabidopsis, grape and rice (Table S5). 
Similar results could be observed in hexaploid wheat and 
tetraploid cotton, suggesting gene family expansion for 
polyploidy plants [66].

To better understand the evolution of  m6A regulatory 
genes in tobacco, TBtools and MEME Suite were used 
to explore their sequence characteristics, conserved 
domains and consensus motifs (Fig.  3). For  m6A writer, 
the genes from the same branch had similar exon–intron 
structures and conserved domains, except that NtMTB3 
had one more exon than NtMTB4. Interestingly, NtVIRs 

had a super long structure with 27 to 28 exons, which 
was also found in other plants such as tea [48] and pop-
lar [67]. MT-A70 domain was found in all tobacco MT 
families, and NtMTB proteins also contained a MAPK-
interacting and spindle-stabilizing protein-like pro-
tein domain (MISS). Both NtVIR proteins contained 
a conserved VIR_N domain and a PRK10263 domain, 
and all NtHAKAI proteins contained two conserved 
domains, RINGHC_HAKAI_like and PHA03378. Two 
homologs of Arabidopsis FIONA1 genes in tobacco con-
tained the AdoMet_MTase domain. Compared with 
 m6A writer members, more structural variations were 
found in  m6A eraser genes. NtALKBH9B1 had one 
larger exon than NtALKBH9B2. The exon number and 
intron length of NtALKBH8A were significantly differ-
ent from NtALKBH8B. In addition, NtALKBH2B had 
one bigger intron. All  m6A eraser members contained 
the 20G-FeeII_Oxy domain, and NtALKBH8 subfamily 
also had another conserved domain of RRM_SF. Struc-
tural variations could also be observed in  m6A reader 
genes. NtYTHDF3D had longer introns than NtYTH-
DF3C, and NtYTHDC1 lacked two exons compared with 
NtYTHDC2. In addition, NtCPSF30A1 had one more 
exon and longer intron than NtCPSF30A2. The YTH 

Fig. 2 Phylogenetic analysis of  m6A regulatory genes from five dicotyledons, three monocotyledons, one pteridophyte, two mosses, and one 
gymnosperm. a Phylogenetic tree of MT-A70 genes. b Phylogenetic tree of FIP37 genes. c Phylogenetic tree of VIR genes. d Phylogenetic tree 
of HAKAI genes. e Phylogenetic tree of FIONA genes. f Phylogenetic tree of  m6A eraser genes. g Phylogenetic tree of  m6A reader genes. Stars 
of various hues signify distinct categories of species in accordance with the legend. The tobacco  m6A regulatory genes are highlighted in bold red 
letters and marked with a check symbol
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conserved domain could be found in all tobacco  m6A 
reader proteins, while the CPSF30 subfamily also had 
another YTH1 conserved domain.

Motifs analysis revealed that the genes from the same 
branch had similar motif composition. For  m6A writer, 
the number of motifs varied from 2 to 10, and the 
NtMTB subfamily contained all 10 motifs. Interestingly, 
two unknown motif (7 and 9) could be found in most 
 m6A writer members (Fig. 3a; Table S6). Among ALKBH 
families, no conserved motif was identified in NtALKBH6 
and NtALKBH2A/B, which also had distinguished struc-
tures. Most  m6A eraser genes had a similar motif com-
position for each branch. Two YTH domain-containing 
protein motifs (1 and 3) were existed in all  m6A reader 
proteins. In general, most of the  m6A regulatory proteins 
in same branch exhibited similar motif distribution and 
exon–intron structure.

The chromosomal distributions, gene duplication 
events and collinearity analysis of  m6A regulatory genes 
in tobacco
Among the identified  m6A regulatory genes, 21 were ran-
domly distributed on 10 chromosomes, and the remaining 
ones were located on the unanchored scaffolds (Table S4). 
Chromosome 17 contained the most  m6A regulatory genes 

(4), two  m6A eraser and two  m6A reader genes, respectively. 
There was only one gene on chromosomes 1, 2 and 14.

Considering that gene duplication is an important 
mechanism for gene family expansion, we utilized the 
DupGen_finder softwaree [52] to identify different dupli-
cation events of m6A regulatory genes in tobacco. The 
analysis revealed a total of 14 duplication events, includ-
ing 10 instances of dispersed duplication (DSD), 3 cases 
of tandem duplication (TRD), and 1 occurrence of proxi-
mal duplication (PD), involving a set of 18 genes respon-
sible for m6A regulation. However, we did not detect any 
instances of whole-genome duplication (WGD) or trans-
posed duplication (TRD) (Table S7). Notably, although 
there were several gene pairs with high similarity in 
amino acid sequence, such as NtYTHDF1E and NtYTH-
DF1F (with a similarity of 96.019%), we were unable to 
determine their modes of duplication due to the absence 
of chromosomal location. Interestingly, two pairs of TRD 
genes (NtALKBH9B1-NtALKBH9B2 and NtCPSF30A1-
NtCPSF30A2) were anchored to chromosome 17, while 
another pair of TRD genes were located on the same 
scaffold. The intricate network of DSD events might play 
an important role in the expansion of MT-A70, ALKBH 
and YTH gene families. Besides, DSD was the main event 
(4/6: 66.7%) for tobacco  m6A reader genes. Interestingly, 

Fig. 3 Phylogenetic relationships, gene structures, conserved motifs, and functional domains of  m6A regulatory genes in tobacco. a Structure 
analysis of  m6A writer genes. b Structure analysis of  m6A eraser genes. c Structure analysis of  m6A reader genes. The squares in the motif represent 
the positions of conserved domains
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several genes might be involved in two or three rounds 
of dispersed duplication events, including NtMTA1, 
NtCPSF30A1 and NtYTHDF3E.

To explore the evolutionary trajectory of duplicated 
gene pairs in  m6A regulatory genes of tobacco, we cal-
culated the ratio of non-synonymous (Ka) and syn-
onymous (Ks) substitution rates (Table S7). Typically, 
Ka/Ks ratios below 1, equal to 1, and above 1 indicated 
purifying selection, neutral selection, and positive selec-
tion, respectively. In this study, all analyzed duplication 
events yielded Ka/Ks ratios were less than 1, indicating 
the predominance of strong purifying selection on these 
genes throughout their evolutionary history. This sug-
gested that functional differentiation following gene 
duplication had been limited by the action of purifying 
selection. Based on Ks values, we estimated divergence 
times of  m6A duplicated gene pairs in tobacco. The Ks 
values of  m6A duplicated gene pairs ranged from 0.047 
to 2.609, with estimated divergence times ranging from 
1.567 Mya to 86.975 Mya. Duplicated gene pairs with 
earlier divergence times (such as NtMTA1 and NtMTC1, 
NtYTHDF1A and NtYTHDF3E) might be associated with 
ancient duplication events, while those with later diver-
gence times (such as NtCPSF30A1 and NtCPSF30A2, 
NtALKBH9B1 and NtALKBH9B2) might be likely due to 
more recent dispersed or tandem events. These findings 

shed light on the evolutionary history of  m6A duplicated 
genes in tobacco.

To further explore the evolutionary patterns of  m6A 
regulatory genes between different plants, four repre-
sentative species were selected for comparative collin-
earity analysis with tobacco. Among the twenty  m6A 
regulatory genes located on chromosomes in tobacco, 
13 were collinear with tomato, followed by Arabidopsis 
(8), grape (8) and rice (1) (Fig. 4a). Obviously, the num-
ber of  m6A regulatory genes with collinearity between 
monocotyledons and dicotyledons varied widely, sug-
gesting that the expansion of  m6A regulatory genes might 
occur after dicotyledonous differentiation. In addition, 
one eraser gene (NtALKBH9B1) and two reader genes 
(NtYTHDF3E and NtCPSF30A1) had more than one pair 
of collinear genes.

As a typical allotetraploid plant, tobacco was formed 
from the maternal donor N. sylvestris and the male donor 
N. tomentosiformis about 0.2 million years ago [40]. To 
explore the parental origin of  m6A regulatory genes in 
tobacco,  m6A regulatory genes were also identified in 
two genome donors of tobacco. To investigate the paren-
tal origin of  m6A regulatory genes in tobacco, a phy-
logenetic tree was conducted between tobacco and its 
ancestor donors (Fig. 4b-d; Table S4). Phylogenetic anal-
ysis showed that the  m6A writer genes in tobacco were 

Fig. 4 Collinearity analysis of tobacco  m6A regulatory genes and inference of their diploid origins based on evolutionary relationships. a 
Micro-collinearity relationship between  m6A regulatory genes in tobacco and those in Arabidopsis, grape, tomato, and rice. The colors represented 
by each line are indicated in the legend. b-d Phylogenetic analysis of tobacco m6A writer (b), reader (c), and eraser (d) and their diploid progenitors 
N. sylvestris and N. tomentosiformis 
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equally derived from two diploid donors, respectively. 
Compared with its donors, some FIP37 and VIR mem-
bers were lost during the evolution of nearly 0.2 million 
years, and no expansion was found for these two families. 
For the ALKBH family, NtALKBH1A and NtALKBH6 
could not assign their origins according to the phyloge-
netic tree, suggesting these two genes might have expe-
rienced differentiation during evolution. Our previous 
analysis revealed that one TRD event have occurred in 
NtALKBH9B during evolution, which might be the major 
reason for NtALKBH9B1 and NtALKBH9B2 were located 
in the same branch with N. sylvestris. Similarly, NtYTH-
DC1C-NtYTHDC1D and NtCPSF30A1-NtCPSF30A2 
might also expand during evolution. Similar results 
could also be observed for NtYTHDF1E-NtYTHDF1F (N. 
tomentosiformis origin) and NtYTHDF3A-NtYTHDF3B 
(N. sylvestris origin). However, their duplication patterns 
could not be analyzed because they could not be located 
on chromosomes. We speculated that these two pairs of 
genes might also have experienced post-speculation TRD 
events during evolution.

Analysis of cis‑acting regulatory elements (CREs) of  m6A 
regulatory genes in tobacco
The cis-acting elements (CREs) in the promoter region of 
genes played an important role in determining the spa-
tiotemporal specific expression of protein-coding genes 
[68]. To better understand the transcriptional regulation 

and potential biological functions of tobacco  m6A regula-
tory genes, the CREs in the promoter regions (2,000 bp 
upstream of the transcription start site) of  m6A regula-
tory genes were predicted using the PlantCare data-
base. These identified CREs can be further divided into 
four types (Fig.  5; Table S8), including light-responsive 
(46%), phytohormone-responsive (27%), stress-respon-
sive (18%) and development-related elements (9%). All 
 m6A regulatory genes contained a large number of light-
responsive elements, indicating that they may be regu-
lated by light signaling. Abscisic acid (ABA) and methyl 
jasmonic acid (JA) responsive elements accounted for 
the majority of phytohormone-responsive elements, 
including 91 and 124, respectively. These large number 
of phytohormone-responsive elements indicated that 
hormone signals may activate or inhibit the expression 
level of  m6A regulatory genes. Among the CREs associ-
ated with plant development, we observed enrichment 
of CAT-box, GCN4_motif, and O2-site in the promoter 
regions of  m6A regulatory genes in tobacco. These CREs 
were respectively associated with meristem expression, 
endosperm expression, and metabolism regulation. In 
addition, we found that ARE elements, involved in anaer-
obic induction, were present in the promoter regions of 
the majority of  m6A regulatory genes. MBS (related to 
drought response) and LTR (related to cold response) ele-
ments were also highly enriched (Fig. 5). These findings 

Fig. 5 The distribution of cis-acting elements in the promoter regions of  m6A regulatory genes. The bar charts situated above and the right 
of the heatmap depict the statistical results for horizontal and vertical comparisons, respectively. The color for different categories is described 
in the legend
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indicated tobacco  m6A regulatory genes might respond 
to a variety of external stresses and internal metabolic 
types.

Regulation networks of  m6A regulatory genes in tobacco
Considering that the  m6A modification was performed 
by a multi-protein complex consisting of a catalytic core 
(MTA and MTB) and a series of auxiliary subunits act-
ing together, we constructed a potential protein–protein 
interaction network of tobacco  m6A regulatory genes 
by STRING database (Fig.  6a; Table S9). Among the 
tobacco  m6A writer members, except for the NtMTC 
and NtFIONA subfamilies, all the other 12 members 
showed inter-interactions, especially the NtMTA and 
NtHAKAI subfamilies, suggesting that they may partici-
pate in  m6A modification by forming protein complexes. 
However, no interaction between  m6A eraser members 
was found. NtCPSF30B1 could also interact with two 
other NtCPSF30 subfamily members (NtCPSF30A2 and 
NtCPSF30B2), which may be related to their special roles 
in recognizing  m6A modification (Fig.  6a). Consider-
ing that mRNA  m6A modification was catalyzed by the 
 m6A methyltransferase complex [9], we predicted 3D 
structural models of tobacco  m6A writer proteins using 

a homology modeling approach, and performed protein–
protein docking of different combinations (Fig. 6b; Table 
S10). The results indicated that the docking model of 
NtMTA-NtMTB exhibited a higher docking confidence 
score ranging from 0.8861 to 0.9999, suggesting a sig-
nificant likelihood of protein complex formation. Among 
them, NtMTA1-NtMTB3 protein complex model with 
the highest docking confidence score (0.9999) exhibited 
a similar conformation to the human METTL3-METTL4 
complex (PDB accession: 5L6D) [69] (Fig.  6b). Surpris-
ingly, NtFIP37A and NtFIP37B also exhibited a high 
docking confidence score (0.9998). Studies have shown 
that two WTAP (ortholog of FIP37) molecules formed an 
asymmetric homodimer, acting as a "bridge" connecting 
VIRMA with the METTL3-METTL14 complex [9]. By 
docking NtVIR2 with the NtFIP37A-NtFIP37B protein 
complex, we found that the resulting ternary complex 
model exhibited a structure similar to the human m6A-
METTL associated complex (WTAP and VIRMA com-
plex, PDB accession: 7VF5) [70] (Fig. 6b). Consequently, 
we proposed that FIP37 proteins in plants might possess 
similar functions.

Subsequently, potential miRNA binding sites of  m6A 
regulatory genes were also investigated by psRNATarget 

Fig. 6 Potential  m6A regulatory network in tobacco. a Protein–protein interaction network of  m6A regulatory proteins in tobacco. Edge 
thickness represents the combined score from STRING. b Protein docking results of NtMTA1-NtMTB3 (left) and NtVIR2-NtFIP37A-NtFIP37B (right) 
complexes. c Interaction between  m6A regulatory genes and miRNAs. Edge thickness represents the negative UPE value, indicating the likelihood 
of miRNA-mediated interaction and cleavage of target mRNAs. Edge color intensity reflects the number of mismatches, with darker colors 
indicating fewer mismatches
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[59]. After filtering interactions with an Expectation pen-
alty score below 5, a total of 38 miRNAs from 16 families 
were identified as potential regulators targeting  m6A reg-
ulatory genes including 8 writers, 3 readers, and 2 eras-
ers (Fig. 6c; Table S9). Notably, it has been observed that 
distinct miRNA families often exhibited specific target 
genes. For instance, NtMTB4was potentially regulated by 
ten miRNAs, all belonging to the nta-miR172 family. Fur-
thermore, six miRNAs from the nta-miR156 family could 
target the NtVIRs genes (Fig.  6c). Interestingly, com-
pared to the  m6A readers (n = 3) and  m6A erasers (n = 1), 
tobacco  m6A writers (n = 35) appeared to be subjected 
to greater miRNAs regulation. These  m6A regulatory 
genes were predominantly clustered within the MTB, 
VIR, and FIP37 families. However, no miRNAs regulating 
the MTA and MTC subfamilies in tobacco were identi-
fied in our analysis. Considering the context-dependent 
activation of miRNA-mediated regulation, further inves-
tigations were needed to unravel the intricate interplay 
between  m6A regulatory genes and miRNAs in plants.

Tissue expression analysis of  m6A regulatory genes 
in tobacco
To explore the expression patterns of  m6A regulatory 
genes in different tissues of tobacco, the expression profiles 
of eight representative tissues were explored (Fig. 7a, Table 
S11). As depicted in Fig. 7a, the expression patterns of  m6A 

regulatory genes could be classified into five distinct clus-
ters (C1-C5). Notably, clusters C1-C4 comprised approxi-
mately three types of  m6A regulatory genes, suggesting 
potential co-regulation among them. However, in cluster 
C5, the majority of genes belonged to the  m6A reader cat-
egory, with only one gene from  m6A eraser (NtALKBH7B). 
Genes in cluster C1 exhibited specific expression in stems, 
and relatively low in leaves. In cluster C2, gene expres-
sion gradually increased during leaf development, such 
as NtALKBH9A1, NtYTHDC1, and NtMTB3, implying 
their roles in leaf development. Genes in clusters C3 and 
C4 displayed high expression levels in roots and showed 
minimal or no expression in senescent flowers, indicat-
ing functional divergence of  m6A regulatory genes dur-
ing tobacco tissue development. Importantly, compared 
to immature flowers, the majority of genes in clusters 
C4 and C5 exhibited significant up-regulation in mature 
flowers, followed by a notable decrease in senescent flow-
ers. This trend was particularly evident for certain  m6A 
eraser and  m6A reader members, such as NtYTHDF3C, 
NtYTHDF3D, NtALKBH7A, and NtALKBH7B, high-
lighting their dynamic regulation during tobacco flower 
organ development. Additionally, we observed a strong 
positive correlation in the expression of numerous genes 
across different tissues (Fig. S1a), suggesting a coopera-
tive impact among  m6A genes in tobacco. Furthermore, 
we randomly selected eight tobacco  m6A regulatory genes 

Fig. 7 Expression profiles of tobacco  m6A regulatory genes in different tissues. a Heatmap of the expression in different tissues, scaled by rows. b 
qRT-PCR analysis of nine selected  m6A regulatory genes in different tissues at various developmental stages. Data are presented as mean ± SD
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with specific expression patterns in different tissues for 
further qRT-PCR analysis at various developmental stages, 
including NtFIP37B, NtMTB1, NtMTB2, NtALKBH2A, 
NtALKBH9A1, NtALKBH9C2, NtALKBH6, and NtYTH-
DF3A. Most of the qRT-PCR results were consistent with 
the RNA-seq data (Fig.  7b). Among the selected tobacco 
 m6A regulatory genes, FS (Flowering stage) exhibited 
significantly higher expression levels in all tissues, par-
ticularly in buds, indicating the important role of  m6A 
modification during reproductive growth stages. Addi-
tionally, individual tobacco  m6A regulatory gene showed 
relatively high expression levels in specific floral organs, 
such as NtALKBH9A1 in the receptacle and NtALKBH2A 
and NtMTB2 in the stamen, suggesting their potentially 
significant roles in floral organ development.

Expression patterns of  m6A regulatory genes in tobacco 
under various abiotic and biotic stresses
To unveil the possible function of  m6A regulatory genes 
in response to different stresses, the expression pattern 
of  m6A regulatory gene under various stresses was stud-
ied (Fig.  8; Table S12). Our analysis revealed that  m6A 
regulatory genes exhibited distinct response patterns 

under different stresses. The majority of  m6A regula-
tory genes did not show significant changes relative 
to the control when tobacco was subjected to CMV or 
salt stress. Notably, the response pattern of  m6A regula-
tory genes differed between leaf and root tissues under 
similar stresses such as high temperature, low tempera-
ture, and cadmium. For instance, while NtYTHDF3A 
and NtYTHDF3B were significantly up-regulated in 
leaves at low temperature, they were down-regulated in 
roots. Similarly, NtALKBH10, NtALKBH2A, NtHAKAI1 
and NtALKBH6 displayed a significant decrease in 
cadmium-treated tobacco root tissue but exhibited 
no change or up-regulation in leaves, implying tis-
sue specificity of  m6A regulatory genes in response to 
different stress. Several  m6A reader genes including 
NtYTHDF1C, NtYTHDF2A and NtYTHDF3A, espe-
cially NtYTHDF3A, were significantly up-regulated in 
response to high temperature, hinting their potential 
roles in high temperature stress. The expression of both 
genes, NtYTHDF3A and NtYTHDF3B, were significantly 
increased under drought stress, which were also highly 
expressed in leaves under high/low temperature. Inter-
esting, after topping treatment, the expression of almost 

Fig. 8 Expression profiles of tobacco  m6A regulatory genes under various stress treatments. a Heatmap of the expression under high temperature 
(HT), low temperature (LT), R. solanacearum (RS), black shank (BS), Cucumber Mosaic Virus (CMV), cadmium, salt, drought, Potato Virus Y (PVY) 
and topping treatment. The expression change is indicated by the ratio of TPM value between the treatment and control (CK). b, c qRT-PCR analysis 
of eight selected  m6A regulatory genes under drought (b) and cold (c) treatment. The samples were collected from 28d-old tobacco (vigorous 
stage). Data are presented as mean ± SD, with one, two, and three asterisks denoting statistical significance at p < 0.05, p < 0.01, and p < 0.001, 
respectively
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all tobacco  m6A regulatory genes were reduced relative 
to the control. Comparing with black shank (BS) and 
Potato Virus Y (PVY), the Ralstonia solanacearum (RS) 
treatment resulted in the relative higher up-regulation 
of multiple genes, such as NtVIR1, NtVIR2, NtYTH-
DF2A, and NtYTHDF1E. Apart from Cucumber mosaic 
virus (CMV), the expression patterns of tobacco  m6A 
regulatory genes varied greatly in response to biotic 
stresses including RS, BS and PVY, with only one gene, 
NtALKBH9A2, being significantly up-regulated in all 
three biotic stresses.

Additionally, a substantial positive correlation was iden-
tified in the expression of multiple tobacco  m6A regula-
tory genes under various stress treatment (Fig. S1b). We 
focused on eight genes that showed significant responses 
to drought and cold stress, and further investigated their 
expression patterns using qRT-PCR experiments (Fig. 8b, 
c). Under drought stress, the expression levels of six genes 
(NtFIP37B, NtYTHDF3B, NtALKBH10, NtYTHDF3A, 
and NtMTC1) were significantly up-regulated in both 
roots and leaves. Notably, NtFIP37B exhibited a more 
than five-fold increase in leaves. Under drought stress, 
NtALKBH9A1 and NtALKBH2A showed opposite expres-
sion patterns in leaves and roots, indicating tissue-specific 
responses to drought stress (Fig. 8b). NtMTC1, which was 
significantly up-regulated under drought stress, showed 
a significant down-regulation in expression under cold 
stress (Fig.  8c), suggesting different response patterns 
of  m6A modification under different stress conditions. 
Additionally, we observed different dynamic expression 
patterns between root and leaf of multiple genes under 
cold treatment. From 36 to 89 h of cold stress, NtFIP37B, 
NtALKBH9A1, NtYTHDF3B, NtALKBH10, and NtYTH-
DF3A exhibited a pattern of initially increased expression 
followed by decreased expression in leaves or roots, indi-
cating dynamic response patterns to cold stress. Over-
all, the expression patterns of  m6A regulatory genes in 
tobacco under different stress conditions suggested that 
they might play critical biological roles in various stress 
responses.

Silencing of NtFIP7B reduced drought tolerance of tobacco
We have discovered that one tobacco  m6A writer genes, 
named NtFIP37B, exhibited significant up-regulation 
under drought stress (Fig.  8b). To further explore the 
influence of  m6A modification on tobacco’s drought 
tolerance, we employed a virus-induced gene silenc-
ing system (VIGS) to construct silenced plants for 
NtFIP37B. Subsequent subcellular localization studies 
indicated that NtFIP37B were situated within the nucleus 
(Fig.  9a), which was consistent with predicted results 
(Table S4) as well as findings in other species [1]. Com-
pared with wild-type plants, positively silenced plants 

showed significantly decreased transcript abundances 
of NtFIP37B (Fig. 9b). Under normal growth conditions, 
significant differences in plant height were observed 
between positively-silenced NtFIP37B plants (NtFIP37B-
V1, NtFIP37B-V2, NtFIP37B-V3) and wild-type plants 
(Fig.  9c), indicating that this gene may have a positive 
regulatory role in tobacco growth. After five days of 
drought treatment, NtFIP37B-silenced plants exhibited 
more severe wilting (Fig. 9c) and a significant decrease in 
Fv/Fm ratio (Fig. 9d) compared to the wild type, indicat-
ing that their photosynthesis was severely affected. These 
results suggested that silencing of NtFIP37B inhibited 
growth of tobacco, and enhanced drought sensitivity in 
tobacco plants.

Discussion
RNA N6-methyladenosine plays an important regulatory 
role in plant growth and development. Three types of 
 m6A regulatory genes dynamically control the methyla-
tion levels of target transcripts involved in development 
and stress responses. Based on evidence from Arabi-
dopsis, tomato, and rice, 52 candidate  m6A regulatory 
genes were identified in tobacco, including 16 writers, 
16 erasers, and 20 readers (Table S4). Although it has 
been speculated that a HAKAI-interacting zinc finger 
protein 2 (HIZ2) in Arabidopsis shares similarities with 
ZC3H13, its specific biological process in  m6A multi-
protein complex remains unclear [20]. Furthermore, 
due to the absence of obvious conserved domains in the 
amino acid sequence of HIZ2, it is not included in the 
scope of this study. The number of  m6A regulatory genes 
in tobacco (52) exceeded that of several species, includ-
ing Arabidopsis (33), tomato (25), grape (40), rice (33), S. 
moellendorffii (22), M. polymorpha (16), P. patens (18), 
and Chinese pine (36) (Table S5). However, it is lower 
than maize (55), common wheat (85), and upland cotton 
(75). Despite having the largest genome size (25.4  Gb), 
Chinese pine exhibits a remarkably low number of  m6A 
regulatory genes, with only 36 members, which is signifi-
cantly lower compared to species such as common wheat 
and upland cotton. Notably, the species with a higher 
abundance of  m6A regulatory genes have experienced 
polyploidization events. Common wheat (2n = 6x = 42), 
upland cotton (2n = 4x = 52), and tobacco (2n = 4x = 48) 
are all the result of hybridization between two or multiple 
diploid donor species [71–74], leading to their  m6A regu-
latory gene count being two or three times that of diploid 
species like Arabidopsis. Likewise, maize, a segmental 
allopolyploid [75], also possesses a higher number of 
 m6A regulatory genes. Additionally, a total of 14 duplica-
tion events were identified, involving 18  m6A regulatory 
genes in tobacco. Dispersed duplication was the most 
frequent event (10), followed by tandem duplication (3) 
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and proximal duplication (1) (Table S7). Ka and Ks analy-
sis revealed that duplicated gene pairs have undergone 
purifying selection, consistent with findings in studies of 
tea plants and tomatoes [48, 49]. Estimated divergence 
times based on Ks values indicated that the duplication of 
 m6A regulatory genes in tobacco predated the formation 
of the common tobacco species (~ 0.2 Mya) [40]. Phylo-
genetic analysis showed distinct subfamilies within  m6A 
regulatory genes, with bryophytes, pteridophytes, and 
gymnosperms clustering separately from monocots and 
dicots [76] (Fig.  2). The preferential expansion of  m6A 
regulatory genes in monocots and dicots may be attrib-
uted to their expansion events following divergence. In 
summary, we proposed that the differences in the num-
ber of  m6A regulatory genes among species were primar-
ily attributed to polyploidy, whole genome duplication 
(WGD), and gene duplication events, and the duplicated 
 m6A regulatory genes in tobacco underwent differentia-
tion in its two-progenitor diploid donor and no duplica-
tion events occurred after species formation (Table S7).

Previous studies have shown that  m6A modification 
determined mRNA fate via multiple aspects of mRNA 

metabolism, impacting various aspects such as alterna-
tive splicing, alternative polyadenylation, folding, transla-
tion, localization, transport, and decay, thereby regulating 
plant growth, development, and stress responses [1]. In 
tobacco, the  m6A writer proteins exhibited strong interac-
tions within a protein interaction network apart from the 
FIONA1 and MTC, with NtMTAs and NtFIP37s showing 
the most interactions, highlighting their importance as 
the catalytic core and auxiliary subunit, respectively. The 
prediction results indicated that there were no interac-
tions among eraser proteins in tobacco, while the three 
reader proteins including NtCPSF30A2, NtCPSF30B1, 
and NtCPSF30B2 might have interactions, which required 
further research for validation (Fig.  6a). Using homol-
ogy modeling and protein docking, the 3D structures of 
tobacco  m6A regulatory genes were predicted, confirming 
the high likelihood of NtMTAs and NtMTBs forming the 
catalytic core for  m6A methylation. Another important 
component of the MTC, NtVIR2-NtFIP37A-NtFIP37B, 
also exhibited a structure similar to that found in humans 
(Fig. 6b; Table S10). Moreover, similar expression pattern 
were observed for  m6A writer genes under different stress 

Fig. 9 Subcellular localization of NtFIP37B and drought tolerance assessment in NtFIP37B-silenced tobacco plants. a Subcellular localization 
of NtFIP37B. The scale bars represent 20 μM. b Relative expression of NtFIP7B detected by qRT-PCR after drought treatment. c Phenotype and (d) 
Fv/Fm ratios of NtFIP37B-silenced tobacco plants before and after 5 days of drought treatment. Data are presented as mean ± SD, with one, two, 
and three asterisks denoting statistical significance at p < 0.05, p < 0.01, and p < 0.001, respectively
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treatment, suggesting their coordinated role in defense 
responses (Fig. S1). Additionally, potential miRNA bind-
ing sites were identified in tobacco  m6A regulatory genes, 
indicating a possible role of miRNAs in regulating  m6A 
methylation (Fig.  6; Table S9). Interestingly, compared 
to the  m6A readers (n = 3) and  m6A erasers (n = 1),  m6A 
writers (n = 35) appeared to be subjected to greater miR-
NAs regulation. In other words,  m6A writers in tobacco 
might prefer to be regulated by miRNAs (Fig.  6). More-
over, among all  m6A writers, only MTB, VIR, and FIP37 
families might targeted by miRNAs. Therefore, more 
future works were needed to explore the mutual interac-
tions between  m6A writer genes and miRNAs.

In order to explore potential functions for  m6A regu-
latory genes in tobacco, the promoter regions were ana-
lyzed, and a significant enrichment of CREs associated 
with light response, hormone response, plant growth and 
development, and stress response were observed (Fig. 5; 
Table S8). Similar findings were also found in other 
plant species such as tea [48], tomato [49], and poplar 
[67]. The promoter regions of  m6A regulatory genes in 
tobacco encompassed a substantial proportion (46%) of 
light-responsive CREs. In Arabidopsis, the  m6A meth-
yltransferase MTA [77] and FIONA1 [78] could indi-
rectly influence the stability and translation efficiency of 
mRNA of biological clock genes through the blue light-
induced photoreceptor CRY2, which played a crucial 
role in maintaining chlorophyll homeostasis in plants 
under light conditions. Transcriptome analysis revealed 
high expression levels of  m6A regulatory genes in 
tobacco roots (Fig. 7a). Previous studies had shown that 
CPSF30L in Arabidopsis could regulate APA by binding 
to  m6A-modified transcripts involved in nitrate signaling, 
such as NRT1.1 and WRKY1 [79]. Considering the cru-
cial role of roots in nitrogen absorption, it was plausible 
to hypothesize that NtCPSF30s in tobacco might func-
tion through similar mechanisms. Additionally, qRT-PCR 
results showed that many tobacco  m6A regulatory genes 
such as NtFIP37B, NtALKBH9C2, and NtYTHDF3A were 
highly expressed in multiple tissues and organs during the 
flowering period. These highly expressed  m6A regulatory 
genes might play crucial roles in reproductive develop-
ment, as previous studies have associated  m6A modifi-
cation with reproductive cell development [80] and fruit 
ripening [29, 81]. The promoter regions of tobacco  m6A 
regulatory genes contained stress-responsive elements 
associated with diverse biotic and abiotic stresses (Fig. 5). 
Analysis of  m6A gene expression patterns under different 
stress conditions revealed various responsive patterns. 
For instance, under high temperature stress, NtVIR2 
showed significant up-regulation while NtVIR1 remained 
stable, indicating functional redundancy. Moreover, 
genes like NtALKBH10 and NtVIR1 exhibited robust 

responses to specific biotic stresses (RS and BS) but 
showed insensitivity to CMV or PVY infection (Fig. 8a). 
Although barley and soybean exhibited increased global 
 m6A modification levels in response to cadmium stress 
[82, 83], we did not observe significant up-regulation of 
 m6A writer genes in tobacco (Fig. 8a), possibly due to the 
different experimental conditions. Differential response 
times to drought treatment were observed among various 
 m6A regulatory genes. For instance, genes like NtFIP37B 
and NtALKBH10 did not show significant changes in 
expression levels after 4 h of drought treatment (Fig. 8a). 
However, when tobacco plants were exposed to drought 
treatment for 7 days, these genes exhibited significant 
upregulation (Fig.  8b). In summary, the expression pat-
terns of tobacco  m6A regulatory genes under growth, 
development, and stress conditions were diverse, imply-
ing their functional diversity. Further investigations were 
needed to elucidate the detailed mechanisms of candi-
date  m6A regulatory genes in tobacco.

Conclusions
This study presents the first comprehensive and system-
atic investigation of  m6A regulatory genes that may be 
involved in N6-methyladenosine modification in tobacco. 
A total of 52  m6A regulatory genes were identified in 
tobacco, categorized into three types:  m6A writer (16), 
 m6A eraser (16), and  m6A reader (20). Subsequently, we 
analyzed the features of these genes in terms of gene 
structure, conserved domains, and motifs. Through sys-
tematic evolutionary analysis, collinearity analysis, and 
identification of duplicate genes, we discovered that poly-
ploidization and segmental duplication were the main 
drivers for the expansion of tobacco  m6A regulatory 
genes. Functional analysis of tobacco  m6A regulatory 
genes in cis-elements, interaction networks, and expres-
sion patterns demonstrated their crucial roles in tobacco 
growth, development, and stress responses. Notably, 
NtFIP37B-silenced tobacco plants exhibited significantly 
reduced drought tolerance. This study provides a refer-
ence framework for exploring the functional diversity of 
 m6A regulatory genes in tobacco growth, development, 
and stress responses at the epigenetic level. These find-
ings are of significant importance for enhancing tobacco 
plant resistance to stress and require further elucidation 
in future work.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12870- 024- 04813-2.

Supplementary Material 1.  

Supplementary Material 2.  

https://doi.org/10.1186/s12870-024-04813-2
https://doi.org/10.1186/s12870-024-04813-2


Page 16 of 18Su et al. BMC Plant Biology          (2024) 24:134 

Acknowledgements
We would like to acknowledge all researchers in our laboratory for their help.

Authors’ contributions
JJJ and PJC conceived and designed the experiments. HS performed bioinfor-
matics data analysis. LJM and ZCQ did qRT-PCR experiments, the subcellular 
localization and VIGS experiments. HS, WZ, NL, PJC and JJJ wrote the manu-
script and all authors read and approved the final version.

Funding
This work was supported by the Zhengzhou Tobacco Research Institute 
[CNTC: 110202201001(JY-01), 110202202038], Natural Science Foundation of 
HeNan (232300420220); Beijing Life Science Academy [BLSA: 2023000CC0110].

Availability of data and materials
All data generated or analyzed in this study are included in the materials and 
methods section of this article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 10 July 2023   Accepted: 9 February 2024

References
 1. Shen L, Ma J, Li P, Wu Y, Yu H. Recent advances in the plant epitranscrip-

tome. Genome Biol. 2023;24(1):43.
 2. Deng X, Qiu Q, He K, Cao X. The seekers: how epigenetic modifying 

enzymes find their hidden genomic targets in Arabidopsis. Curr Opin 
Plant Biol. 2018;45(Pt A):75–81.

 3. We COHN. Some results of the applications of ion-exchange chroma-
tography to nucleic acid chemistry. J Cell Physiol Suppl. 1951;38(Suppl. 
1):21–40.

 4. Zhou C, Molinie B, Daneshvar K, Pondick JV, Wang J, Van Wittenberghe N, 
Xing Y, Giallourakis CC, Mullen AC. Genome-wide maps of  m6A circRNAs 
identify widespread and cell-type-specific methylation patterns that are 
distinct from mRNAs. Cell Rep. 2017;20(9):2262–76.

 5. Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu 
Rev Biochem. 2012;81:145–66.

 6. Jia G, Fu Y, Zhao X, Dai Q, Zheng G, Yang Y, Yi C, Lindahl T, Pan T, Yang 
YG, et al.  N6-methyladenosine in nuclear RNA is a major substrate of the 
obesity-associated FTO. Nat Chem Biol. 2011;7(12):885–7.

 7. Zheng G, Dahl JA, Niu Y, Fedorcsak P, Huang C, Li CJ, Vågbø CB, Shi 
Y, Wang W, Song S, et al. ALKBH5 Is a mammalian RNA demethyl-
ase that impacts RNA metabolism and mouse fertility. MOL CELL. 
2013;49(1):18–29.

 8. Lee M, Kim B, Kim VN. Emerging roles of RNA modification:  m6A and 
U-tail. Cell. 2014;158(5):980–7.

 9. Yan X, Pei K, Guan Z, Liu F, Yan J, Jin X, Wang Q, Hou M, Tang C, Yin P. AI-
empowered integrative structural characterization of m(6)A methyltrans-
ferase complex. CELL RES. 2022;32(12):1124–7.

 10. Liu J, Yue Y, Han D, Wang X, Fu Y, Zhang L, Jia G, Yu M, Lu Z, Deng X, 
et al. A METTL3-METTL14 complex mediates mammalian nuclear RNA 
 N6-adenosine methylation. Nat Chem Biol. 2014;10(2):93–5.

 11. Bokar JA, Shambaugh ME, Polayes D, Matera AG, Rottman FM. Purification 
and cDNA cloning of the AdoMet-binding subunit of the human mRNA 
(N6-adenosine)-methyltransferase. RNA. 1997;3(11):1233–47.

 12. Wen J, Lv R, Ma H, Shen H, He C, Wang J, Jiao F, Liu H, Yang P, Tan L, et al. 
ZC3H13 regulates nuclear RNA  m6A methylation and mouse embryonic 
stem cell self-renewal. Mol Cell. 2018;69(6):1028–38.

 13. Ruzicka K, Zhang M, Campilho A, Bodi Z, Kashif M, Saleh M, Eeckhout D, 
El-Showk S, Li H, Zhong S, et al. Identification of factors required for  m6A 
mRNA methylation in Arabidopsis reveals a role for the conserved E3 
ubiquitin ligase HAKAI. New Phytol. 2017;215(1):157–72.

 14. Patil DP, Chen CK, Pickering BF, Chow A, Jackson C, Guttman M, Jaffrey SR. 
 m6A RNA methylation promotes XIST-mediated transcriptional repres-
sion. Nature. 2016;537(7620):369–73.

 15. Ping XL, Sun BF, Wang L, Xiao W, Yang X, Wang WJ, Adhikari S, Shi Y, Lv 
Y, Chen YS, et al. Mammalian WTAP is a regulatory subunit of the RNA 
 N6-methyladenosine methyltransferase. Cell Res. 2014;24(2):177–89.

 16. Schwartz S, Mumbach MR, Jovanovic M, Wang T, Maciag K, Bushkin GG, 
Mertins P, Ter-Ovanesyan D, Habib N, Cacchiarelli D, et al. Perturbation of 
 m6A writers reveals two distinct classes of mRNA methylation at internal 
and 5’ sites. CELL REP. 2014;8(1):284–96.

 17. Liang Z, Riaz A, Chachar S, Ding Y, Du H, Gu X. Epigenetic modifications of 
mRNA and DNA in plants. Mol Plant. 2020;13(1):14–30.

 18. Wang C, Yang J, Song P, Zhang W, Lu Q, Yu Q, Jia G. FIONA1 is an RNA 
 N6-methyladenosine methyltransferase affecting Arabidopsis photomor-
phogenesis and flowering. Genome Biol. 2022;23(1):40.

 19. Xu T, Wu X, Wong CE, Fan S, Zhang Y, Zhang S, Liang Z, Yu H, Shen L. 
FIONA1-mediated  m6A modification regulates the floral transition in 
Arabidopsis. Adv Sci. 2022;9(6):e2103628.

 20. Zhang M, Bodi Z, Mackinnon K, Zhong S, Archer N, Mongan NP, Simpson 
GG, Fray RG. Two zinc finger proteins with functions in  m6A writing inter-
act with HAKAI. Nat Commun. 2022;13(1):1127.

 21. Hu J, Cai J, Xu T, Kang H. Epitranscriptomic mRNA modifications govern-
ing plant stress responses: underlying mechanism and potential applica-
tion. Plant Biotechnol J. 2022;20(12):2245–57.

 22. Hu J, Manduzio S, Kang H. Epitranscriptomic RNA methylation in plant 
development and abiotic stress responses. Front Plant Sci. 2019;10:500.

 23. Luo GZ, MacQueen A, Zheng G, Duan H, Dore LC, Lu Z, Liu J, Chen K, Jia 
G, Bergelson J, et al. Unique features of the  m6A methylome in Arabidop-
sis thaliana. Nat Commun. 2014;5:5630.

 24. Zhong S, Li H, Bodi Z, Button J, Vespa L, Herzog M, Fray RG. MTA is an 
Arabidopsis messenger RNA adenosine methylase and interacts with a 
homolog of a sex-specific splicing factor. Plant Cell. 2008;20(5):1278–88.

 25. Zhou L, Gao G, Tang R, Wang W, Wang Y, Tian S, Qin G.  m6A-mediated 
regulation of crop development and stress responses. Plant Biotechnol J. 
2022;20(8):1447–55.

 26. Vespa L, Vachon G, Berger F, Perazza D, Faure JD, Herzog M. The 
immunophilin-interacting protein AtFIP37 from Arabidopsis is essential 
for plant development and is involved in trichome endoreduplication. 
Plant Physiol. 2004;134(4):1283–92.

 27. Duan HC, Wei LH, Zhang C, Wang Y, Chen L, Lu Z, Chen PR, He C, Jia G. 
ALKBH10B is an rna  N6-methyladenosine demethylase affecting Arabi-
dopsis floral transition. Plant Cell. 2017;29(12):2995–3011.

 28. Scutenaire J, Deragon JM, Jean V, Benhamed M, Raynaud C, Favory JJ, 
Merret R, Bousquet-Antonelli C. The YTH domain protein ECT2 is an  m6A 
reader required for normal trichome branching in Arabidopsis. Plant Cell. 
2018;30(5):986–1005.

 29. Zhou L, Tian S, Qin G. RNA methylomes reveal the  m6A-mediated regula-
tion of DNA demethylase gene SlDML2 in tomato fruit ripening. Genome 
Biol. 2019;20(1):156.

 30. Sun J, Bie XM, Wang N, Zhang XS, Gao XQ. Genome-wide identification 
and expression analysis of YTH domain-containing RNA-binding protein 
family in common wheat. BMC Plant Biol. 2020;20(1):351.

 31. Hou N, Li C, He J, Liu Y, Yu S, Malnoy M, Mobeen Tahir M, Xu L, Ma F, Guan 
Q. MdMTA-mediated  m6A modification enhances drought tolerance by 
promoting mRNA stability and translation efficiency of genes involved in 
lignin deposition and oxidative stress. New Phytol. 2022;234(4):1294–314.

 32. Hu J, Cai J, Park SJ, Lee K, Li Y, Chen Y, Yun JY, Xu T, Kang H.  N6-methyladenosine 
mRNA methylation is important for salt stress tolerance in Arabidopsis. Plant J. 
2021;106(6):1759–75.

 33. Yang D, Xu H, Liu Y, Li M, Ali M, Xu X, Lu G. RNA  N6-methyladenosine 
responds to low-temperature stress in tomato anthers. Front Plant Sci. 
2021;12:687826.

 34. Zhang TY, Wang ZQ, Hu HC, Chen ZQ, Liu P, Gao SQ, Zhang F, He L, Jin P, 
Xu MZ, et al. Transcriptome-wide  N6-methyladenosine  (m6A) profiling 



Page 17 of 18Su et al. BMC Plant Biology          (2024) 24:134  

of susceptible and resistant wheat varieties reveals the involvement 
of variety-specific  m6A modification involved in virus-host interaction 
pathways. Front Microbiol. 2021;12:656302.

 35. Li Z, Shi J, Yu L, Zhao X, Ran L, Hu D, Song B.  N6-methyl-adenosine level 
in Nicotiana tabacum is associated with tobacco mosaic virus. Virol J. 
2018;15(1):87.

 36. He Y, Li Y, Yao Y, Zhang H, Wang Y, Gao J, Fan M. Overexpression of 
watermelon  m6A methyltransferase ClMTB enhances drought tolerance 
in tobacco by mitigating oxidative stress and photosynthesis inhibition 
and modulating stress-responsive gene expression. Plant Physiol Bioch. 
2021;168:340–52.

 37. Rhee SY, Beavis W, Berardini TZ, Chen G, Dixon D, Doyle A, Garcia-Hernan-
dez M, Huala E, Lander G, Montoya M, et al. The Arabidopsis Information 
Resource (TAIR): a model organism database providing a centralized, 
curated gateway to Arabidopsis biology, research materials and com-
munity. Nucleic Acids Res. 2003;31(1):224–8.

 38. Bombarely A, Menda N, Tecle IY, Buels RM, Strickler S, Fischer-York T, Pujar 
A, Leto J, Gosselin J, Mueller LA. The Sol Genomics Network (solgenomics.
net): growing tomatoes using Perl. Nucleic Acids Res. 2011;39(Database 
issue):D1149–55.

 39. Yates AD, Allen J, Amode RM, Azov AG, Barba M, Becerra A, Bhai J, 
Campbell LI, Carbajo MM, Chakiachvili M, et al. Ensembl genomes 2022: 
an expanding genome resource for non-vertebrates. Nucleic Acids Res. 
2022;50(D1):D996–1003.

 40. Edwards KD, Fernandez-Pozo N, Drake-Stowe K, Humphry M, Evans AD, 
Bombarely A, Allen F, Hurst R, White B, Kernodle SP, et al. A reference 
genome for Nicotiana tabacum enables map-based cloning of home-
ologous loci implicated in nitrogen utilization efficiency. BMC Genomics. 
2017;18(1):448.

 41. Potter SC, Luciani A, Eddy SR, Park Y, Lopez R, Finn RD. HMMER web server: 
2018 update. Nucleic Acids Res. 2018;46(W1):W200–4.

 42. Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, Eddy SR, Heger 
A, Hetherington K, Holm L, Mistry J, et al. Pfam: the protein families data-
base. Nucleic Acids Res. 2014;42(Database issue):D222–30.

 43. Lu S, Wang J, Chitsaz F, Derbyshire MK, Geer RC, Gonzales NR, Gwadz M, 
Hurwitz DI, Marchler GH, Song JS, et al. CDD/SPARCLE: the conserved 
domain database in 2020. Nucleic Acids Res. 2020;48(D1):D265–8.

 44. Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, Xia R. TBtools: an 
integrative toolkit developed for interactive analyses of big biological 
data. Mol Plant. 2020;13(8):1194–202.

 45. Horton P, Park KJ, Obayashi T, Fujita N, Harada H, Adams-Collier CJ, 
Nakai K. WoLF PSORT: protein localization predictor. Nucleic Acids Res. 
2007;35(1):W585–7.

 46. Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics 
analysis for bigger datasets. Mol Biol Evol. 2016;33(7):1870–4.

 47. Letunic I, Bork P. Interactive tree of life (iTOL) v4: recent updates and new 
developments. Nucleic Acids Res. 2019;47(W1):W256–9.

 48. Zhu C, Zhang S, Zhou C, Xie S, Chen G, Tian C, Xu K, Lin Y, Lai Z, Guo Y. 
Genome-wide investigation of  N6-methyladenosine regulatory genes 
and their roles in tea (Camellia sinensis) leaves during withering process. 
Front Plant Sci. 2021;12:702303.

 49. Shen H, Luo B, Wang Y, Li J, Hu Z, Xie Q, Wu T, Chen G. Genome-wide 
identification, classification and expression analysis of  m6A gene family in 
Solanum lycopersicum. Int J Mol Sci. 2022;23(9):4522.

 50. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, Ren J, Li WW, 
Noble WS. MEME SUITE: tools for motif discovery and searching. Nucleic 
Acids Res. 2009;37(Web Server issue):202–8.

 51. Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, Apweiler R, 
Lopez R. InterProScan: protein domains identifier. Nucleic Acids Res. 
2005;33(Web Server issue):W116–20.

 52. Qiao X, Li Q, Yin H, Qi K, Li L, Wang R, Zhang S, Paterson AH. Gene duplica-
tion and evolution in recurring polyploidization-diploidization cycles in 
plants. Genome Biol. 2019;20(1):38.

 53. Zhang Z. KaKs_Calculator 3.0: calculating selective pressure on coding 
and non-coding sequences. Gen Proteomics Bioinf. 2022;20(3):536–40.

 54. Huang Z, Duan W, Song X, Tang J, Wu P, Zhang B, Hou X. Retention, 
molecular evolution, and expression divergence of the auxin/indole 
acetic acid and auxin response factor gene families in Brassica Rapa 
shed light on their evolution patterns in plants. Genome Biol Evol. 
2015;8(2):302–16.

 55. Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, Lee TH, Jin H, Marler B, 
Guo H, et al. MCScanX: a toolkit for detection and evolutionary analysis of 
gene synteny and collinearity. Nucleic Acids Res. 2012;40(7):e49.

 56. Szklarczyk D, Gable AL, Lyon D, Junge A, Wyder S, Huerta-Cepas J, Simon-
ovic M, Doncheva NT, Morris JH, Bork P, et al. STRING v11: protein-protein 
association networks with increased coverage, supporting functional 
discovery in genome-wide experimental datasets. Nucleic Acids Res. 
2019;47(D1):D607–13.

 57. Lescot M, Dehais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y, Rouze P, 
Rombauts S. PlantCARE, a database of plant cis-acting regulatory ele-
ments and a portal to tools for in silico analysis of promoter sequences. 
Nucleic Acids Res. 2002;30(1):325–7.

 58. Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA 
sequences to function. Nucleic Acids Res. 2019;47(D1):D155–62.

 59. Dai X, Zhuang Z, Zhao PX. psRNATarget: a plant small RNA target analysis 
server (2017 release). Nucleic Acids Res. 2018;46(W1):W49–54.

 60. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin 
N, Schwikowski B, Ideker T. Cytoscape: a software environment for 
integrated models of biomolecular interaction networks. Genome Res. 
2003;13(11):2498–504.

 61. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast 
and bias-aware quantification of transcript expression. Nat Methods. 
2017;14(4):417–9.

 62. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, 
Heer FT, de Beer T, Rempfer C, Bordoli L, et al. SWISS-MODEL: homol-
ogy modelling of protein structures and complexes. Nucleic Acids Res. 
2018;46(W1):W296–303.

 63. Yan Y, Tao H, He J, Huang SY. The HDOCK server for integrated protein-
protein docking. Nat Protoc. 2020;15(5):1829–52.

 64. Delano WL. PyMOL: an open-source molecular graphics tool. CCP4 Newsl. 
Protein Crystallogr. 2002;40:82–92.

 65. Cheng L, Ma L, Meng L, Shang H, Cao P, Jin J. Genome-wide identification 
and analysis of the class III peroxidase gene family in tobacco (Nicotiana 
tabacum). Front Genet. 2022;13:916867.

 66. Yue H, Nie X, Yan Z, Weining S.  N6-methyladenosine regulatory machinery 
in plants: composition, function and evolution. Plant Biotechnol J. 
2019;17(7):1194–208.

 67. Sun X, Wu W, Yang Y, Wilson I, Shao F, Qiu D. Genome-wide identifica-
tion of  m6A writers, erasers and readers in poplar 84K. Genes-Basel. 
2022;13(6):1018.

 68. Schmitz RJ, Grotewold E, Stam M. Cis-regulatory sequences in 
plants: their importance, discovery, and future challenges. Plant Cell. 
2022;34(2):718–41.

 69. Sledz P, Jinek M. Structural insights into the molecular mechanism of the 
 m6A writer complex. Elife. 2016;5:e18434.

 70. Su S, Li S, Deng T, Gao M, Yin Y, Wu B, Peng C, Liu J, Ma J, Zhang 
K. Cryo-EM structures of human  m6A writer complexes. Cell Res. 
2022;32(11):982–94.

 71. Kelly LJ, Leitch AR, Clarkson JJ, Hunter RB, Knapp S, Chase MW. Intragenic 
recombination events and evidence for hybrid speciation in Nicotiana 
(Solanaceae). Mol Biol Evol. 2010;27(4):781–99.

 72. Lim KY, Matyasek R, Kovarik A, Leitch AR. Genome evolution in allotetra-
ploid Nicotiana. Biol J Linn Soc. 2004;82(4):599–606.

 73. The International Wheat Genome Sequencing Consortium. Shifting the 
limits in wheat research and breeding using a fully annotated reference 
genome. Science. 2018;361(6403):eaar7191.

 74. Li F, Fan G, Lu C, Xiao G, Zou C, Kohel RJ, Ma Z, Shang H, Ma X, Wu J, et al. 
Genome sequence of cultivated upland cotton (Gossypium hirsu-
tum TM-1) provides insights into genome evolution. Nat Biotechnol. 
2015;33(5):524–30.

 75. Schnable PS, Ware D, Fulton RS, Stein JC, Wei F, Pasternak S, Liang C, 
Zhang J, Fulton L, Graves TA, et al. The B73 maize genome: complexity, 
diversity, and dynamics. Science. 2009;326(5956):1112–5.

 76. Wickett NJ, Mirarab S, Nguyen N, Warnow T, Carpenter E, Matasci N, Ayy-
ampalayam S, Barker MS, Burleigh JG, Gitzendanner MA, et al. Phylotran-
scriptomic analysis of the origin and early diversification of land plants. P 
Natl Acad Sci USA. 2014;111(45):E4859–68.

 77. Wang X, Jiang B, Gu L, Chen Y, Mora M, Zhu M, Noory E, Wang Q, Lin C. A 
photoregulatory mechanism of the circadian clock in Arabidopsis. Nat 
Plants. 2021;7(10):1397–408.



Page 18 of 18Su et al. BMC Plant Biology          (2024) 24:134 

 78. Jiang B, Zhong Z, Gu L, Zhang X, Wei J, Ye C, Lin G, Qu G, Xiang X, Wen 
C, et al. Light-induced LLPS of the CRY2/SPA1/FIO1 complex regulating 
mRNA methylation and chlorophyll homeostasis in Arabidopsis. Nat 
Plants. 2023;9(12):2042–58.

 79. Hou Y, Sun J, Wu B, Gao Y, Nie H, Nie Z, Quan S, Wang Y, Cao X, Li S. 
CPSF30-L-mediated recognition of mRNA  m6A modification controls 
alternative polyadenylation of nitrate signaling-related gene transcripts in 
Arabidopsis. Mol Plant. 2021;14(4):688–99.

 80. Cheng P, Bao S, Li C, Tong J, Shen L, Yu H. RNA  N6-methyladenosine 
modification promotes auxin biosynthesis required for male meiosis in 
rice. Dev Cell. 2022;57(2):246–59.

 81. Zhou L, Tang R, Li X, Tian S, Li B, Qin G.  N6-methyladenosine RNA modifi-
cation regulates strawberry fruit ripening in an ABA-dependent manner. 
Genome Biol. 2021;22(1):168.

 82. Han X, Wang J, Zhang Y, Kong Y, Dong H, Feng X, Li T, Zhou C, Yu J, Xin D, 
et al. Changes in the  m6A RNA methylome accompany the promotion of 
soybean root growth by rhizobia under cadmium stress. J Hazard Mater. 
2023;441:129843.

 83. Su T, Fu L, Kuang L, Chen D, Zhang G, Shen Q, Wu D. Transcriptome-wide 
 m6A methylation profile reveals regulatory networks in roots of barley 
under cadmium stress. J Hazard Mater. 2022;423(Pt A):127140.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Genome-wide identification of the N6-methyladenosine regulatory genes reveals NtFIP37B increases drought resistance of tobacco (Nicotiana tabacum L.)
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Identification and characterization of m6A regulatory genes in tobacco
	The phylogenetic classification, gene structures and conserved motifs analysis
	The chromosomal distributions, gene duplication and collinearity analysis
	Promoter analysis and interaction network prediction
	Expression profiles based on transcriptome data
	3D structure predictions and protein docking
	Plant materials and stress treatments
	RNA isolation and relative expression analysis
	Construction of subcellular localization vectors and virus-induced gene silencing vectors

	Results
	Genome-wide identification and characterization of m6A regulatory genes in tobacco
	The phylogenetic classifications and structural features of m6A regulatory genes in tobacco
	The chromosomal distributions, gene duplication events and collinearity analysis of m6A regulatory genes in tobacco
	Analysis of cis-acting regulatory elements (CREs) of m6A regulatory genes in tobacco
	Regulation networks of m6A regulatory genes in tobacco
	Tissue expression analysis of m6A regulatory genes in tobacco
	Expression patterns of m6A regulatory genes in tobacco under various abiotic and biotic stresses
	Silencing of NtFIP7B reduced drought tolerance of tobacco

	Discussion
	Conclusions
	Acknowledgements
	References


