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Abstract: The membrane proteins of the magnesium transporter (MGT) family are essential to Mg
homeostasis. However, there has not been a comprehensive study of MGT in pear. The 17 MGT that
were renamed to PbMGT1-17 in this study were found in the pear genome database. Phylogenetically,
PbMGT proteins were categorized into three groups, namely NIPA, MRS2, and CorA. The majority
of PbMGT were hydrophobic proteins situated on the chloroplast, according to the characterization
study. Members of the same group shared comparable conserved motifs and gene structure, as
revealed by motif and exon/intron analysis. The application of gene ontology (GO) and cis-elements
has demonstrated that PbMGT genes exhibit a high degree of sensitivity to stressors and take part
in chloroplast development and Mg* ion transport. It was discovered by tissue-specific expression
analysis that PDMGT genes might have a role in the development of organs. The critical significance
of PbMGT was shown through comprehensive expression in five pear cultivars at various fruit
developmental stages. The PDMGT5 gene was significantly expressed throughout fruit development,
suggesting a role in the setting and ripening processes of pear fruits. For the first time, our research
brought attention to the function of PbMGT genes as they relate to fruit development. Our research is
likely to serve as an incentive for the development of pear breeding initiatives in the future.

Keywords: MGT; pear; fruit development; bioinformatics; gene family

1. Introduction

Magnesium (Mg) is an essential mineral for all living cells because it plays a role
in numerous critical cellular processes [1]. For example, over 300 enzymes, including
kinase, polymerase, and H* ATPase, rely on magnesium as a cofactor to function [2].
Furthermore, being the essential component of chlorophyll, magnesium influences both
the pace of photosynthesis and the growth of plants [3]. Mg absorption, translocation,
and cell storage are all facilitated by magnesium transporter (MGTs) genes found in
plants [3,4]. Three categories of MGT proteins, including mitochondrial RNA splicing 2
(MRS2) magnesium-binding domain, magnesium/cobalt transporter (CorA), and non-
imprinted in Prader-Willi/ Angelman syndrome (NIPA), have been identified based on
their sequence structures [5]. MGT proteins were investigated in the model plant Ara-
bidopsis [5]. The CorA protein, one of the MGTs, was initially discovered in plants and
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bacteria, specifically in Salmonella typhimurium [6]. A tripeptide conserved sequence called
glycine-methionine-asparagine (GMN) and two or three transmembrane (TM) domains at
their C-terminal ends identify the MRS2 and CorA proteins [6]. Although NIPAs’ archi-
tectures include many TM, our understanding of the NIPA class is limited [7]. The MGT
gene family has been identified and researched in a variety of plants, including Arabidopsis,
Triticum turgidum, Camelina sativa, Pyrus communis, and others, because of the significant
function that magnesium plays in plants [7]. In addition, various plant species carried out
experimental characterization of the function of recognized MGT genes.

To regulate magnesium levels, MGT genes are found in many plant tissues, such as
roots, flowers, leaves, and stems [7-10]. Research has shown that certain root-specific
MGTs, such as OsMGT1 in Oryza sativa and AtMGT6 in Arabidopsis thaliana, are involved in
magnesium uptake from the soil [11]. The AtMGT9 is a Mg transporter that moves Mg from
root to shoot tissues [12]. In addition, AtMGT5 and AtMGT9 have a role in the formation of
pollen in Arabidopsis [12]. A subset of MGT proteins is involved in intracellular magnesium
distribution and accumulation; these proteins are found in the membranes of many cellular
organelles [6]. As an example, in Arabidopsis, at least three of the magnesium transporters
(AtMGT2, AtMGT3, and AtMGT10) are responsible for vacuolar magnesium accumulation
and chloroplast magnesium homeostasis, respectively [12]. Some studies have shown that
MGTs can make plants more resistant to harmful conditions. The OsMGT1 gene was found
to assist in rice’s tolerance to salt stress. Furthermore, there is evidence that the expression
of MGT genes positively correlates with plants’ ability to tolerate aluminum (Al) stress [13].
It appears that elevating MGT activity and enhancing Mg uptake are crucial to mitigate the
harmful effects of certain ions and elements.

Among the many temperate Rosaceae fruit species, the pear stands out as an economi-
cally significant tree [14,15]. The first recorded use of it dates back over 30,000 years ago;
therefore, its history of cultivation is extensive [14]. Among the many species of pears
found in the genus Pyrus are the following: Pyrus communis, Pyrus bretschneideri, Pyrus
ussuriensis, Pyrus pyrifolia, and Pyrus sinkiangensis. The genomes of three highly representa-
tive pear species—the Chinese white pear (‘Dangshansuli’), the European pear (‘Bartlett’),
and a wild pear species (Pyrus betuleafolia, ‘Shanxi Duli’)}—have been made public [16,17].
Genome sequencing in pears lays the groundwork for future molecular biology and pear
genomics research.

Through this study, we deduced the expression patterns and evolutionary expansion
of the MGT superfamily genes present in these pear genomes. Afterward, we conducted a
screening to identify the MGT members that are necessary for pear development. Bioin-
formatic, qRT-PCR, and transcriptome analysis uncovered the candidate gene’s potential
functional involvement in pear reproductive biology.

2. Material and Methods
2.1. RNA Sequencing of 5 Pear Cultivars

A total of 35 samples’ (five species X seven stages) RNA was extracted from fruit flesh.
An Illumina standard mRNA-Seq Prep Kit (TruSeq RNA and DNA Sample Preparation
Kits version 2) was used for construction of RNA sequencing libraries. Single-end RNA-
seq data were generated with a length of 49 bp. Reads were filtered and trimmed, and
then they were mapped onto “Dangshansuli” (Pyrus bretschneideri) CDS sequences using
SOAPaligner software [18].

2.2. Identification of Isolation of MGT Genes from the Pear Genome

The BLAST algorithm in Ensembl Plants was used to query the genomes of pear
against the MGT proteins of Arabidopsis to discover all sequences related to the MGT family.
To ensure that MGT domains were present, the nonredundant sequences of MGTs were
examined using the CDD search and the Pfam database following the method of [19].
The instability index (GRAVY), isoelectric points (pI), and molecular weight (MW) of
MGTs were predicted using the ProtParam tool. This study used Plant-mPLoc (http:
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/ /www.csbio.sjtu.edu.cn/bioinf/plant-multi/#, accessed on 10 February 2024) as a tool to
determine the subcellular localization of all PbMGT genes and thier proteins.

2.3. Physical Location and Synteny of MGT Genes

Extracting gff3-files from the P. bretschneideri genome database and mapping them
to chromosomes using TBtools (Toolbox for biologists) (v0.6655) determined the PbMGT
genes’ chromosomal distribution [20]. The following criteria were used to define gene
duplication: (1) the alignment length was required to encompass more than 90% of the
longer gene; (2) the aligned region had to have an identity more significant than 90%; and
(3) for closely related genes, only one duplication event was considered.

2.4. Phylogenetic Analysis of MGT Proteins

The Arabidopsis and pear MGT amino acid sequences were utilized to construct a
phylogenetic tree. The initial stage was aligning all sequences using Clustal-Omega, a
multiple alignment program [21,22]. After that, the results of the Clustal-Omega were sent
to the IQ-TREE website http:/ /igtree.cibiv.univie.ac.at (accessed on 10 February 2024) to
estimate the phylogenetic relationships of MGTs by employing the maximum likelihood
(ML) approach with a total of 1000 bootstrap replicates. Finally, the iTOL version 5 tool
was used to create the phylogenetic tree of MGT proteins [23].

2.5. Gene Structure and Conserved Motif Analysis

The P. bretschneideri sequencing database was queried for details regarding the PbMGT
gene family, such as accession number, chromosomal location, ORF length, and exon-intron
structure. The Gene Structure Display Server (http://gsds.cbi.pku.edu.cn/, accessed on
12 February 2024) generated each gene’s exon, intron, and UTR (untranslated region)
distribution patterns by comparing the P. bretschneideri genome with CDS. Using the
following parameters, the MEME tool (http://meme-suite.org/index.html, accessed on 14
February 2024) was used to examine the PbMGT protein motif. Each sequence must only
include one motif instance, with a maximum of one occurrence per site. Ten motifs were to
be discovered, and their breadth may be anywhere from six to one hundred. The software
TBtools (Toolbox for Biologists) (v0.6655) was used to visualize these motifs [20].

2.6. Interactive Protein Partners

To build the network of protein—protein interactions between pear MGTs, the se-
quences of all MGTs were uploaded to the STRING v11.5 database https:/ /cn.string-db.
org/, accessed on 14 February 2024. The maximum number of interactors was set to
5 for the first shell, and for the second shell, it was set to 10. Lastly, Cytoscape v3.8.2
(https://cytoscape.org/, accessed on 10 February 2024) was used to depict the interac-
tion networks.

2.7. Gene Ontology Analysis of POMGT Genes

Additionally, PbMGT protein sequences were analyzed using the GO tool Blast2GO
(Version 2.7.2) (http:/ /www.blast2go.com) (accessed on 3 February 2024) [24]. By repeating
the steps outlined in earlier research with [25], we were able to reassemble the three
categories into which the cellular component GO categorization, molecular functions, and
biological processes fell.

2.8. Promoter Analysis of POMGT Genes

Each MGT gene’s upstream region (1500 bp of ATG) in pear was screened using the
PlantCARE [26] approach to identify the known cis-regulatory elements involved in growth,
hormone response, and stress. The last step was to classify the cis-regulatory components
based on their roles. The tool is referenced as [20].
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2.9. Prediction of Targeted miRNAs

The genome sequences of 17 PbMGT genes were compared to miRNA sequences
from the psRNA Target Server (https://www.zhaolab.org/psRNATarget/) (accessed on 2
February 2024) using the default parameters to predict miRNA [27]. Next, we followed
the identical steps as our earlier work and ran the interaction through Cytoscape (https:
/ /cytoscape.org/) (accessed on 2 February 2024). Finally, we utilized Adobe Illustrator to
improve visualization.

2.10. Prediction of 3D Protein Structures

The 3D configuration of the PbMGT1 and PbMGT?2 proteins was acquired using the
Phyre2 server, following the methodology outlined by [28]. The proteins underwent water
molecule exclusion using Accelrys Discovery Studio v4.1 software and were subsequently
visualized using pyMOl], following the methodology outlined by [29].

2.11. Microarray Expression Analysis of PbOMGT Gene Family

The tissue-specific expression data was retrieved from our RNA-seq library. To inves-
tigate the expression patterns of the PbMGT gene family in P. bretschneideri, the researchers
consulted five RNA-seq datasets released by [18], including Pyrus bretschneideri (Pbr), Pyrus
communis (Pco), Pyrus pyrifolia (Ppy), Pyrus sinkiangensis (Psi), and Pyrus ussuriensis (Pus).
Fruit-setting (15 DAB, period 1 [S1]), physiological fruit-dropping (30 DAB, period 2 [S2]),
fruit rapid enlargement (55 DAB, period 3 [S3]), a month after fruit enlargement (85 DAB,
period 4 [S4]), premature (115 DAB, period 5 [S5]), mature (varies by species, period 6 [S6]),
and fruit senescence [S7] were collected in the transcriptomes. The parameters generated a
heatmap using the log2(fold change) transformed values of each gene in the PP MGT family
and the FPKM (fragments per kilobase of transcript per million fragments mapped) value
for each gene. The distance measurement method used was Pearson correlation coefficient.
The clustering method used was average linkage.

2.12. Statistical Analysis

The criterion for significantly differential expression was chosen at |log2(fold change)| > 1.5
and p-value < 0.005. Expression data were processed, grouped, and presented using TBtools
(Toolbox for biologists) v0.6655 [20].

3. Results

An extensive search of the Arabidopsis thaliana (AtMGT) protein sequence was con-
ducted to retrieve the PbMGT genes stored in the pear database. After repetitive and
duplicated sequences were removed, 17 PbMGT genes were identified for additional exper-
imental and bioinformatic study (Table 1). Measuring the deduced protein length using the
Protpram service showed that PbMGT ranged in size from 175 bp (PbMGT15) to 497 bp
(PbMGT12). PbMGT1 had the highest molecular weight (55.14 kDa), while PbMGT15 had a
lower weight at 19.97 kDa. The isoelectric point (pl) values of the PbMGT protein sequence
varied between 4.55 (PbMGT6) and 8.77 (PbrMGT10). According to subcellular localization,
PbMGT genes were distributed in different organelles, such as the nucleus, chloroplast,
and cell membrane.

Table 1. PbMGT gene family obtained from P. bretschneideri genome database.

Locus ID Gene Chr. Start End No. AA MW (kDa) PI SL
Pbr035629.1 PbMGT1 5 11530499 11533234 499 55.14 4.95 Nucleus
Pbr025298.1 PbMGT?2 5 19052560 19055228 454 50.32 5.22 Nucleus
Pbr026553.1 PbMGTS3 8 4019326 4022927 463 52.08 8.38 Chloroplast
Pbr026552.1 PbMGT4 8 4025306 4029889 465 51.96 5.77 Chloroplast
Pbr009062.1 PbMGT5 10 10014987 10017700 407 45.22 4.71 Nucleus
Pbr018771.1 PbMGT6 10 15755036 15756903 301 33.22 4.55 Nucleus



https://www.zhaolab.org/psRNATarget/
https://cytoscape.org/
https://cytoscape.org/

Horticulturae 2024, 10, 333 50f18

Table 1. Cont.

Locus ID Gene Chr. Start End No. AA MW (kDa) PI SL
Pbr029967.3 PbMGT7 13 4534375 4536674 432 48.69 5.35 Nucleus
Pbr014721.1 PbMGTS8 13 5286444 5292607 397 4421 4.85 Chloroplast
Pbr018319.1 PbMGT9 14 9847472 9851439 463 52.35 5.05 Nucleus
Pbr003194.1 PbMGT10 15 41303362 41306863 464 52.12 8.77 Chloroplast
Pbr001806.1 PbMGT11 16 9145142 9149449 422 Undefined  Undefined Nucleus
Pbr036745.1 PbMGT12 Scaffold732.0 29832 38286 497 54.97 497 Nucleus
Pbr039912.1 PbMGT13  Scaffold868.0 54166 57561 478 53.48 7.31 Chloroplast
Pbr039915.1 PbMGT14  Scaffold868.0 96276 99671 478 53.48 7.31 Chloroplast
Pbr040583.1 PbMGT15  Scaffold899.0 81130 82089 175 19.97 4.99 Cell

membrane
Pbr040585.1 PbMGT16  Scaffold899.0 100391 103310 478 53.70 8.03 Chloroplast
Pbr040588.1 PbMGT17  Scaffold899.0 140233 143150 464 52.06 7.32 Chloroplast

Chromosome: Chr, Amino Acid: AA, Molecular Weight: MW, Isoelectric Point: PI, Subcellular Location: SL.

3.1. Domain Organization of PbMGT Proteins

The Pfam and smart domain databases were used to identify the conserved domain
of PbMGT proteins. Based on the obtained results, all the PbMGT proteins consist of the
highly conserved Mrs2_Mfm1p-like domain (Figure 1). The size of the domain ranges from
350 to 400 bp in length, covering almost the entire protein sequence of PbMGT proteins.

Mrs2_Mfm1p-like

POMGTS — (. D)
POMGT4 — (D
PHMGT6 ——— (D
POMGTI) —— D
POMGT] — (D
peeep PDMGT 15 comme( )

PbMGT14

] _E:PI)MGTIS
PbMGTI11
_E: PbMGTS
POMGTS

_E: PbMGT2
> PPMGTT — O D————
L Ve — T ——

PbMGT1
PbMCGT6

Figure 1. Schematic representation of conserved domain in PbMGT proteins.

3.2. Chromosomal Localization

The pear genome database was used to establish the chromosomal position of the
PbMGT gene family, and then the figure was made with the help of Tbtools (Figure 2). The
findings revealed that the pear’s POMGT genes were dispersed across its chromosomes.
Chromosomes 14, 15, and 16 each accounted for a single gene. All the other chromosomes
possessed a majority of two genes on their arms. Several PbMGT genes were positioned on
scaffold chromosomes.
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Figure 2. Physical mapping of PbMGT genes on the chromosomes of pear.

3.3. Phylogenetic Analysis

The phylogenetic analysis sheds light on the evolutionary composition of pear MGT
genes by analyzing their protein sequences (Figure 3. Categorically, the PbMGT together
with AtMGT genes are classified into three groups (MRS2, CorA, and NIPA), with MRS2
and NIPA having the largest number of genes (10 genes). The CorA group was recorded
with the least number of genes, with six genes from pear and Arabidopsis.

MRS2

Figure 3. Phylogenetic analysis classified MGT proteins from different plant species into three
subgroups based on complete protein sequences. All MGT proteins were highlighted in red (NIPA),
yellow (CorA), and green (MRS2). Protein sequences of pear and arabidopsis were used to draw the
phylogenetic tree using neighbor joining model.
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3.4. Synteny Analysis of PbMGT Genes

Synteny links between the pear and Arabidopsis genomes were also examined to
determine the likely roles of the PDMGT genes. In the Arabidopsis (~60%) and pear (~76%)
genomes, all the PPMGT genes had synteny links, as shown in Figure 4. During genome
evolution, the pear chromosomes’ close evolutionary links and extensive rearrangement
events can be demonstrated by these comprehensive synteny relations at the gene level.

PhMGry

o
~
=~
<
<

\’h,\\c'v‘ ®

r
PbMGTE

Pm";, 5

»
bvl/,',,,&

‘%m% %
e o3
z
g = 2
g e

Figure 4. Syntenic analysis of pear MGT and arabidopsis MGT proteins. Rainbow grey scale parameters

were set to draw the Circos plot. Purple ribbons indicate a collinear relationship among the blocks in
the whole genome, and red ribbons show PbMGT paralogs. Green color ribbons represent segmentally

duplicated genes.

3.5. Gene Structure and Conserved Motifs Analysis

To comprehend the structural elements of the PbMGT gene family, the whole CDS and
genomic sequences were obtained from the pear genome database (Figure 5). The PbMGT5
and PbMGT?2 contain the highest number of exons with a total of 11 exons. The majority of
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PbMGT genes accounted for four exons, at least. Similarly, the highest number of PbMGT5
and PbMGT2 holds the highest number of introns on their genomic structure. The PbMGT4,
PbMGTS, PbMGT10, and PbMGT12 were the only genes with UTR (upstream/downstream)
on their genomic region.

POMGT3 @ — - o =

PHMGT4 @@ Fw" O—CE»

POMGT16 QUED—0- . )

POMGT10 QRO —E———————————a—ane

POMGT!? D —C _ D

PbMGTIS @—aid

_ PHMGT14 DD == ==

POMGTI3 QU — - i)

POVIGT G — .- - _——

POMGTS QD O ———O— 0 .. . — _——

POMGTS (1l i )

POMGT e e e e

POVGT7 QS ——O—i-E—-a0

PHMGTY - -

e . ——

PHVGTI2 QG o — - —

POMGT6 @ @i ——— D
5! 3!
1 1 1 1 ] ] ] ] |
Okb 1kb 2kb 3kb 4kb 5Skb 6kb 7kb 8kb

Legend: @ CDS @ upstrean/ downstream wess  Intron

Figure 5. Locations and lengths of the exons and introns of PbMGT family genes are depicted with
exons as filled orange sticks, introns as thin black lines, and UTRs as green bars at the ends. The gene
structures were illustrated using the GSDS online database.

Ten conserved motifs in the amino acid sequence of PbMGT genes were discovered
using MEME analysis (E-value > 1.2 x 10 — 221) (Figure 6). Motif 9 was recorded in all
the PbMGT proteins except PbMGT6 and PbMGT15. Motif 10 was present in PbMGT3,
PbMGT4, PbMGT16, PbMGT10, PbMGT17, PbMGT14, and PbMGT13 but missed out in
other PbMGT proteins. Motif 1 was recorded in all the PbMGT proteins.
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PbMGT17 - |0_..-_- 2 48 _-_ B - Motif3 CDLPFEFQALEVALEVVCTYLDSSVAELEREAYPVLDELAS
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Figure 6. Conserved motif analysis of PboMGT indicates 10 predicted motifs identified by the MEME
database online and visualized by Tbtools software V2.069.

3.6. Gene ontology Enrichment Analysis

To have a better grasp of the possible roles played by specific gene families before
conducting wet lab experiments, gene ontology (GO) analysis is commonly employed. The
protein sequences were used to analyze the GO enrichment terms of the PbMGT genes
(Figure 7). As is obvious from the name, PbMGT genes are highly involved in Mg ion
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transmembrane and transporter. The prominent biological processes, such as chlorophyll
biosynthesis and leaf senescence, are the hallmarks of PbMGT proteins. Other key features
of PbMGT proteins are stomata regulation and ATPase activity (Figure 7).

. -Log10_Qvalue
Mg ion transmembrane -

25

Chlorophyllide a oxygenase activity = 2.0

i 1.5
8-amino-7-oxononanoate synthase -

1.0

Cellular processes = 0.5

0.0

Metal ion transporter activity - o

Leaf senescneces - ‘ . 7

@
Chlorophyll biosynthesis = . ‘ 1
Divalent metal ion transporter - ‘ ‘ 13

15
ATPase-coupled xenobiotic - ‘

17
Stomata regulation - ‘ .

1 1 1 1 1 1 1
0.02 0.025 0.03 0.035 0.04 0.045 0.05

Figure 7. Gene ontology analysis of PbMGT genes shows the distribution of various biological,
molecular, and cellular processes.

3.7. Protein—Protein Interaction

The protein interaction network drawn from the String online database provides
ample clues regarding the posited interacted roles of PbMGT proteins (Figure 8). For
instance, our reference protein PbMGT1 displayed strong interaction with LTP14 (Lipid
transfer proteins14), and an array for MGT proteins. Other prominent interactive members
include HIPP28. HIPP28 is from Arabidopsis plant protein with a heavy metal domain and
isoprenylation motif. The MHX gene encodes an Mg?* /H* exchanger and also displays
strong interaction with our reference protein (Figure 8).
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T19C21.23
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MRS2-1
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F&mi],s;! G
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Figure 8. Interactive protein network of PboMGT. All the PbMGT proteins were used as reference
which displayed interaction with numerous other key proteins.

3.8. D Protein Structure of POMIGT

With a confidence level of over 90%, the three-dimensional structures of the MGT
protein were predicted, and their possible active sites were also shown. In all MGT, CorA-
like, and NIPA proteins, the three-dimensional structures of MGT proteins showed a
characteristic frame with many parallel 3-turns and o-helices. Here, we provided the 3D
model of PbMGT1 and PbMGT?2 to understand their structural characteristics (Figure 9).
The findings suggest that these proteins have a common structural feature. The PbMGT1
and PbMGT?2 proteins show a high degree of homology, particularly in their catalytic sites
and areas that bind metal ions, despite some discernible sequence differences (Figure 9).
protein structure analysis (ProSA) results showed that each protein model had sections
with a significant rate of residues with the lowest energy, verifying the modeling quality in
diverse parts of these proteins.

PbMGT1 PbMGT?2

Figure 9. Three-dimensional protein homology of PbMGT1 and PbMGT?2. The Expasy server was
used to draw the 3D protein structure. Protein—protein docking, and hydrogen bond interactions
observed in the binding interface region of PbMGT1 and PbMGT2 by molecular docking technique.
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3.9. Cis-Acting Elements of Promoter Region PbMGT Genes

The PLANTCARE online database was used to retrieve and analyze the 1.5 kb pro-
moter region of PbMGT genes upstream of ATG (start codon) to understand transcriptional
regulation. Many cis-elements associated with growth, stress, and hormonal control were
detected (Figure 10). For example, the PbMGT1 has the highest number of hormonal-
responsive cis-elements followed by general stress-related elements. Other members of
the PbMGT gene family displayed an almost similar pattern in terms of cis-elements distri-
bution (Figure 10). The presence of MYB, ABRE, and drought-responsive cis terms in the
upstream region can be coordinated with the stomatal regulation GO terms (Figure 7) of
PbMGT genes.

Cis-elements . Drought responsive

. Stresses

50 -
. myB
404 . GA responsive elements
. TGA
354 SA responsive elements
ABRE
30+
254
201
15+
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54
0 L] ‘l L] L] Ll L] L] L] L] L] T L] T T l‘ L] L]
P OLLELDRQASDL O SEES
O OIS
P FFFIFIFTELFEELEEE

Figure 10. cis-acting elements presented in the 2KB upstream region of PbMGT genes. Various
categories of cis-elements were retrieved, and the picture was drawn on GraphPad Prism.

3.10. Predicted Targeted miRNAs by PbMGT Genes

We blasted the downloaded sequences of all pear miRNAs against the CDS sequence
of PbMGT genes to predict the target miRNAs cleaved to those genes. Our miRNA library
includes several PbMGT genes, including PbMGT7, PbMGT1, PbMGT3, PbMGTS, and
several others (Figure 11). Prominent miRNA families, such as miR164 and miR169, were
cleaved to PbMGT7. Other critical miRNA families include miR156, miR172, miR173,
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miR414, and miR854 (Figure 11). These miRNAs are, by and large, driving a significant
number of biological processes in plants.

Figure 11. Predicted targeted miRNAs cleaved by PbMGT genes. Cytoscape was used to draw the

miRNAs-gene network. The PDMGT genes are represented with green color, whereas the red circles
represent targeted miRNAs.

3.11. Spatial Expression of POMGT Genes

Using the RNA-seq data, we examined the expression of PbMGT genes in various
organs of P. bretschneideri (Figure 12). The tissue that was used to assess the expression of
PbMGT genes included stem, leaves, buds, fruit, ovary, and sepals and petals. Most PbMGT
genes displayed lower expression patterns in all the vegetative tissues except the PbMGT9.
The PbMGT9 showed higher expression in the stem. In reproductive tissues, the PbMGT
genes exhibit varied expression patterns. For instance, the PbMGT3, PbMGT7, PbMGT9,
and PbMGT10 have higher expression in all the designated reproductive tissues. Other
PbMGT genes demonstrated lower expression in the reproductive tissues (Figure 12).
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Figure 12. Heatmap of PbMGT gene family transcript expression profiles from Pyrus bretschneideri
RNA-seq data. Each column’s colored boxes show gene expression relative to logy (fold change).
Data were obtained from the stem, fruits, ovary, leaf, bud, petal, and sepal. Levels of expression are
displayed as red for higher and blue for lower. The Tbtools program was used to create the heatmap.
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3.12. Expression of POMGT Gene Family in Five Pear Species

Five different pear cultivars were utilized in this study, including Pbr (Pyrus bretschnei-
deri), Pco (Pyrus communis), Ppy (Pyrus pyrifolia), Psi (Pyrus sinkiangensis), and Pus (Pyrus
ussuriensis). Further investigation on the expression of PbMGT genes was conducted. Sam-
ples were obtained at specific time points during the growth and development of the fruit.
We found several genes highly expressed at various phases of fruit development. In all five
pear cultivars tested, for instance, the PbMGT1 had a high mRNA level at S1-S7 (Figure 13).
At S51-57, the PbMGT4 and PbMGT5 were substantially expressed, following a similar
pattern. The majority of the PbMGT genes displayed constant expression trends in all five
species, mirroring their conserved functional role (Figure 13). Among the five pear species
(Pbr, Pco, Ppy, Psi, and Pus), the PbMGT5 stood out for its consistently high expression
pattern from S1 to S7 in fruit development.
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Figure 13. Transcript expression profiles of the PbMGT gene family visualized as a heat map using
RNA-seq data, including (A) Pyrus bretschneideri (Pbr), (B) Pyrus communis (Pco), (C) Pyrus pyrifolia
(Ppy), (D) Pyrus sinkiangensis (Psi), and (E) Pyrus ussuriensis (Pus). Seven developmental stages
were collected, including fruit-setting period at 15 days after full blooming (15 DAB, period 1 [S1]),
physiological fruit-dropping stage at 30 DAB (period 2 [S2]), fruit rapid enlargement stage at 55 DAB
(period 3 [S3]), a month after fruit enlargement stage at 85 DAB (period 4 [S4]), premature stage at
115 DAB (period 5 [S5]), mature stage (duration varies by species, period 6 [S6]), and fruit senescence
stage (period 7 [S7]). Tbtools software generated the heatmap. The red boxes indicate increased gene
expression, while the blue boxes represent decreased gene expression.
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3.13. Graphical Representation of POMGTS5 in Pear Tissues

Following its high expression in all five pear species, we draw a visual depiction of
PbMGTS5 expression in pear tissues (Figure 14). As shown in the model (Figure 14), the
PbMGT5 gene showed significant expression levels throughout the pear life cycle. Given
this, PbMGT5 could be utilized as a marker to study its function in fruit development when
exposed to magnesium stress.
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Figure 14. A schematic showing the distribution of PbMGT5 expression in various Chinese white
pear tissues. Various organs’ names are shown. The white grey indicates modest expression, while
the dark red indicates high expression.

4. Discussion

Magnesium (Mg) is involved in photosynthetic and metabolic processes and is a fun-
damental ingredient for plant growth and an essential cofactor [30,31]. A necessary role of
magnesium transporters (MGTs) is the transfer and maintenance of magnesium concentra-
tions in different cellular and organelle tissues [32]. Herein, we identified 17 PbMGT genes
in the pear genome and conducted numerous bioinformatics and expression analyses.

4.1. PbMGT Are Widespread in Pears

The majority of the genes featured the conserved Mrs2_Mfm1p-like motifs (Figure 1).
According to [7], these motifs are crucial for MGTs” magnesium transport activities. Some
plant species have more MGTs than others because of evolutionary processes, including
duplication and polyploidization [5]. In addition, the investigated species showed nearly
identical physicochemical traits and gene structures, lending credence to this theory. The
NIPAs demonstrated a notable distinction from the other two subclasses of MGTs, which
were MSR2 and CorA, respectively. For example, the NIPAs were anticipated to be stable
proteins. Furthermore, the NIPAs were anticipated to be hydrophilic proteins using GRAVY
as a solubility index [3]. Due to their distinct architectures, additional research into the
functional analysis of NIPA classes in plants is required to fill the gaps in our understanding
of their roles. In addition, the number of exons varied among MGT family members,
particularly in the NIPAs, according to the gene structure study (Figure 5). Variation in the
number of exons influences post-transcriptional processes like alternative splicing, which
in turn increases the diversity of a gene’s coding protein [4,7]. Genes that have fewer exons
are better able to respond quickly to stress and thus are more important in the process of
adjusting to harsh environmental conditions [33]. The MGT gene family members can be
grouped into three primary categories based on phylogenetic study; orthologous NIPAs
showed more diversity than CorA and MSR2. Compared to CorA and MSR2, the NIPAs’
evolutionary mechanisms seemed unique (Figure 3).
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Genomic analysis of PPMGT genes revealed an unequal distribution of these genes
across the chromosomes of the pear genome (Figure 2). On specific chromosomes, however,
the genes belonging to the various subfamilies are clustered unevenly. Genes belonging to
the same subfamily could be located on different chromosomes, which indicates a distinct
relationship between the structure and function of subfamilies [33].

4.2. PbMGT Participates in a Wide Range of Biological Activities

Our findings show that the PDMGT gene family responds to abiotic stressors, binds
ions, and transports metals. For example, in GO analysis, ion homeostasis (Figure 7)
determines the outcome of the body’s natural reaction to abiotic stresses and is directly
impacted by most PbMGT genes [33,34]. This data points to the importance of PbMGT genes
in regulating pear plant growth in controlled and stressed environments. Any molecular or
biological process occurring within a plant cell relies on cis-acting elements [35-37]. Here,
cis-elements associated with hormones, stress, and growth were found in the promoter
region of the PbMGT genes (Figure 10). This category includes essential hormone-regulating
elements ABRE, the TGA element, and stress-related elements like MYB, MYC, STRE, LTR,
and MBS (Figure 10). This suggests that PbMGT genes are sensitive to stress and may
provide a biomarker for creating plants that can withstand such conditions.

New developments in plant biotechnology have revealed a family of tiny regulatory
RNA molecules known as microRNAs (miRNAs), which might be the key to unlocking
these mysteries [27,38]. miRNAs are class of post-transcriptional gene regulators that play
an important role in plant development and growth regulation by influencing the expres-
sion of specific genes [39]. Several members of PbMGT were cleaved to a series of miRNAs
that furthered their involvement in key developmental processes. For instance, Our gene
PbMGT7 cleaved to miR169 and miR164, whereas PbMGT1 cleaved to miR172, miR173, and
miR414 (Figure 11). Enhanced adventitious root production in tobacco (Nicotiana tabacum
L.) and apple (Malus domestica) was observed in the silenced MdORE1 and overexpres-
sion of mdm-miR164b plants [40]. Evidence from genetic transformations in Arabidopsis
lends credence to claims that grape vvi-miR164b is involved in many root development
processes [41]. Reduced miR172 expression may be linked to enhanced Fe deficiency stress
tolerance in citrus plants [42]. As a negative regulator of drought tolerance, miR169 and
its targets (Nuclear TF Y subunit alpha, AtNFYA1, and NFYA5) decrease the expression
of drought responsive genes [43]. Overall, the MGT gene family has been studied less in
rosacea species and, therefore, needs extensive research to understand their functional role.

4.3. Pear Reproductive Biology Alters by PbDMGT Genes

The crop yield is determined by the anticipated progress of two crucial stages of repro-
ductive biology, which include flower and fruit development. By interfering with metabolic
and cellular processes, heavy metals can impact fruit and flower growth [33,44-46]. How-
ever, manipulating other factors like nutrients and hormones can reshape their involvement
in the reproductive stages. The development of flowers and fruits is mainly regulated by
hormones [47,48]. Furthermore, nutrients are critical for the plant’s overall health, which
controls its reproductive processes [49-51]. The high expression of various PbMGT genes
during multiple phases of fruit development in distinct pear cultivars was the subject of our
study (Figure 13). The PbMGT1 had a high mRNA level at S1-S7. Substantial expression
of PbMGT4 and PbMGT5 followed a comparable trend at S1-S7. The PbMGT5 could be
used as a marker to explore its role in pear subjected to magnesium stress. The soil toxicity
puts a lot of pressure on fruit orchards. For instance, following exposure to aluminum,
the expression levels of all VoMGTs genes exhibited an up-regulated pattern over time,
with the exception of VoMGT2, which showed a reduction in expression. This implies that
the reaction mechanism of the VoMGT?2 gene to aluminum may differ from that of other
members [5]. This suggests that MGT genes may play a significant role in preserving the
reproductive growth of plants in soil that has been damaged by heavy or light metals [52].
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To prevent heavy metal damage throughout the flowering and fruit development stages,
these biological molecules (PbMGTs) can be beneficial.

5. Conclusions

The pear genome database was searched, and 18 PbMGT genes were found. The
phylogenetic study classified these genes into three distinct groups, namely NIPA, MERS2,
and CorA. GO and cis-acting elements of PbMGT genes were involved in growth, reproduc-
tion, and stress biology. The results of the interacting protein study showed that PbMGT
might control critical reproductive and developmental processes when paired with other
proteins. The involvement of PbMGT in processes associated with growth was made ap-
parent by their gene expression in various tissues. Their significance in controlling fruit
developmental processes is further shown by the detailed expression of PbMGT genes in
five pear cultivars. Although important in silico components and expression-based studies
shed light on several features of PbMGT, their significance in fruit development should be
further clarified by functional characterization of a couple of genes, PbMGTY5 in particular.
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