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Abstract: N6-methyladenosine (m6A) RNA modification plays important regulatory roles in crop 20 

development and adapting to the environment, which requires methyltransferases to achieve the 21 

methylation process. However, there has been no research regarding m6A RNA methyltransferases 22 

in cotton. Here, a systematic analysis of the m6A methyltransferase (METTL) gene family was per- 23 

formed on twelve cotton species, resulting in six METTLs identified in five allotetraploid cottons, 24 

respectively, and three to four METTLs in the seven diploid species. Phylogenetic analysis of pro- 25 

tein-coding sequences revealed that METTL genes from cottons, Arabidopsis thaliana and Homo sapi- 26 

ens could be classified into three clades (METTL3, METTL14 and METTL-like clades). Cis-element 27 

analysis predicated the possible functions of METTL genes in G. hirsutum. RNA-seq data revealed 28 

that GhMETTL14 (GH_A07G0817/GH_D07G0819) and GhMETTL3 (GH_A12G2586/GH_D12G2605) 29 

had high expressions in root, stem, leaf, torus, petal, stamen, pistil and calycle tissues. GhMETTL14 30 

also had the highest expression in 20 and 25 dpa fiber cells, implying a potential role at the cell wall 31 

thickening stage. Suppressing GhMETTL3 and GhMETTL14 by VIGS caused development arrest 32 

and even to death in G. hirsutum along with the decreased m6A abundance from the leaf tissues of 33 

VIGS plants. Overexpression of GhMETTL3 and GhMETTL14 produced distinct differentially ex- 34 

pressed genes (DEGs) in A. thaliana, indicating their possible divergent functions after gene dupli- 35 

cation. Overall, GhMETTLs play indispensable but divergent roles during the growth of cotton 36 

plants, which provided the basis for the systematic investigation of m6A in the subsequent study to 37 

improve the agronomic traits in cotton. 38 
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 40 

1. Introduction 41 

N6-methyladenosine (m6A) methylation is the most abundant post-transcriptional 42 

modification of RNAs in mRNA [1, 2]. m6A RNA methylation is a dynamic process and 43 

highly conserved in mammals, flies and plants, which is mediated by m6A writer, eraser, 44 

and reader proteins [3]. The m6A methylation writer complex is composed of the m6A 45 

methyltransferases and other factors, e.g., WTAP. METTL3 was the first m6A RNA 46 
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methyltransferase identified in Homo sapiens [4]. Subsequently, METTL14 was identified 47 

as the second m6A methyltransferase in humans with high homology to METTL3 [5, 6]. 48 

Actually, subsequent studies showed that METTL14 had no methyltransferase activity but 49 

could bind to RNA substrates by interacting with METTL3 to form a heterodimer [7-9]. 50 

WTAP was also a major binding partner of the complex [10]. WTAP interacted with 51 

METTL3 and METTL14, and was required for the METTL3-METTL14 heterodimer local- 52 

ization into nucleus for the catalytic activity of the m6A methyltransferase complex [10]. 53 

Recently, researches on m6A writers have also been conducted in plants extensively, 54 

including the m6A methyltransferase components being characterized in Arabidopsis. For 55 

example, AtMTA (METTL3 human homolog protein) was one of the earliest discovered 56 

m6A methyltransferases in Arabidopsis [11]. AtMTA proteins were actively distributed in 57 

the reproduction organs and apical meristems of Arabidopsis plants. AtMTA protein was 58 

required for the m6A mRNA methylation, and its function disruption prevented plant em- 59 

bryos development, further resulted in embryo lethality [11]. In addition, PtrMTA, a Pop- 60 

ulus trichocarpa methyltransferase MTA homologous protein, was colocalized in the nu- 61 

cleus. PtrMTA-overexpressing plants significantly enhanced the tolerance to drought 62 

stress by increasing the density of trichomes and roots in poplar [12]. AtMTB was the 63 

human METTL14 homologous protein identified in Arabidopsis, but its function was un- 64 

known [13]. However, ClMTB, an AtMTB homolog protein in watermelon and its expres- 65 

sion was induced under drought stress. Overexpression of ClMTB enhanced drought tol- 66 

erance by elevating the reactive oxygen species (ROS) scavenging ability and alleviating 67 

photosynthesis inhibition in tobacco [14]. Both these MTAs and MTBs belong to the MT- 68 

A70-like (MT) proteins [3]. These results implied that the m6A methyltransferases might 69 

serve as the positive regulatory factors in response to the different adverse stresses. 70 

As the m6A methyltransferases were highly conserved, thus, the protein methyltrans- 71 

ferases in H. sapiens and Arabidopsis would provide the necessary sequence references to 72 

identify the orthologous proteins or genes in other different plant species. Cotton (Gossy- 73 

pium genus) is the most important fiber crop worldwide and this genus contains more 74 

than 50 species [15-18]. As much Gossypium plant genome information was publicly avail- 75 

able, such as diploid D sub-genome species, Gossypium thurberi (D1), G. raimondii (D5), G. 76 

turneri (D10) [19-22], diploid A sub-genome species G. herbaceum (A1), G. arboreum (A2) 77 

[23-25], diploid F sub-genome specie G. longicalyx (F1) [26], diploid G sub-genome specie 78 

G. australe (G) [27] and allotetraploid species G. hirsutum (AD1), G. barbadense (AD2), G. 79 

tomentosum (AD3), G. mustelinum (AD4) and G. darwinii (AD5) [25, 28-35], as well as Gossy- 80 

pium sister genera Gossypioides kirkii [36]. These genome sequences will provide a good 81 

platform for performing the comparative genomics analysis and dissecting their gene 82 

functions. As the m6A methyltransferases (METTL) genes in Gossypium have not been in- 83 

vestigated, some representative Gossypium species were selected to characterize the m6A 84 

methyltransferase genes and their roles in cotton. 85 

In this study, we performed a genome-wide screening for METTL genes in cottons, 86 

based on data gathered from recent whole-genome sequencing results. We used in silico 87 

approach to identify and characterize METTL genes, and then focused on the characteri- 88 

zation and phylogenetic relationships of Gossypium species. The METTL gene structures, 89 

conserved domains, as well as cis-elements were explored in this systematical analysis. 90 

Moreover, the tissue-specific expression patterns and the transcriptional responses of 91 

GhMETTLs to abiotic stresses were examined. The possible biological functions of 92 

GhMETTL3 and GhMETTL14 were investigated in G. hirsutum and A. thaliana by the VIGS 93 

method and overexpression of transformation, respectively. Our data indicated the con- 94 

servation of m6A methyltransferase (METTL) genes in cotton and provided inspirations 95 

for the divergent roles of GhMETTL3 and GhMETTL14 during the Gossypium evolution. 96 

2. Results 97 

2.1. Identification and Chromosomal Location of RNA Methyltransferase Genes in G. hirsutum 98 
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The N6-methyladenosine (m6A) is the most abundant modification of mRNA in most 99 

eukaryotes [2]. Methyltransferases were the “writers” of m6A, which included core 100 

METTL3 and METTL14 in humans [37]. Six methyltransferase-like genes (METTL) were 101 

identified in G. hirsutum genome by using Hmmersearch with conserved domains 102 

(PF05063 for mRNA: m6A methyltransferase) (Table 1). These six GhMETTL genes were 103 

dispersed over 6 of the 26 G. hirsutum chromosomes with all homoeologs conserved (Fig. 104 

1). Among them, GH_A12G2586/GH_D12G2605 (GhMETTL3_A/D) were the homologs of 105 

METTL3, and GH_A07G0817/GH_D07G0819 (GhMETTL14_A/D) were the homologs of 106 

METTL14 in human. GH_A06G0112/GH_D06G0096 were another two copies of methyl- 107 

transferase-like genes in G. hirsutum (Figure 1). 108 

 109 

Figure 1. Dispersed distribution of METTL genes in G. hirsutum (AD1) chromosomes. 6 GhMETTL 110 
genes are scattered over 6 of the 26 G. hirsutum chromosomes. 111 

2.2. Structural Organization of GhMETTL Genes 112 

Less than threefold variation in length was detected in the predicted coding se- 113 

quences (CDS) for these GhMETTLs, from 1,269 bp for GH_A06G0112/GH_D06G0096 to 114 

3,558 bp for GH_A07G0817 (Table 1), which translates to proteins ranging from 422 amino 115 

acids (aa) (48.45 kDa) to 1185 aa (132.59 kDa). Predicted isoelectric points (pI) for members 116 

of this family range from 5.92 to 7.18 (Table 1). All putative GhMETTLs genes contain in- 117 

trons (Fig. S1), which exhibit considerable variations in length and number. In general, 118 

homoeologous GhMETTL genes show highly similar intron patterns; however, intron 119 

structure among homoeologous pairs can exhibit variation in intron number (5 to 8) and 120 

length (Fig. S1). One of the homoeologous gene pairs did exhibit divergence in intron 121 

length, namely the fourth intron of GH_D12G2605 (GhMETTL3_D) was significantly less 122 

than that of GH_A12G2586 (GhMETTL3_A). Characterizing the gene structure in the dip- 123 

loid parental species for the homoeologs suggests that the length variation of the fourth 124 

intron was not descendant divergence but inherited (Fig. S2). In addition, phylogenetic 125 

relationship of the GhMETTL gene family was consistent with the intron/exon structure 126 

characterized (Fig. S1).  127 

Table 1. Sequence characteristics of GhMETTL (G. hirsutum methyltransferase) genes and proteins. 128 
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Gene Name Locus Name Chr Genomics Position CDS 

No. of 

Introns 

Size 

(aa) 

MW pI 

GhMETTL3_A GH_A12G2586 A12 104,206,704-104,211,250 2,106 6 701 78.50 5.98 

GhMETTL3_D GH_D12G2605 D12 58,367,589-58,370,785 2,106 6 701 78.42 5.92 

GhMETTL14_A GH_A07G0817 A07 10,130,789-10,135,646 3,558 5 1185 132.59 7.10 

GhMETTL14_D GH_D07G0819 D07 8,927,821-8,932,500 3,555 5 1184 132.49 6.92 

GhMETTLike_A GH_A06G0112 A06 1,007,934-1,011,291 1,269 8 422 48.45 7.18 

GhMETTLike_D GH_D06G0096 D06 890,591-893,931 1,269 8 422 48.47 6.88 

Note: bp: Base pair, Chr.: Chromosome, aa: Amino acid, MW: Molecular weight, kDa: Kilodalton, pI: Isoelectric point. 129 

2.3. Dynamic Evolution and Phylogenetic Analysis of METTL Genes in Gossypium 130 

We further evaluated the general preservation of METTL genes in 12 Gossypium spe- 131 

cies, Gossypioides kirkii, Arabidopsis thaliana and Homo sapiens (Figure 2). Two METTL genes 132 

(METTL3 and METTL14) were identified in H. sapiens. In A. thaliana, three METTL genes 133 

(AtMTA, AtMTB and AtMTC) were identified; the relative of Gossypium, Gossypioides kirkii 134 

has three METTL genes. 12 Gossypium species surveyed recovered a minimum of three 135 

putative METTL genes in diploid species and six in five allotetraploid species (Figure 2). 136 

Among D genome species, three METTL gene were identified in G. thurberi (D1), G. rai- 137 

mondii (D5) and G. turneri (D10), respectively. The two cultivated diploid species of G. her- 138 

baceum (A1) and G. arboreum (A2) have four copies. The sister-species of A-genome G. lon- 139 

gicalyx (F1) contains three METTL genes. METTL copy numbers in the allotetraploid spe- 140 

cies surveyed were conversed with six METTL genes in five species: G. hirsutum (AD1), G. 141 

barbadense (AD2), G. tomentosum (AD3), G. mustelinum (AD4), G. darwinii (AD5) (Figure 2). 142 

Notably, this high copy number in allotetraploid is almost double the copy number in 143 

diploid, likely reflective of the duplicated history of cotton. Comparatively, the METTL 144 

copy number is generally stable after polyploidization. The diploid A genome cotton spe- 145 

cies included here both appear to have undergone a homoeolog gain (3 versus 4).  146 
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 147 

Figure 2. Dynamic evolution of the number of METTL family genes in 12 Gossypium species, Gossy- 148 
pium kirkii, Arabidopsis thaliana, and Homo sapiens.  149 

To further investigate the evolutionary relationships between these METTL genes 150 

provided here, we specifically assessed this using the protein sequences of 61 METTL 151 

genes, including 53 Gossypium, 3 Gossypioides kirkii, 3 A. thaliana and 2 H. sapiens METTL 152 

genes for phylogenetic analysis (Figure 3). Three clades (METTL3, METTL14 and METTL 153 

Like) were robustly supported in Gossypium with one A. thaliana or Gossypioides kirkii gene 154 

associated with each clade, respectively, but shared METTL3 and METTL14 clades with 155 

H. sapiens.  156 
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 157 

Figure 3. Phylogenetic analysis of METTL genes from 12 Gossypium species, Gossypium kirkii, Ara- 158 
bidopsis thaliana, and Homo sapiens. The phylogenetic tree was established with entire protein-coding 159 
sequences with NJ methods. The numbers on the branches indicate bootstrap support values from 160 
1000 replications.  161 

Overall, the expected diploid-polyploid topology is reflected in the tree for each set 162 

of orthologous/homoeologous genes, indicating general preservation during diploid 163 
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divergence and through polyploid evolution. That is, the number of METTL genes in al- 164 

lotetraploids was generally additive with respect to the model diploid progenitors, with 165 

each homoeolog (At or Dt) sister to their respective parental copies. METTL3 and 166 

METTL14 clades had the equal number of METTL genes (Figure 3). In clades METTL3 167 

and METTL14, genes related to AtMTA and AtMTB were exhibited parallelly, and no du- 168 

plication in Gossypium species, compared to the A. thaliana and H. sapiens. Therefore, it is 169 

speculated that the function of METTL genes in these clades of cotton is similar to that of 170 

the corresponding METTL genes in Arabidopsis and H. sapiens. 171 

2.4. Cis-element Analysis of METTL Genes in G. hirsutum 172 

Cis-elements are responsive to corresponding stimulations to regulate the expression 173 

of genes [38]. In this study, a 1.5-kb upstream region from the start codon of each METTL 174 

gene in G. hirsutum was extracted to investigate putative cis-elements involved in the me- 175 

diation of gene expression using the PlantCARE server [39]. We totally identified 213 cis- 176 

elements among six GhMETTL genes, ranging from 24 in GH_A12G2586 to 44 in 177 

GH_D06G0096 (Fig. S3). All GhMETTL gene promoters had several TATA-box and CAAT- 178 

box elements (Fig. S3). Four GhMETTL gene promoters processed at least one abscisic acid 179 

responsiveness element (ABRE), and three GhMETTL genes had at least one AE-box (part 180 

of a module for light response in A. thaliana). GhMETTL14_A (GH_A07G0817) processed 181 

the element involved in HD-Zip 1 (involved in differentiation of the palisade mesophyll 182 

cells in A. thaliana). Six GhMETTLs had light responsiveness elements (GA-motif, GT1- 183 

motif and G box) and at least two MYB or one MYC binding site element (MYB/MYC). In 184 

addition, MYB-binding site involved in drought inducibility (MBS) also existed in these 185 

GhMETTLs genes.  186 

2.5. Expression Patterns of GhMETTL Genes in Different G. hirsutum Tissues 187 

The expression patterns of a gene family can provide valuable information to predict 188 

the possible biological functions of each gene. Analysis of six GhMETTL genes showed 189 

that most genes have different spatial expression patterns. For instance, the expression 190 

levels of GhMETTL14 (GH_A07G0817/GH_D07G0819) and GhMETTL3 191 

(GH_A12G2586/GH_D12G2605) in root, stem, leaf, torus, petal, stamen, pistil and calycle 192 

were significantly higher than the other two GhMETTL like 193 

(GH_A06G0112/GH_D06G0096) genes (Figure 4A). GhMETTL14 194 

(GH_A07G0817/GH_D07G0819) and GhMETTL3 (GH_A12G2586/GH_D12G2605) pre- 195 

sented the highest expression level in pistil than other tissues (Figure 4A). In addition, 196 

GhMETTL14 (GH_A07G0817/GH_D07G0819) still showed significant higher expression in 197 

seed and root samples at different time points after seed germination (Figure 4B). In ovule 198 

samples at different development stages, GhMETTL14 (GH_A07G0817/GH_D07G0819) 199 

had the highest expression levels followed by GhMETTL3 (GH_A12G2586/GH_D12G2605) 200 

(Figure 4C). In different development periods of fiber samples, GhMETTL14 201 

(GH_A07G0817/GH_D07G0819) had the highest expression in 20 and 25 dpa fiber cells 202 

(Figure 4D), suggesting that this gene might play an important role at the cell wall thick- 203 

ening stage. GhMETTL3 (GH_A12G2586/GH_D12G2605) also presented higher expression 204 

in 20 and 25 dpa fiber cells than 5 and 10 dpa (Figure 4D). The above two genes were the 205 

homoeologs of the H. sapiens METTL3 and METTL14, respectively (Figure 3). These results 206 

might suggest that GhMETTL genes may not be involved in the regulation of fiber cell 207 

elongation (Figure 4D). GhMETTL3 and GhMETTL14 might serve as the functional genes 208 

in charge of cotton fiber cell wall development. 209 
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 210 

Figure 4. Expression patterns of GhMETTL genes in different cotton tissues and fiber cells of differ- 211 
ent stages based on the RPKM values of RNA-seq data. (A) Expression profiles of GhMETTL genes 212 
in eight cotton tissues. (B) Expression patterns of GhMETTL genes in seed germination, cotyledons 213 
and roots after germination. (C) Expression patterns of GhMETTL genes in ovules of different stages. 214 
(D) Expression patterns of GhMETTL genes in fibers of different stages. 215 

2.6. Expression Changes of GhMETTL Genes in G. hirsutum under Different Stresses 216 

A variety of abiotic stresses pose threatens to the growth and development of cotton 217 

plants. Therefore, we comprehensively analyzed the expression changes of GhMETTL 218 

genes under simulated drought (PEG 6000), salt (NaCl), heat and cold abiotic stresses 219 

from RNA-seq data (Figure 5). At different time points of PEG6000 simulation drought 220 

condition, the expression levels of six GhMETTL genes were slightly decreased but the 221 

difference was not significant (|lg2 (Fold change)|≥1| as the threshold of differentially 222 

expressed genes). Among them, GhMETTL14_A (GH_A07G0817) gene was down-regu- 223 

lated after 1 h PEG treatment (Figure 5A) but not changed at the time points of 3, 6, and 224 

12h. The expression of other GhMETTL genes did not change after PEG treatment for 1, 3, 225 

6 and 12 h (Figure 5A). These results indicated that few GhMETTL genes were involved 226 

in response to drought stress in G. hirsutum. Meanwhile, at the four time points of salt or 227 

high temperature stress, the expressions of six GhMETTL genes both did not change after 228 

1, 3, 6 and 12h of NaCl or hot treatment (Figure 5B, C).  229 
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 230 

Figure 5. Expression patterns of GhMETTL genes in response to different stresses from RNA-seq 231 
data. The RNA-seq data were downloaded from Zhang et al., 2015 and re-analyzed the RPKM val- 232 
ues of five time points (0, 1, 3, 6 and 12 h) after stresses treatments. (A) Drought stress; (B) Salt stress; 233 
(C) Hot stress; (D) Cold stress. 234 

As for the four time points of low temperature stress in G. hirsutum, GhMETTL14 235 

(GH_A07G0817/GH_D07G0819) were up-regulated after 6 h of low temperature treatment 236 

(Figure 5D). However, the expressions of GhMETTL3 (GH_A12G2586/GH_D12G2605) 237 

were repressed after 12 h low-temperature treatment. These results indicated their diver- 238 

gent regulating roles under low temperature stress. The expression levels of these genes 239 

did not change at other time points. The overall results showed that GhMETTL3 and 240 

GhMETTL14 played an important role in response to the adverse stress in cotton, which 241 

might be worth further exploring their biological functions.  242 

2.7. Suppressing GhMETTL3 and GhMETTL14 Caused Development Arrest in G. hirsutum 243 

To explore the role of the identified GhMETTLs during the development of cotton 244 

plants, virus-induced gene silencing (VIGS) approach was used to suppress the expres- 245 

sion of GhMETTL3 and GhMETTL14 (Figure 6). About 400bp fragments from the con- 246 

served regions of both two genes were inserted into the tobacco rattle virus (TRV) vector, 247 

respectively, and TRV-vectors-carrying Agrobacterium strains were then co-inoculated 248 

into 1-week-old cotton plant cotyledons by the needleless syringe method. From those 249 
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silenced cotton plants, we selected each independent VIGS line for phenotypic analyses 250 

(Figure 6A-C). The qPCR results showed that the expression levels of GhMETTL3 and 251 

GhMETTL14 genes in silenced plants were significantly down-regulated (Figure 6D, E). 252 

Along with the decreased expression of the GhMETTL genes, suppressing GhMETTL3 and 253 

GhMETTL14 both caused development arrest in G. hirsutum with a more severe withered 254 

phenotype produced by GhMETTL14 (Figure 6A). The resulting phenotypes also indi- 255 

cated that the inhibition of GhMETTL14 resulted in slight yellowing leaves (Figure 6B). 256 

One month later, down-regulation of GhMETTL3 and GhMETTL14 by VIGS led to the 257 

death of cotton plants (Figure 6C). Then, the m6A abundance from the leaf tissues of 258 

GhMETTL3 and GhMETTL14 VIGS plants were determined by quantitative mass spec- 259 

trometry (MS) analysis (Figure 6F). For the TVR2 control leaf tissue, the m6A/A ratio of 260 

total RNA was approximately 0.075% (Figure 6F), which was significantly higher than 261 

that in GhMETTL3-silenced and GhMETTL14-silenced plants ranging from 0.050% to 262 

0.057% of m6A/A ratio, respectively. Overall, the results showed that the decreased m6A 263 

abundance might cause the growth arrest of G. hirsutum seedlings. 264 

 265 

Figure 6. Suppressing GhMETTL3 and GhMETTL14 by virus-induced gene silencing (VIGS) ap- 266 
proach. 400bp CDS fragments of two genes were inserted into the tobacco rattle virus (TRV) vector, 267 
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and TRV-vectors-carrying Agrobacterium strains were then co-inoculated into 1-week-old cotton 268 
plant cotyledons by the needleless syringe method. (A) Suppressing GhMETTL3 and GhMETTL14 269 
both caused development arrest in G. hirsutum. (B) The leaf phenotypes of GhMETTL3 and 270 
GhMETTL14 VIGS cotton plants compared with the TRV2 blank vector plants. (C) Down-regulation 271 
of GhMETTL3 and GhMETTL14 by VIGS led to the death of cotton plants. (D-E) The qPCR data 272 
identified the repressed expression levels of GhMETTL3 (D) and GhMETTL14 (E) genes in silenced 273 
plants. (F) The decreased m6A abundance from the leaf tissues of GhMETTL3 and GhMETTL14 VIGS 274 
plants determined by quantitative mass spectrometry (MS) analysis compared with the TVR2 con- 275 
trol. 276 

2.8. Subcellular Localization of GhMETTL3 and GhMETTL14 Proteins 277 

To predict the subcellular localization of GhMETTL3 and GhMETTL14 proteins, we 278 

constructed two fusion vectors. A C-terminal fusion to GFP gene was generated, driven 279 

by the CaMV 35S promoter, to determine the subcellular localization. Then, 280 

GhMETTL3:GFP and GhMETTL14:GFP fusion proteins were transiently expressed in to- 281 

bacco epidermal cells and viewed by a confocal fluorescence microscope (Figure 7). The 282 

transient expression of GhMETTL3:GFP and GhMETTL14:GFP fusion proteins were spe- 283 

cifically localized in the nucleus, not other subcellular compartments. Combined with the 284 

m6A ratio in the VIGS cotton, these results indicated that the GhMETTL3 and GhMETTL14 285 

proteins act as the writers of m6A in cotton. 286 

 287 

Figure 7. Subcellular localization assays of GhMETTL3 and GhMETTL14, showing nuclear localiza- 288 
tion of GhMETTL3-GFP (upper) and GhMETTL14-GFP (bottom). Agrobacterium cells harboring the 289 
fusion protein genes were infiltrated into leaves of Nicotiana benthamiana through the abaxial surface, 290 
and 72 h later the samples were observed under a confocal microscope (LSM510, Zeiss). Scale bar, 291 
25 μm. 292 

 293 
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2.9. Overexpression of GhMETTL3 and GhMETTL14 Produced Distinct Differentially Expressed 294 

Genes (DEGs) in A. thaliana 295 

To further analyze the biological function of GhMETTL3 and GhMETTL14, we trans- 296 

formed these two genes into Arabidopsis using the floral dip method, and then we obtained 297 

the T1 generation transgenic plants. However, we did not observe any significant pheno- 298 

typic difference between two transgenic and wild-type Arabidopsis plants during the 299 

whole growth period. To gain insights into the molecular mechanisms by overexpressing 300 

GhMETTL3 and GhMETTL14 into Arabidopsis plants, we performed RNA-seq of leaf tissues 301 

from two transgenic plants compared with the wild-type. 302 

Transcriptome data showed that there indeed existed differentially expressed tran- 303 

scripts in the leaf samples after transformation. In total, we identified 71 differentially ex- 304 

pressed genes (DEGs) in GhMETTL3 overexpressed Arabidopsis plants compared with the 305 

wild-type, among which 42 were induced and 29 were repressed (Figure S4A). Mean- 306 

while, 1,274 DEGs were identified in GhMETTL14 overexpressed Arabidopsis plants with 307 

315 up-regulating and 958 down-regulating (Figure S4B).  308 

Subsequently, these DEGs were subjected to KEGG pathway analysis to identify the 309 

functional categorization. Figure 8 lists the results of the KEGG analysis for DEGs. DEGs 310 

between OEGhMETTL3 and WT were assigned to 17 KEGG pathways, including RNA 311 

degradation, phenylpropanoid biosynthesis, ascorbate and aldarate metabolism, inositol 312 

phosphate metabolism, protein processing in endoplasmic reticulum, nitrogen metabo- 313 

lism and MAPK signaling pathway – plant, etc. (Figure 8A). In addition, DEGs between 314 

OEGhMETTL14 and WT were significantly enriched in 93 KEGG pathways, mainly in- 315 

cluding phenylpropanoid biosynthesis, glutathione metabolism, protein processing in en- 316 

doplasmic reticulum, ascorbate and aldarate metabolism, starch and sucrose metabolism, 317 

pentose and glucuronate interconversions, pyruvate metabolism, fatty acid elongation, 318 

fatty acid biosynthesis, fatty acid degradation, nitrogen metabolism, RNA degradation, as 319 

well as MAPK signaling pathway - plant (Figure 8B). The above results revealed that these 320 

two methyltransferase genes (GhMETTL3 and GhMETTL14) exerted extensive and distinct 321 

effects on the life processes in A. thaliana plant. 322 
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 323 

Fig. 8. KEGG pathway analysis of enriched differentially expressed genes in OEGhMETTL3 and 324 
OEGhMETTL14 plants compared with the wild type. (A) Top 13 pathways of significantly enriched 325 
DEGs between OEGhMETTL3 and WT. (B) Top 20 pathways of significantly enriched DEGs be- 326 
tween OEGhMETTL14 and WT. 327 
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2.10. GhMETTL3 and GhMETTL14 Exhibited Divergent Functions in Transgenic Arabidopsis  328 

Although no significant phenotypic changes were observed after these two genes 329 

were transformed into A. thaliana, transcriptome data still proved that GhMETTL3 and 330 

GhMETTL14 exhibited functional differentiation in transgenic Arabidopsis. We totally se- 331 

lected 88 genes that were differentially expressed between transgenic and wild-type Ara- 332 

bidopsis, and these DEGs could be classified into 11 families, including ethylene responsive 333 

transcription factor gene, bHLH transcription factor genes, WRKY transcription factor 334 

genes, dirigent protein genes, cytochrome P450 genes, calcium-binding protein genes, 335 

ABC transporter genes, glutathione S-transferase genes, detoxification genes, xyloglucan 336 

hydrolase genes, and CCR4-associated factor 1 homolog genes. Among them, six gene 337 

families: 9 ABC transporter genes (Figure 9A), 13 cytochrome P450 genes (CYP) (Figure 338 

9B), 6 detoxification genes (DTX) (Figure 9C), 4 bHLH transcription factor genes (Figure 339 

9D), 3 dirigent protein genes (DIR) (Figure 9E), and 9 glutathione S-transferase genes (Fig- 340 

ure 9F) were all down-regulated in OEGhMETTL14 transgenic Arabidopsis plants, but un- 341 

changed in OEGhMETTL3 compared with the wild type plants. These results indicated 342 

that these two genes were functionally inconsistent. 343 
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 344 

Figure 9. Expressions of six family genes were reduced in OEGhMETTL14 but not changed in 345 
OEGhMETTL3 transgenic Arabidopsis plants compared with the wild type. (A) ABC transporter 346 
genes, (B) cytochrome P450 genes (CYP), (C) detoxification genes (DTX), (D) bHLH transcription 347 
factor genes, (E) dirigent protein genes (DIR), (F) glutathione S-transferase genes. 348 

In addition, among 13 calcium-binding protein (CML) genes (Figure 10A), the ex- 349 

pression levels of eight CML genes (CML12, CML27, CML39, CML41, CML42, CML44, 350 
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CML46 and CML47) were down-regulated in OEGhMETTL14 but not changed in 351 

OEGhMETTL3 transgenic Arabidopsis plants compared with the wild-type. Four CML 352 

genes (CML23, CML37, CML38, and CML40) were repressed in OEGhMETTL14 but in- 353 

duced in OEGhMETTLL3 transgenic Arabidopsis plants. Expression of one CML gene 354 

(CML45) was increased in OEGhMETTL3 but unchanged in OEGhMETTL14 transgenic 355 

Arabidopsis plants (Figure 10A). For another 15-ethylene responsive transcription factor 356 

genes (ERF) (Figure 10B), there were six ERF genes (ERF019, ERF043, ERF060, ERF061, 357 

ERF114, and ERF115) being down-regulated in OEGhMETTL14 plants compared with the 358 

wild-type, but not changed in OEGhMETTL3. Meanwhile, three ERF genes (ERF1, ERF13 359 

and ERF1B) were reduced in OEGhMETTL14 but elevated in OEGhMETTL3 plants. There 360 

still existed six ERF genes (ERF5, ERF016, ERF017, ERF018, ERF104, and ERF105) being 361 

up-regulated in OEGhMETTL3 plants, but unchanged in OEGhMETTL14 (Figure 10B). In 362 

addition, the presence of divergence between these two GhMETTL genes was also re- 363 

vealed from the expression patterns of 12 WRKY transcription factor genes (Figure 10C). 364 

Thereinto, the expressions of eight WRKY genes (WRKY8, WRKY28, WRKY29, WRKY48, 365 

WRKY51, WRKY54, WRKY62 and WRKY70) were down-regulated in OEGhMETTL14 366 

compared with the wild-type, but not changed in OEGhMETTL3. Four WRKY genes 367 

(WRKY33, WRKY40, WRKY46 and WRKY53) presented reduced expressions in 368 

OEGhMETTL14, but induced in OEGhMETTL3 (Figure 10C). Expressions of three CCR4- 369 

associated factor 1 homolog genes (CAF1-11, CAF1-5 and CAF1-9) were up-regulated in 370 

OEGhMETTL3 plants, but not changed in OEGhMETTL14 (Figure 10D). Finally, discord- 371 

ant expression patterns of four xyloglucan hydrolase genes (XTH) were also observed be- 372 

tween OEGhMETTL14 and OEGhMETTL3 transgenic Arabidopsis plants (Figure 10E). 373 

Among them, the expressions of two XTH genes were up-regulated in OEGhMETTL3 374 

plants compared with that of wild type, but not changed in OEGhMETTL14. Two XTH 375 

genes exhibited repressed expressions in OEGhMETTL14, but up-regulated in 376 

OEGhMETTL3 compared with the wild type (Figure 10E). The above results further con- 377 

firmed that the incongruent expression levels of these differentially expressed genes 378 

caused by the transformations of GhMETTL3 and GhMETTL14 into Arabidopsis thaliana. 379 

Their biological functions might also be diverged and worth to be further explored in sub- 380 

sequent studies. 381 
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 382 

Fig. 10. Divergent expression patterns of five selected family genes between OEGhMETTL3 and 383 
OEGhMETTL14 transgenic Arabidopsis plants compared with the wild type. (A) calcium-binding 384 
protein (CML) genes, (B) ethylene responsive transcription factor (ERF) genes, (C) WRKY 385 
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transcription factor genes, (D) CCR4-associated factor 1 homolog genes (CAF), (E) xyloglucan hy- 386 
drolase genes (XTH). 387 

3. Discussion 388 

N6-methyladenosine (m6A) in RNA represents an indispensable post-transcriptional 389 

modification in gene regulation. It was involved in RNA stability and degradation [40], 390 

mRNA alternative splicing [41], affected the translation efficiency [42] and miRNA pro- 391 

cessing [43]. Meanwhile, the m6A modification plays a critical role in plant growth, devel- 392 

opment and response to the adverse environmental stresses. The m6A writer components 393 

included MTA, MTB, FIP37, VIRILIZER and HAKAI in A. thaliana [3, 44-46]. When the 394 

expression level of m6A writer components, such as m6A methyltransferase was reduced, 395 

the abundance of m6A also showed a dramatic reduction [11]. Knockout of m6A methyl- 396 

transferase MTA prevent development and eventually led to embryonic lethality while 397 

inactivation of other writer components the increasing trichome branches phenotypes, as 398 

well as the over-proliferation of shoot apical meristem [3, 44, 45]. 399 

Previous reports have indicated that m6A modification were involved in abiotic and 400 

biotic stress responses [47-50]. The increase of 5’ UTR m6A level would promote the pro- 401 

tein translation in response to the heat shock stress [51]. Another study showed that m6A 402 

methylation was involved in salt stress tolerance in Arabidopsis. Both mutants of m6A 403 

writer components, such as MTA and MTB, displayed salt-sensitive phenotypes along 404 

with the reduced m6A level [52]. On the other hand, the m6A methylation level showed a 405 

reduction after exposure to virus infection in Nicotiana tabacum and drought stress in Zea 406 

mays, respectively [53, 54]. In addition, the expression of m6A methyltransfer- 407 

ase ClMTB in watermelon was also induced by drought stress. Overexpression ClMTB 408 

into tobacco plants increased its drought tolerance by enhancing ROS scavenging activity 409 

[14]. Overexpressing a Populus trichocarpa m6A methyltransferase also enhanced the toler- 410 

ance to drought stress by increasing the trichome and root density in poplar [12]. In our 411 

study, we also found the expression of GhMETTL14_A (GH_A07G0817) gene was re- 412 

pressed after simulated drought PEG treatment. These results indicated that METTL 413 

genes mediated m6A modification were involved in response to environmental stresses in 414 

plants. 415 

For the emergence of homologous genes in a single gene family after duplication, 416 

homologous genes generally have different fates: both genes retained for dosage effect, or 417 

diverged to produce new function [55, 56]. In METTL3 mutants, the translation of mRNAs 418 

containing m6A modifications in the 5’UTR was reduced, indicating translation efficiency 419 

was influenced by 5’UTR m6A in cells [57, 58]. Early reports also found that m6A modifi- 420 

cations in 5’UTR regions were positively correlated with gene expression in Arabidopsis 421 

[59]. These investigations suggested that the METTL3 protein was the most-active m6A 422 

methyltransferase enzyme to catalyze m6A RNA methylation and a core m6A methyltrans- 423 

ferase component. However, studies found that METTL14 have no methyltransferase ac- 424 

tivity, but could form a stable antiparallel heterodimer with METTL3 to further bind to 425 

the RNA substrates in cells [7-9]. In Arabidopsis, AtMTA protein was necessary for the 426 

m6A mRNA methylation, and loss of function led to plant embryo development arrest, 427 

further to lethality [11]. However, the function of AtMTB identified might have no m6A 428 

methyltransferase activity in Arabidopsis [13]. Further, only one METTL3 or MTA homol- 429 

ogous protein was identified in barley and Micromonas pusilla. In these two species, the 430 

METTL14 or MTB protein may have undergone a functional gene loss during evolution 431 

or evolved to a distinct molecular role of new gene family but not the MT-A70-like protein 432 

[3]. In our study, the similar phenomenon of GhMETTL gene’s function divergence was 433 

observed in Gossypium. For instance, the expressions of GhMETTL14 434 

(GH_A07G0817/GH_D07G0819) were induced after low temperature treatment, but 435 

GhMETTL3 (GH_A12G2586/GH_D12G2605) were repressed under low-temperature 436 

stress. Meanwhile, GhMETTL3 and GhMETTL14 also exhibited divergent functions in 437 

transgenic Arabidopsis based on the transcriptome data. Compared to the wild-type type, 438 
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the expressions of DEGs between OEGhMETTL3 and OEGhMETTL14 transgenic Arabidop- 439 

sis were always inconsistent. These results implied that the homologous genes in a single 440 

gene family, such as m6A methyltransferases METTL3 and METTL14, had divergent reg- 441 

ulatory roles during the process of growth and development of plants and animals. 442 

Although there have been many studies on the response of METTL in regulating 443 

plant growth and development as well as responses to adverse stresses in plants, there are 444 

few studies on the exploration the potential roles of METTLs in cotton. The overall results 445 

of this study showed that GhMETTL3 and GhMETTL14 played different roles in cotton, 446 

which is worth further exploring their biological functions with modern biotechnologies 447 

such as gene editing. 448 

4. Materials and Methods 449 

4.1. Identification of METTL Family Genes and METTL Proteins in Diploid and Tetraploid Goss- 450 

ypium Species 451 

The genome sequences of cotton species were downloaded from the CottonGen da- 452 

tabase [60], including G. raimondii [19], G. herbaceum [25], G. arboreum [23], G. hirsutum [28], 453 

G. barbadense, G. tomentosum, G. mustelinum and G. darwinii [25, 28-35]. To identify all pu- 454 

tative METTL proteins in each genome assembly, the METTL protein conserved domains 455 

(PF05063 for MTA70 superfamily) were used to develop a Hidden Markov Model [61] 456 

profile matrix via the hmmbuild program from the HMMER package [62] with default 457 

parameters. This HMM profile matrix was used in conjunction with hmmersearch with 458 

default parameters against these Gossypium genome databases to identify putative 459 

METTL genes (GhMETTLs) [63, 64]. Previously identified METTL gene sequences from A. 460 

thaliana (AtMTA and AtMTB) and H. sapiens (METTL) were retrieved from the TAIR da- 461 

tabase [65] and NCBI database (https://www.ncbi.nlm.nih.gov) for phylogenetic compar- 462 

ison, respectively. The presence of conserved domains in each Arabidopsis and Gossypium 463 

gene was verified by the SMART conserved domain search tool [66] and Pfam databases 464 

[67].  465 

4.2. Chromosomal Location and Gene Structure Analyses  466 

Chromosomal locations for the identified GhMETTLs were extracted from the ge- 467 

nome annotation gff3 file [28, 34]. Chromosomal locations of the predicted GhMETTLs 468 

was visualized using TBtools [68], and the exon-intron structure of each gene was dis- 469 

played using the online tool GSDS 2.0 [69]. The number of amino acids, molecular weight 470 

(MW), and theoretical isoelectric point (pI) of putative GhMETTLs proteins were deter- 471 

mined using the ProtParam tool [70].  472 

4.3. Sequence Alignment and Phylogenetic Tree Construction 473 

Complete protein-coding sequences for METTL genes from 12 Gossypium species, 474 

Gossypioides kirkii, A. thaliana and H. sapiens were aligned using MAFFT with the G-INS-i 475 

algorithm [71]. The NJ phylogenetic tree was constructed using MEGA version 6.0 [72] by 476 

sampling 1000 bootstrap replicates.  477 

4.4. Analysis of Cis-acting Element in Promoter Regions of GhMETTLs 478 

The upstream sequences (1.5 kb) [73] of the GhMETTLs genes were retrieved from G. 479 

hirsutum genome sequence based on the gene locations [28, 34]. Then, the retrieved pro- 480 

moter sequences were submitted to PlantCARE [39] to identify the potential Cis-acting 481 

element.  482 

4.5. Expression Patterns of GhMETTLs in Different Tissues and Stress Conditions 483 

Raw RNA-Seq data for G. hirsutum seed, root, stem, leaf, torus, petal, stamen, ovary, 484 

calyx, ovule (-3 dpa, -1 dpa, 0 dpa, 1 dpa, 3 dpa, 5 dpa, 10 dpa, 20 dpa, 25dpa, 35dpa) and 485 

fiber (5 dpa, 10 dpa, 20 dpa, 25dpa) were downloaded from the NCBI Sequence Read Ar- 486 

chive (PRJNA 248163) [28, 34], represented by one library each. Reads were mapped to G. 487 

hirsutum genome [34] via HISAT2 software with default parameters, and read abundance 488 

with calculated via StringTie [74, 75]. Read counts were normalized in R3.2 using RUVSeq 489 

[76] and the internal control reference gene GhUBQ7, which is detected at relatively con- 490 

stant levels across different cotton samples [77]. Potential batch-effects were corrected by 491 

Reviewer
Lístek s poznámkou
Please include also the website address.

Reviewer
Lístek s poznámkou
Please specify if METTL are single-domain aor multi-domain proteins - the procedures used are OK only if proteins were single-domain, otherwise only shared domains should be considered.



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 20 of 28 
 

 

an improved version of ComBat, ComBat-seq [78]. Gene expression was estimated by 492 

Ballgown [86], using fragments per kilobase million (FPKM) values to calculate the gene 493 

expression levels across libraries. Expression levels of G. hirsutum leaf RNA-Seq data (in 494 

FPKM) for each GhMETTL gene under drought, salt, heat and cold stress (time points: 0, 495 

1, 3, 6, 12h) were retrieved from the ccNET database [79]. Genes were considered differ- 496 

entially expressed if expression varied more than two-fold change with a p-value of less 497 

than 0.05. TBtools [68] was used to display the gene expression patterns from the calcu- 498 

lated FPKM values [80]. 499 

4.6. Virus-Induced Gene Silencing (VIGS) Assays 500 

The virus-induced gene silencing (VIGS) assays were finished based on previous re- 501 

ports [81-83]. Briefly, to knockdown the expression of the GhMETTL genes, about 400-bp 502 

fragment of the GhMETTL3 and GhMETTL14 cDNA from upland cotton R15 was PCR- 503 

amplified using specific primers (Table S1). The resulting PCR products were infused to 504 

pTRV2 to produce the VIGS vectors named pTRV2-GhMETTL3 and pTRV2-GhMETTL14, 505 

respectively. The pTRV1 and pTRV2-GhMETTL3 or pTRV2-GhMETTL14 vectors were in- 506 

troduced into the Agrobacterium strain GV3101 through electroporation (Bio-Rad, Her- 507 

cules, CA, USA). For the VIGS assay, the transformed Agrobacterium colonies containing 508 

pTRV1 and pTRV2-GhMETTL3 or pTRV2-GhMETTL14 were grown overnight at 28 °C. 509 

The Agrobacterium cells were collected and resuspended in the infiltration medium (10 510 

mM MgCl2, 10 mM MES and 200 mM acetosyringone) and subsequently adjusted to an 511 

OD600 of 0.5. The Agrobacterium strains containing the pTRV1 and pTRV2-GhMETTL3 512 

or pTRV2-GhMETTL14 vectors were mixed at a ratio of 1:1. Cotton seedlings with mature 513 

cotyledons but without a visible rosette leaf (7 days after germination) were infiltrated by 514 

inserting the Agrobacterium suspension into the cotyledons via a syringe. The plants were 515 

then grown at 22 °C in pots arranged in a growth chamber under a 16-h light-8-h dark 516 

cycle and at a humidity rate of 60%. The mutant of GhSU has an obvious leaf yellowing 517 

phenotype during seeding stage and we used GhSU as the positive control for VIGS. 518 

4.7. RNA Extraction, cDNA Synthesis and qRT-PCR Expression Analyses 519 

These experiments were conducted with the methods reported before [84-86]. In 520 

brief, total RNAs from cotton leaf were extracted using a RNAprep pure plant kit 521 

(TIANGEN, Shanghai, China). The resulting RNAs were treated with DNase I prior to 522 

synthesizing cDNA with oligo (dT) primers and M-MLV Reverse Transcriptase (Invitro- 523 

gen); these products were diluted 5-fold before use. For quantitative real-time PCR (qRT- 524 

PCR), Primer5 software was used to design gene-specific forward and reverse primers 525 

(Table S1). Analyses were performed with SYBR-Green PCR Mastermix (TaKaRa) on a 526 

cycler (Mastercycler RealPlex; Eppendorf Ltd, Shanghai, China). The G. hirsutum histone- 527 

3 (GhHIS3) genes were used as internal references, and the relative amount of amplified 528 

product was calculated following the 2-∆∆Ct method [87].  529 

4.8. Quantitative Analysis of m6A Level in Cotton Leaf Tissue 530 

The quantification of m6A level in cotton leaf was referred to the methods of a previ- 531 

ous report [88]. In detail, mRNA was extracted from 10 μg total RNA for each sample with 532 

Dynabeads™ mRNA Purification Kit (Invitrogen, 61006). Then, 150 ng purified RNA was 533 

digested by 1 U nuclease P1 (Sigma, N8630) in containing 10 mM NH4Ac reaction buffer 534 

up to 20 μL at 42°C for 3 h. Subsequently, 1 U rSAP (NEB, M0371S) and 5 μL rCutSmart 535 

buffer were added to the mixture,incubated at 37°C for additional 6 h. 1 μL digested RNA 536 

was injected into a LC-MS/MS (AB SCIEX QTRAP 5500) to detect the mononucleotide. 537 

The m6A level was detected and quantified in the positive ion multiple reaction-monitor- 538 

ing (MRM) mode with the nucleoside to base ion mass transitions (282.0 to 150.1 for m6A 539 

and 268.0 to 136.0 for A). The concentrations of m6A level in cotton leaf were calculated 540 

from the standard curve generated from pure nucleoside standards. 541 

4.9. Subcellular Localization of GhMETTL3 and GhMETTL14 Proteins and Microscopic Obser- 542 

vation 543 

The protein subcellular localization experiments were carried out as described in the 544 

previous study [89]. The coding region of GhMETTL3 and GhMETTL14 was fused to GFP 545 
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by PCR. The vectors carrying p35S::GhMETTL3-GFP and p35S::GhMETTL14-GFP were 546 

introduced into Agrobacterium cells, which were infiltrated with a syringe into the abaxial 547 

surface of N. benthamiana leaves for transient expression. Three days later, the infiltrated 548 

areas were observed under a confocal microscope (LSM510, Zeiss).  549 

4.10. Arabidopsis Transformation  550 

The floral-dip method was used for Arabidopsis transformation [90]. In brief, to over- 551 

express the gene GhMETTL3 and GhMETTL14 in A. thaliana, the full-length cDNA of 552 

GH_A12G2586 (GhMETTL3_A) and GH_A07G0817 (GhMETTL14_A) was cloned into the 553 

pCAMBIA2301 vector driven by the CaMV35S promoter, respectively. This recombinant 554 

plasmid was transferred into Agrobacterium cells and then transformed into A. thaliana 555 

plants via the floral dip method [90, 91]. Kanamycin painting and PCR analysis confirmed 556 

the transgenic lines. 557 

4.11. RNA Sequencing of OEGhMETTL3, OEGhMETTL14 and Wild Type A. thaliana Plants  558 

Total RNA was isolated from the OEGhMETTL3, OEGhMETTL14 and wild type A. 559 

thaliana plants. Library construction and sequencing were performed following the previ- 560 

ous reports [92, 93]. In detail, 1 μg of purified mRNA was selected for cDNA library con- 561 

struction. mRNA was purified from total RNA using poly-T oligo-attached magnetic 562 

beads. cDNA fragments 240 bp in length were preferentially selected, and the library frag- 563 

ments were purified with an AMPure XP system (Beckman Coulter, Beverly, USA). Fi- 564 

nally, the PCR products were purified (AMPure XP system), and library quality was as- 565 

sessed on an Agilent Bioanalyzer 2100 system. After cluster generation, the library prep- 566 

arations were sequenced on an Illumina HiSeqTM 2500 platform, and 150 bp paired-end 567 

reads were generated. Three biological replicates were performed for the transgenic and 568 

wild type A. thaliana plants. 569 

4.12. Read Data Quality Control, Mapping and Calculations of the Differentially Expressed Genes 570 

Raw data (raw reads) in fastq format were first processed through FASTX-Toolkit 571 

(http://hannonlab.cshl.edu/fastx_toolkit/). Clean data (clean reads) were obtained by re- 572 

moving reads containing adapters, reads containing poly-N sequences and low-quality 573 

reads from the raw data. The downstream analyses were based on clean high-quality data. 574 

RNA-seq data were mapped to the reference genomes using HISAT2 software [74, 75]. 575 

Only reads with a perfect match or one mismatch were further analyzed to calculate the 576 

expression values. Differential expression analysis of the two groups was performed us- 577 

ing DESeq2 [94]. The resulting p values were adjusted using Benjamini and Hochberg’s 578 

approach for controlling the false discovery rate (FDR). Genes with an adjusted p value < 579 

0.01 and twofold change (up and down) were defined as differentially expressed. TBtools 580 

[68] was used to display the gene expression patterns from the FPKM values. 581 

4.13. Gene Annotation and Enrichment Analyses 582 

Differentially expressed gene functions were annotated based on the following data- 583 

bases: Nr (NCBI nonredundant protein sequences, ftp://ftp.ncbi.nih.gov/blast/db/), Nt 584 

(NCBI nonredundant nucleotide sequences, ftp://ftp.ncbi.nih.gov/blast/db/), and Kyoto 585 

Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/). KOBAS 586 

was used to test the statistical enrichment of the differentially expressed genes in the 587 

KEGG pathways [95]. 588 

5. Conclusions 589 

We reported the structures, domains, phylogenetics, divergence, and cis-elements 590 

analyses systematically of Gossypium METTL genes. We also investigated the expression 591 

patterns of METTL family genes in different cotton tissues and under different stress con- 592 

ditions to predict their possible biological functions. Both GhMETTL3 and GhMETTL14 593 

genes were variably expressed in different cotton tissues with particularly high expression 594 

in pistil and ovules. Suppressing GhMETTL3 and GhMETTL14 by VIGS would lead to the 595 

development arrest in G. hirsutum. Overexpression of GhMETTL3 and GhMETTL14 into 596 

Arabidopsis did not produce significant phenotypes difference but effected the expres- 597 

sions of variant family genes, implying their divergent functions in the regulation of 598 

http://hannonlab.cshl.edu/fastx_toolkit/
ftp://ftp.ncbi.nih.gov/blast/db/
http://www.genome.jp/kegg/
Reviewer
Lístek s poznámkou
It would be helpful to mention the database deposition also here, not only in the Data availability statement.
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growth and development of cotton plants. Together, our results provide candidate genes 599 

to facilitate the functional identification of the METTL genes in subsequent study. 600 

List of Abbreviations: METTL: m6A methyltransferase; DEGs: Differentially expressed genes; 601 
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