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Abstract: Citrus grandis “Tomentosa” (“Huajuhong”) is a famous traditional Chinese medicine. The
aim of the present study is to provide a comprehensive characterization of the m®A regulatory
genes from C. grandis, and examine their expression patterns in fruits of C. grandis “Tomentosa”
during various developmental stages. A total of 26 N6-methyladenosine (m®A) regulatory proteins
were identified from the genome of C. grandis, which were distributed across nine chromosomes in
C. grandis. Phylogenetic relationships revealed that all m® A regulatory genes were divided into groups
of m® A writers, erasers, and readers. The m® A writer groups included CgMTA, CgMTB, and CgMTC
three MTs (methyltransferases), one CgVIR (virilizer), one CgHAKAI (E3 ubiquitin ligase HAKAI),
and one CgFIP37 (FKBP interacting protein 37). Moreover, 10 CgALKBH («-ketoglutarate-dependent
dioxygenase homolog) members (numbered from CgALKBH1 to CgALKBH10) and 10 CgECT (C-
terminal region) members (numbered from CgECT1 to CgECT10) in C. grandis were identified as
mPA erasers and readers, respectively. The domain structures and motif architectures among the
groups of m®A writers, erasers, and readers were diverse. Cis-acting elements in the promoters of
the 26 m°A regulatory genes predicted that the abscisic acid-responsive (ABA) element (ABRE) was
present on the promoters of 19 genes. In addition, the expression profiles of all m®A regulatory genes
were examined in the fruits of two varieties of C. grandis “Tomentosa” during different growth stages
to give basic hints for further investigation of the function of the N6-methyladenosine regulatory
genes in C. grandis “Tomentosa”.
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1. Introduction

Methylation is an epigenetic modification which can regulate the heritage information
to affect its function without altering the DNA sequence [1-3]. In general, methylation is
divided into DNA methylation, histone modification, and RNA methylation according to
molecular biological processes [3]. The methylation of RNA usually occurs in the internal
modification of RNA. N6-methyladenosine (m®A) plays an important role in eukaryotic
RNA methylation in animals and plants [4,5]. According to the three pivotal proteins, a
sophisticated regulatory network of m°®A is composed of m°®A writers (methyltransferases),
m®A erasers (demethylases), and m®A reader proteins [5-7]. The m®A writers add methyl
groups to the conserved sequence. Similarly, m®A erasers can remove methylation. In
addition, m® A readers have a specific recognition function that decodes the specific proteins
of m®A modifications in RNA levels [5,6].
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Previous research has been conducted on the m® A modification in animals. However,
to the best of our knowledge, m® A modification in plants has rarely been reported. Recently,
regulatory complexes of m®A writers have been identified from Camellia sinensis and
Arabidopsis thaliana [8]. The m®A writers are not only regulated by methyltransferases (MTs),
but are also controlled by a series of m®A writer components, such as FKBP interacting
protein 37 (FIP37), virilizer (VIR), and E3 ubiquitin ligase HAKAI [9]. The MT family is the
first m® A writer component which contains three subfamilies of methyltransferase A (MTA),
methyltransferase B (MTB), and methyltransferase C (MTC) [10]. MTA subfamilies contain
the MT-A70 domain which can activate RNA modification. Subsequently, MTB is regarded
as one of the second most-active proteins in regulating m®A level [10]. The MTC subfamily,
which also belongs to the MT family, was recently discovered. Therefore, little information
has been reported about the function of MTC in m®A modification [11]. Apart from the
aforementioned, m® A writers contain other components, including FIP37, VIR, and HAKAI
Among them, FIP37 contains the Wilms” tumor 1-associating protein (WTAP) domain [12].
Previous research has shown that the suppression of FIP37 could lead to a decrease of the
mP®A modification level [12]. It has shown that FIP37 also plays an indispensable role in
regulating m® A modification. As the third component of the m® A writer, VIR could regulate
the MTA-MTB heterodimer to affect the level of RNA modification [13]. Similarly, inhibition
of HAKAI expression could reduce m®A methylation [13]. Additionally, previous studies
have found that HAKAI can interact with other components and together can regulate
RNA levels [13].

Unlike m®A writers, m®A erasers can also regulate RNA methylation in plants. Pre-
vious studies have confirmed that the x-ketoglutarate-dependent dioxygenase homolog
(ALKBH) could effectively remove the specific region of m®A [14]. A conserved clavaminate
synthase-like domain was included in the ALKBH family which plays an important role in
the demethylation of m® A-modified RNAs. Different from m®A methylation, the demethy-
lations of m° A only include an ALKBH family [14]. The abundance of ALKBH in A. thaliana
and Solanum lycopersicum is related to the decrement of mPA level [15,16]. Nevertheless,
the m®A erasers in other plants need to be further confirmed. As the third component
of regulatory m®A genes, the m®A readers have been divided into two types of CPSF30
(cleavage and polyadenylation specificity factor 30) and ECT (C-terminal region) [17,18].
A highly conserved YTH domain is contained in ECT, which could specifically regulate
m®A methylation. Moreover, CPSF30 contains a conserved C3H1-type zinc finger domain
at the N-terminal region, which mainly contributes to sweeping away deleterious mRNA
transcripts [19].

Citrus grandis (also annotated as Citrus maxima) is one of the three ancestors of the
Citrus family [20]. In addition to the freshly consumed pummelo, the immature fruits of
C. grandis “Tomentosa”, named as “Huajuhong”, are processed to be a famous traditional
Chinese medicine for effectively curing chronic cough [21]. Nowadays, “ZhengMao” (ZM)
is the main cultivated variety of “Huajuhong” whose fruits are covered with a thick layer of
trichomes. There is also a local pummelo variety called “GuangQing” (GQ) whose fruits are
smooth without trichome. Our previous study indicated that the terpenoid compositions
and contents in the fruits of ZM and GQ were somehow different [22]. Whether the
trichomes are related to the internal fruit quality is not yet known. It has been reported that
m®A regulatory genes played important roles in the trichome branching [8]. Hence, it is
necessary to study RNA methylation in C. grandis, which has not yet been reported.

In this research, the m®A regulatory genes family was comprehensively investigated in
the genome from C. grandis. Firstly, all meA regulatory genes were identified using HMMER
and their chromosomal localization was investigated. The phylogenetic relationships of
the m®A regulatory genes from C. grandis, S. lycopersicum, and A. thaliana combined with
the conserved domains were analyzed. Gene structure and cis-element analysis of all the
identified m°A regulatory genes were performed. Expression levels of m®A regulatory
genes in the fruits of the two varieties of C. grandis “Tomentosa” were examined by RNA-
seq and q-RT-PCR. The objective of this investigation is to give general information about
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the m®A regulatory genes from C. grandis, and to lay a basis for the future research on the
function of RNA methylation during the development of C. grandis “Tomentosa” fruits.

2. Materials and Methods
2.1. Identification and Chromosomal Localization of the m®A Regulatory Genes from C. grandis

To identify all the m°®A regulatory genes from C. grandis, the sequences of the m°®A
regulatory genes in A. thaliana and S. lycopersicum were downloaded from the Arabidopsis
Information Resource (TAIR) (https://www.arabidopsis.org/, (accessed on 10 January
2022)) [23] and the Sol Genomics Network (SGN) database (https://solgenomics.net/,
(accessed on 10 January 2022)) [24], respectively. These sequences were queried against the
genome sequences of C. grandis using BLAST with the parameter E-value < 1.0 x 107°. Then,
the hidden Markov model (HMM) profiles of the MT-A70 family (PF05063), VIR-N domain
(PF15912) and WTAP family (PF17098), 20G-Fell-Oxy-2 superfamily (PF13532), and YTH
domain (PF04146) downloaded from the Pfam 35.0 database (http://pfam.xfam.org/,
(accessed on 10 January 2022)) were used to identify the m°A regulatory genes of the
C. grandis genome (https:/ /www.citrusgenomedb.org/, (accessed on 10 January 2022)).
Moreover, the obtained m®A regulatory genes of C. grandis were further confirmed through
the online SMART database (http://smart.embl.de/smart/set_mode.cgi?GENOMIC=1#,
(accessed on 10 January 2022)) [25], NCBI Conserved Domain Search databases (NCBI
CDD) (https:/ /www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, (accessed on 10 January
2022)) [26] and Pfam 35.0 (http:/ /pfam.xfam.org/, (accessed on 10 January 2022)) databases.
The amino acids number (AAs), molecular weights (Mw), and isoelectric points (pI) of
the identified m®A regulatory genes from C. grandis were examined using the ExPasy tool
(http:/ /web.expasy.org/protparam/, (accessed on 10 January 2022)) [27]. The subcellular
location of the m®A regulatory genes was predicted using the online software WoLF PSORT
II (https:/ /www.genscript.com/wolf-psort.html, (accessed on 10 January 2022)) [28].

All m°A regulatory genes from C. grandis were mapped on the chromosomes according
to their positions in the database. The database was obtained from annotated gff3 files.
The chromosomal distribution was graphically visualized using Mapchart 2.32 software
created by Roeland E. Voorrips which could be download and freely licensed in Guangzhou,
China [29].

2.2. Phylogenetic Analysis of the m®A Regulatory Genes from C. grandis, S. lycopersicum, and
A. thaliana

The phylogenetic tree of the m®A regulatory genes from C. grandis, S. lycopersicum, and
A. thaliana was generated by MEGA X64 with 1000 bootstrap replicates. The phylogenetic
tree was employed by using the neighbor-joining (NJ) algorithm and the pairwise gap
deletion mode [30]. The conserved domain information of m°A writers, erasers, and
readers was obtained from the SMART database (http://smart.embl.de/smart/set_mode.
cgi?GENOMIC=1#, (accessed on 11 January 2022)) and NCBI CDD (https://www.ncbi.nlm.
nih.gov/Structure/cdd /wrpsb.cgi, (accessed on 11 January 2022)), and was graphically
visualized using DOG 2.0 software [31].

2.3. Gene Structure Analysis, Cis-Element Analysis, and Heat Map Construction of the m° A
Regulatory Genes from C. grandis

The phylogenetic tree of the m°A regulatory genes from C. grandis was generated by
MEGA X64. The gene structures of the m®A regulatory genes in C. grandis were graphically
visualized using the TBtools software [32]. Furthermore, for cis-acting element analysis, the
promoter sequences of the m®A regulatory genes from C. grandis which were in the 1500 bp
upstream region were collected. Moreover, the promoter sequences were obtained using
the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/,
(accessed on 11 January 2022)) [33]. The expression profiles of the m°A regulatory genes
from C. grandis were visualized with heat maps using TBtools [32]. FPKM-normalized
counts were regarded as thresholds.
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2.4. Plant Materials and Treatments

“Huajuhong” (C. grandis “Tomentosa”) fruits, which were regarded as samples, were
collected from an orchard of Huazhou Traditional Chinese Medicine Company located in
Hexi District, Huazhou, Guangdong province. The fruits of 2, 4, 6, and 8 cm in diameters
were harvested in the year 2019. The fruits were cut and immediately frozen in liquid
nitrogen, and stored at —80 °C before usage.

2.5. RNA Isolation and RT-PCR Analysis

The total RNA from each abovementioned sample was isolated and treated to eliminate
any potential contamination with DNA using the PrimeScript™ RT Reagent Kit with gDNA
Eraser (TaKaRa, Dalian, China), following the manufacturer’s instructions. Then, the real-
time quantitative polymerase chain reaction (QRT-PCR) of the m°A regulatory genes from
C. grandis was conducted as described previously (2019) [34]. Primer pairs of each m°®A
regulatory gene from C. grandis were designed using the online software program Primer
3 (http:/ /primer3.ut.ee/, (accessed on 12 January 2022)), and they are listed in Table 1.
Actin was used as a reference gene which normalized the gene expression. The relative gene
expression of the m®A regulatory genes from C. grandis was calculated by the comparative
2~-AACt method [35], and the values are shown as the mean =+ standard deviation of three
independent biological replicates.

Table 1. The primers used for qRT-PCR.

Genes Names

Forward Primers

Reverse Primers

Actin
CgMTA
CgMTB
CgMTC

CgVIR
CgHAKAI
CgFIP37
CgALKBH1
CgALKBH2
CgALKBH3
CgALKBH4
CgALKBH5
CgALKBH6
CgALKBH7
CgALKBHS
CgALKBH9
CgALKBH10
CgECT1
CgECT2
CgECT3
CgECT4
CgECT5
CgECT6
CgECT7
CgECTS8
CgECT9
CgECT10

ATCTGCTGGAAGGTGCTGAG
GCGTCCTGAATATTGTTCTGAAGTA
CAACTCGAAAGCCTGAAGATATGTA
AACTTACTCATTCAGAGGGAGCACT
TGATTTTCTTGCTAGTTTGTTGGAG
TAGCTAGGGAAGAAGGTATGGTGTC
ATGAAATGGTGCTTATGTTACGAGA
TTGAAAGAGAAAACGTATTCAGCAC
ATTGGAATTCAGATTGGAGAAACTC
TGGAAATTCTTTGATTACCTCAACA
TCATTCTAAATGGTAATGGAGCTGA
TCATTTCCAAACCTTGATGATTCTA
CATCAATGAATACCAACCTAACCAA
CTAGAACCAATTCCAGCTCTTCTTC
AGGGAAGAATAGATAATCCACATGC
CGAAAGCAGATACAGTCTCAAGAAG
CCCATAGATGACTTATTCAATGCTG
GTTAATACAAGTGGGCAGTTTGTTG
TAACATGTACAAGCTGGGTTTTTGT
ACAGTCTATGAAACCAGTGAGCAAG
GCTAAACAACAAGTTAGCCTGACAA
GGAAGCCTTTCATAACTCTGGTAAA
GAAGATTTTCCCGAGAGTTACTCAG
TTTCTGTTGTTTTCGGTAAATGCTA
TTCTTTATGTGGTTGCAATGGTACT
GGAAATGTATAATGCGTCTGACAAC
ACCTTTAGAGGAAATGATGACGAAC

CCAAGCAGCATGAAGATCAA
AACTCCAAATTGTCCTAAAATGTCC
GCAAAGTTTTTAATGTATGCCTCCT
CATCTAGCTTCACCTTCAACCAGTA
CACCAGCTAGTCAAAGTAGAACCAA
AGTGTCTTCACAGGCTCATACAATC
AACTGAATCATTCTTGTCCTCTTCC
GATCACTTTAAACAGATGAGGCAGA
TCTTTAGTATCAGCTATGGCAGGTG
ATTGTGTCACTCCTTCACTAGCAAC
ACTTGTTTGAGGGAGAATTAACCAC
AGGCTGAAAATTAATCCTTCAAATG
AAATGCATCACCATTAGAACTTTCA
ATCAAAGAAGTTAATGATGCAACCA
ATTTATCTCGTGCTTCCAAAGGTAG
CCCCACCAAATATTAGTACATCTCC
AAAATTTCCACCTATGAGCATCTTC
AAGTCATTCCAGTTTGTCCTAGCTG
AAATGTTTATTAGGGTTGCCATGAT
AAGCCTTGTTTTTGGTTAGAAAATG
TTGAGAGAGCACCAATAATACTTGC
AATCGAAGCCATTTGACTTTAAAAC
ATATGCTGCATCAAGCTTCTTATTG
CATCCTTAATTATGTGCCACTTGAC
TCAAGAATCTTAACCACAGACTTGC
AATAAACTCAGAGGCTCCTTCGTTA
ATCCATAATGTGCTCCAGTCTGATA

3. Results
3.1. Identification of the m® A Regulatory Genes from C. grandis

In this paper, a total of 6 mPA writers, 10 m®A erasers, and 10 m®A readers of m®A
regulatory genes were identified from the genome of C. grandis according to the charac-
teristics of m®A regulatory gene domain-containing proteins. The m®A regulatory genes
family were divided into the MT-A70 family (PF05063), VIR-N domain (PF15912), WTAP
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family (PF17098), 20G-Fell-Oxy-2 superfamily (PF13532), and YTH domain (PF04146)). All
26 mP®A regulatory genes were identified based on the genome of C. grandis. The 26 m°®A
regulatory genes from C. grandis were named according to the homologs of m®A regulatory
genes identified from S. lycopersicum [24] and A. thaliana [23]. As illustrated in Table 2, the
number of amino acids (AAs) in the m° A regulatory proteins ranged from 195 (CgALKBH6)
to 2199 (CgVIR) amino acids. The molecular weight (MW) of the m®A regulatory proteins
varied from 22.14 (CgALKBHS®6) to 241.16 (CgVIR) kDa. Similarly, the isoelectric point (pI)
of the 26 identified m®A regulatory proteins were quite different. For instance, the highest
pl was observed in CgALKBH3 (9.50), while CgALKBHS8 had the lowest pI (4.50). As
shown in Table 2, the subcellular localization of 19 m®A regulatory proteins were in the
nucleus (nucl), while a total of 7 m°®A regulatory proteins targeted to the cytoplasm (cyto).

Table 2. The m®A regulatory genes identified in C. grandis.

Gene Annotation Subcellular

Names Number AAs Mw (kDa) pl Localization
CgALKBH1 Cg1g002100.1 515 57.94 6.59 cyto
CgALKBH2 Cgl1g012910.1 624 68.53 7.58 nucl
CgECT1 Cg2g000250.1 711 77.99 7.57 nucl
CgECT2 Cg2g039370.1 701 76.31 6.26 nucl
CgALKBH3 Cg2g046540.1 245 28.73 9.50 nucl
CgECT3 Cg3g001240.1 572 63.06 6.34 nucl
CgALKBH4 Cg3g004030.1 464 51.92 8.52 nucl
CgALKBHS5 Cg3g010130.1 874 97.61 6.09 nucl
CgMTC Cg3g022350.1 408 46.90 6.47 cyto
CgECT4 Cg4g020150.1 616 68.11 4.94 nucl
CgMTA Cg5g000680.1 710 78.81 5.94 cyto
CgFIP37 Cgb5g005360.1 342 38.76 5.21 nucl
CgECT5 Cg5g009390.1 398 45.00 6.32 nucl
CgALKBH6 Cg5g012920.1 195 22.14 6.05 cyto
CgECT6 Cgbg031130.1 611 66.88 6.51 nucl
CgALKBH7 Cgb5g036060.1 547 59.98 5.56 cyto
CgALKBHS Cg5g037150.1 260 29.84 4.50 nucl
CgHAKAI Cg6g006090.1 779 83.60 8.23 cyto
CgALKBH9 Cg6g010210.1 458 51.51 9.06 cyto
CgVIR Cg6g014480.1 2199 241.16 5.34 nucl
CgECT7 Cg7g016930.1 631 69.52 6.45 nucl
CgALKBH10 Cg7g016980.1 361 40.75 6.04 nucl
CgECTS8 Cg8g024900.1 656 71.85 5.41 nucl
CgECT9 Cg9g000560.1 696 76.43 5.88 nucl
CgMTB Cg9g027190.1 1189 133.49 8.19 nucl
CgECT10 Cg9g029620.1 552 61.01 6.08 nucl

3.2. Chromosomal Localization of the m® A Regulatory Genes from C. grandis

The genome location information shown in Figure 1 demonstrated that a total of
26 m°A regulatory genes were unevenly anchored to the chromosomes of C. grandis. The
results revealed that the 26 m°A regulatory genes in C. grandis were distributed across nine
chromosomes, including in chrl, chr2, chr3, chr4, chr5, chr6, chr7, chr8, and chr9. Seven of
the m®A regulatory genes were distributed on chromosome 5 (chr5). In contrast, only one
gene was distributed on chr4 and chr8.
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Figure 1. Chromosomal locations of m®A regulatory genes in C. grandis. The chromosomal position
of each m®A regulatory gene was mapped according to the genome of C. grandis. The chromosome
number is marked at the top of each chromosome and the unit for the scale is megabases (Mb).

3.3. Phylogenetic Analysis of the m® A Regulatory Genes from C. grandis, S. lycopersicum, and
A. thaliana

To study the phylogenetic relationships of the m®A regulatory genes from C. grandis,
S. lycopersicum, and A. thaliana, a phylogenetic tree was constructed using MEGA X64 with
the m®A regulatory protein sequences (Figure 2A). According to previously reported
conserved domains from S. lycopersicum and A. thaliana, all m®A regulatory members were
divided into three groups classified as m® A writers, erasers, and readers [5,6]. As illustrated
in Figure 2A, three groups of m®A writers, erasers, and readers included three MT genes
(CgMTA, CgMTB, and CgMTC), one CgVIR, one C¢gHAKAI, one CgFIP37, 10 CALKBH
genes (CQALKBH1 to CQALKBH10), and 10 CgQECT members (CgECT1 to CgECT10) in
C. grandis, respectively. It is obvious that C{ALKBH and CgECT were the two largest
groups, including 10 family members, respectively. Different categories contained different
domain structures. In the m®A writer groups, the domain architectures were diverse. In the
mP A writer groups, MT, VIR, HAKAI, and FIP37 subfamilies were identified. According
to the phylogenetic analysis, the MT gene family can be classified into three categories,
namely, MTA, MTB, and MTC (Figure 2A). One C¢MTA, one CgMTB, and one CgMTC were
identified as illustrated in Figure 2A. The MTA, MTB, and MTC were present in C. grandis,
S. lycopersicum, and A. thaliana. Similarly, only one gene was identified in the components
of VIR, HAKAI, and FIP37 from C. grandis, respectively (Figure 2A). Additionally, in the
m®A eraser groups, all of the CgALKBH proteins contained only one highly conserved
20G-Fell-Oxy-2 domain. Similarly, all 10 m®A eraser proteins from C. grandis were closely
clustered with their homologs in S. lycopersicum and A. thaliana. Nevertheless, m®A reader
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components of ECT and CPSF30 were identified through phylogenetic relationship analysis.
A total of 10 CgECT family genes which had one conserved YTH domain were found in C.
grandis. However, another key component of the m®A readers, CPSF30, with a ZnF-C3H1
domain previously identified from A. thaliana, was not identified from C. grandis.

As illustrated in Figure 2B-D, the structure characteristics of the m®A regulatory genes
from C. grandis were examined. In Figure 2B, C¢gMTA, C¢gMTB, and CgMTC possessed a
typical MT-A70 conserved domain. Among other m®A writer components, the structures
of CgVIR, CgHAKAI, and CgFIP37 proteins are conserved with a VIR-N, a ZnF-C2H2, and
one WTAP domain, respectively. As shown in Figure 2C, compared with the m®A writer
components, all members of the C{ALKBH family contain a highly conserved 20G-Fell-
Oxy-2 domain in the m®A eraser groups. Similarly, in the m®A readers, all ECT family
members with a conserved YTH domain were identified (Figure 2D).

B CgMTA
CgMTB — HI-A1!
CgMTC

CgVIR ViRl
CgHAKAI
CgFIP37 e
CgALKBH1 | —T T -
c CgALKBH4 e 20G Feil_0x/2
coALkBH7 (oG e Gz
CgALKBH5 | 20G-Fel_Oxy 2
CgALKBHG jocTen By’
CoALKBHE  [T206-Fell 0x[2)
CoALKBH2  [206.Foll_oxy 4
CgALKBH9 | — T R |
CoALKBH3
CgALKBH10  [Comma]  20G-Fel Oxy2 |
D cgecTio [ 3Rl
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Figure 2. Phylogenetic relationship of the m® A regulatory genes from C. grandis, S. lycopersicum, and
A. thaliana. (A) Phylogenetic relationship of m®A regulatory genes from C. grandis, S. lycopersicum,
and A. thaliana. (B) MT-A70, VIR-N, ZnF-C2H2, and WTAP conserved domains of m®A writer groups
(Pink represents” MTs; Blue represents’ FIP37s; Green represents’ VIRs and HAKAISs). (C) One highly
conserved 20G-Fell-Oxy-2 domain of m®A eraser groups (Yellow represents’ ALKBHs). (D) YTH
conserved domain of m° A reader groups (Orange represents’ ECTs).

3.4. Gene Structure Analysis of the m® A Regulatory Genes from C. grandis

The gene structures and conserved motif characters of the m®A regulatory genes from
C. grandis were analyzed and are illustrated in Figure 3. As shown in Figure 3B, motif 1 and
motif 2 were observed in almost all 10 CgETC subgroup members of the m®A eraser groups.
Intriguingly, in the m®A reader groups, motif 4 and motif 7 were observed in C¢ALKBH],
CgALKBH4, and CgQALKBHY?. Nevertheless, any conserved motif characters were not
detected from three C¢MT members, one CgVIR, one C¢gHAKAI, and one CgFIP37 member
in the m®A writer groups. The structural diversity of the m®A regulatory genes from C.
grandis was investigated by the analysis of the exon/intron structures’ architectures. The
exon number of the m®A regulatory genes caused a huge change, as shown in Figure 3C.
Moreover, no introns were contained in CgMTB and CgHAKAI (Figure 3C).



Horticulturae 2022, 8, 462

8 of 14

1 I Mot 4
CoALKBHT —W— I B Nt
|_ i I Motif &
CgALKBH4  —ll — - s

Motif 2

CgALKBH7 —H— I - ot 1

A
cofcTi PR e o
CECTE M- P -
CgECT3 —t - HHHH
CgECT10 — B HiHHHHE T
— CgECT9 —t Hi-
CgECT4 ST HHH-HE
CgECT? +—Hm- g
CgECT8 “+—m- —-
CgECT2 —m— H——m
CgECT5 m— ——n
CgFIP37 e 1T [T ,l
N CgMTC — THIRTTRN |
CgMTA - -
CgMTB S Ly

CgALKBH2 -+l - HEH
CgALKBHO  — - HHHH
CgALKBH3  —— HH
CgALKBH10 — ITRITN
CgALKBH5 R —HH—H
CgALKBHE ~ — [T
CgALKBHE -l 1
—

CgHAKAI —_— T W
CgVIR } H— B —HEH e

5 3 5 3
T T T T T T [ T T 1
0 200 400 800 800 1000 1200 1400 1600 180020002200 0O 3000 6000 9000 12,000 15,000 18,000

Figure 3. The gene structure analysis of m®A regulatory genes from C. grandis. (A) Phylogenetic
relationship of mlA regulatory genes. (B) Conserved motifs analysis of mlPA regulatory genes from
C. grandis. All motifs were identified by the MEME database with the complete amino acid sequences
of m°®A regulatory genes from C. grandis. The detailed information for each motif is provided in
Figure S1. (C) The exon and intron structures of m°®A regulatory genes. Yellow represents exons.

3.5. Cis-Element Analysis of the m°A Regulatory Genes from C. grandis

To further elucidate the potential biological functions and expression mechanisms of
the m®A regulatory genes from C. grandis, the 1500 bp upstream sequences were firstly
obtained. Then, PlantCARE was used to predict the cis-elements in the 1500 bp upstream
sequences which are usually regarded as the promoters. The frequently appearing cis-
elements are illustrated in Figure 4, and detailed information is also provided in Table S1.
Defense and stress responsiveness, light responsiveness, and hormones responsiveness
related elements were predicted from the promoters of the m®A regulatory genes from
C. grandis. In Figure 4, 12 cis-elements were presented on the promoters of 26 m°A regula-
tory genes from C. grandis. Cis-elements TGA-element (auxin), ABRE (ABA), CGTCA-motif
(MeJA), TCA-element (SA), and GARE-motif (GA) are involved in hormones in Figure 4.
Among these elements, most of the m° A regulatory genes from C. grandis promoters include
ABRE (ABA). According to the cis-elements analysis, TATC-box, P-box, and GARE-motif
were involved in response to gibberellic acid (GA). In the defense and stress responses cate-
gory, several types of stress-responsive elements were identified in the promoter regions of
the m®A regulatory genes from C. grandis. TC-rich, LTR, and MBS were discovered, related
with the defense and stress response, low-temperature response, and drought-inducibility,
respectively. Moreover, light response elements were present in the promoter regions of
19 m®A regulatory genes, which indicated that the expression levels of the m°®A regulatory
genes from C. grandis might relate to light signaling.



Horticulturae 2022, 8, 462

9of 14

CgALKBH1
CgALKBHZ2
CgECT1
CgECT2
CgALKBH3
CgECT3
CgALKBH4
CgALKBHS
CgMTC
CgECT4
CgMTA
CgFIP37
CgECT5
CgALKBHGE
CgECT6
CgALKBH7
CgALKBHS
CgHAKAI
CgALKBHS
CgVIR
CgECT7

CgALKBH10 e v £ =

CgECTS
CgECTY
CgMTE
CgECTIC

Legend;
@ Excn ABRE

f=1r
g

P

+
CGTCA-motif

200bp 400bp 600bp 800bp 1000bp 1200bp 1400bp

+ + + + + + +
G-Box G-box GARE-motif LTR MBS P-box TATC-box TC-rich TCA-element TGA-element

Figure 4. Cis-element analysis of 26 identified m®A regulatory genes in C. grandis from the upstream
1500 bp sequences to the transcription start site.

3.6. Expression Patterns in the Fruits of C. grandis “Tomentosa” at Four Growth Points

To illustrate the expression patterns of the m®A regulatory genes in C. grandis, the
transcriptional profiles of the ZM and GQ fruits of various developmental points were
investigated by RNA-seq and qRT-PCR, respectively. The heatmap showing the expression
profiles of the genes was plotted based on the FPKM-normalized log?2 transformed values.
As illustrated in Figure 5 and Table S2, in the m°®A reader groups, the expression levels
of CgECT1 and CgECT?2 in ZM and GQ were higher compared with that of other m°A
regulatory genes. However, in the m®A eraser groups, the FPKM values of C{ALKBH?,
CgALKBHY, and CgALKBH10 were close to 0, indicating that almost no expression of the
three genes was observed in these samples. Furthermore, the qRT-PCR analysis shown in
Figure 6 and Figure S2 indicated that the gene expression patterns of most of the m°®A regu-
latory genes were consistent with the RNA-Seq data. Nevertheless, the expression levels of
CgMTA and CgMTC were not consistent with the RNA-Seq values (Figures 6 and S2).
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Figure 5. Expression patterns of m°A regulatory genes from C. grandis in the fruits of 2, 4, 6, and 8 cm
diameters of two varieties. The bar at the right of the heat map represents relative expression values.
FPKM-normalized log2 transformed counts. (ZM and GQ are the names of the two varieties, the first
number followed with ZM or GQ stands for the diameter of the fruits and the last number represents

the biological replicate).
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Figure 6. Relative expression of 20 m®A regulatory genes in the fruits of ZM and GQ during various
growth points. Actin was used for the qRT-PCR data normalization. The name of the genes is
indicated above each bar diagram. Error bars indicate the standard deviation, Student’s ¢-test was
used for statistical analysis; * p < 0.05, ** p < 0.01. (ZM and GQ are the names of the two varieties,
the first number followed with ZM or GQ stands for the diameter of the fruits and the last number

represents the biological replicate).
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4. Discussion

In general, according to molecular biological processes, methylation is divided into
DNA methylation [36], histone modifications [37], and RNA methylation [38]. Previous
studies demonstrated that N6-methyladenosine (m°®A) plays an important role in the
formation of eukaryotic RNA methylation in animals and plants [5,6]. To date, the research
has shown that RNA methylation plays a prominent role in the defense and stress response,
including for drought [39,40] and cold [41]. Meanwhile, mPA can reduce the damage of
abiotic stress [42-45]. Furthermore, the regulatory mechanism of m°A is related to growth
and development in A. thaliana [13]. Nevertheless, there is limited knowledge about the
mPA regulatory genes from C. grandis. In the current study, a total of 26 m°®A regulatory
genes from C. grandis were ultimately identified, while 32, 26, and 34 of them were reported
in A. thaliana, S. lycopersicum, and C. sinensis, respectively [5,46]. Compared with other
species, the number of m®A regulatory genes in C. grandis is less than that in A. thaliana (32)
and C. sinensis (34). Moreover, gene duplication and expansion events of m®A regulatory
genes were not observed in C. grandis. Hence, during the evolutionary process of C. grandis,
the m®A regulatory genes underwent a shrink and some redundant genes might have been
deleted from the genome with certain unknown events.

Previous studies have shown that m®A is composed of mPA readers, writers, and
erasers [5,6]. The effects of m®A on mRNA are mediated by an expanding list of m°A
readers and m®A writer-complex components, as well as potential erasers that currently
have an unclear relevance to m°A prevalence in the transcriptome [47]. The m®A writers
include the components of MTs, FIP37, VIR, and HAKAI [9]. The conserved domain in mPA
genes include MT-A70, WTAP, VIR-N, and ZnF-C2H2, respectively [5,6]. The MT family
was further classified as MTA, MTB, and MTC subfamilies [5]. The ALKBH family has one
highly conserved 20G-Fell-Oxy-2 domain in m®A erasers and the ECT family and CPSF30
possess the conserved YTH domain and ZnF-C3H1 domain in m®A reader groups, respec-
tively [5,6,8]. In this study, MTs, FIP37, VIR, and HAKAI components were detected in the
m®A writers from C. grandis. However, only one highly conserved 20G-Fell-Oxy-2 domain
and another conserved YTH domain were discovered in the m°A erasers and readers of
C. grandis, respectively. Additionally, the phylogenetic relationship and gene structure in-
vestigations identified three MT genes (C§MTA, C¢MTB, and CgMTC), 10 CQALKBH genes,
and 10 CgECT genes for reading, writing, and erasing mRNA methylation, respectively.
However, compared with A. thaliana, S. lycopersicum, and C. sinensis, members from the
CPSF30 family were not identified from C. grandis. The results further support the point of
view of the shrinking of m®A regulatory genes from C. grandis during the long-term evolu-
tionary course. Furthermore, it was reported that 30 m®A regulatory genes were randomly
distributed on 13 chromosomes in C. sinensis, which is a descendant of C. grandis [5]. In the
present study, m®A regulatory genes were distributed at nine chromosomes, including in
chrl, chr2, chr3, chr4, chr5, chr6, chr7, chr8, and chr9. In addition, the evolution of gene
functional differentiation was associated with the variation of structure and the expression
profile [48]. The exon/intron structures of m®A regulatory genes obviously change, which
may be related to the mutation during the process of post-transcriptional regulation [49].
Cis-acting elements are important for the down-stream gene transcriptional expression (ac-
tivated or repressed) due to its potential binding ability with transcription factors (TFs) [50].
In the paper, the abscisic acid-responsive (ABA) element (ABRE) was presented on 19 m®A
regulatory genes from C. grandis. Moreover, elements related with defense and stress
responsiveness, light responsiveness, and hormones responsiveness were discovered from
the promoters of the m®A regulatory genes of C. grandis. These results suggest that the
transcriptional expressions of m®A regulatory genes might be affected by hormones (could
be internal or external) and stress (could be abiotic or biotic).

The expression levels of all m®A regulatory genes in the fruits of ZM and GQ, which
are two local varieties of C. grandis, during four growth stage points were examined by both
RNA-seq and qRT-PCR. The varieties of ZM and GQ are different in both the internal quality
and morphology of fruits; the immature fruits of ZM are usually used for the production
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of a famous traditional Chinese medicine named “Huajuhong” with the medical effect of
curing chronic cough [51,52]. The variety of GQ is a local pumelo (C. grandis). The results
demonstrated that the expression patterns of C{ECT1 and CgECT3 increased, while the
expression amount of CALKBH4, CQALKBH7, CgALKBHY, and CgQALKBH10 decreased
during the fruit development of the two varieties. Moreover, among all the identified
mPA regulatory genes, the expression levels of C¢ECT1 and CgECT3 were notably high
in the fruits of two varieties of C. grandis during four development points (Figure 5). It
was reported that ECT2/3/4 proteins played important roles in the timing and regulation
of leaf formation and normal leaf morphology in Arabidopsis [8]. C¢ECT3 identified from
this study might play a vital role in the development of fruits of C. grandis, which could be
investigated in the future.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/horticulturae8050462 /s1, Figure S1. Sequence logos for the conserved motifs of m6A regulatory
genes domain proteins from Citrus grandis. Conserved motifs and the sequence logos were generated
using the MEME search tool. Numbers on the horizontal axis represent the sequence positions in the
motifs and the vertical axis represents the information content measured in bits, Figure S2: Relative
expression of 6 m6A regulatory genes in the fruits of ZM and GQ during various growth points,
Table S1: The detailed information of cis-elements, Table S2: The FPKM values of 26 m6A regulatory
genes in C. grandis.
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