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Abstract 

Background  Magnesium (Mg) is essential for plant growth and development and plays critical roles in physiological 
and biochemical processes. Mg deficiency adversely affects growth of plants by limiting shoot and root development, 
disturbing the structure and membranes of the grana, reducing photosynthesis efficiency, and lowering net CO2 assimila-
tion. The MGT (Magnesium transporter) family is responsible for the absorption and transportation of magnesium in plants. 
Although the MGT family has been identified in different plant species, research regarding the soybean MGT genes is limited.

Results  In the current study, a total of 39 MGT genes distributed on 17 different chromosomes were identified in soy-
bean. Phylogenetic analysis classified GmMGTs into three subgroups, NIPA, MRS2/MGT, and CorA, which showed little 
homology with MGTs of Arabidopsis thaliana and Oryza sativa members and clustered tightly with GmMGTs. Gene 
structure and conserved motif analysis also confirmed similar grouping in GmMGTs. The expansion of the GmMGT 
members in NIPA and MRS2/MGT was predicted, while CorA was identified as the most conserved group in G. max. 
Segmental duplication under purifying selection pressure was identified as the major driving force in the expansion 
of MGTs in soybean. GmMGTs showed diverse tissue-specific and stress-response expression patterns due to the pres-
ence of stress-related cis-regulatory elements in their promoter regions. Under Mg-deficiency and surplus stress 
conditions, a decrease in root length, shoot length, and root and shoot fresh as well dry weight in susceptible geno-
types showed the variegated expression of MGTs in soybean genotypes. Furthermore, the upregulation of GmMGT2 
and GmMGT29 in tolerant genotypes in response to Mg-deficiency as well as surplus stress conditions in leaves sug-
gested the essential role of GmMGT genes in the absorption and transportation of Mg in soybean leaves.

Conclusion  This study presents a comprehensive analysis of the MGT gene family in soybean, providing insights 
into their evolutionary relationships, gene classification, protein structures, and expression patterns under both Mg 
deficiency and Mg surplus conditions.
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Background
Magnesium, the second most prevalent intracellular 
cation in plants, is crucial for the growth and develop-
ment of plants [1]. Mg is involved in different cellular 
functions, i.e., photosynthesis, enzyme activation, and 
the synthesis of nucleic acids and proteins [2, 3]. Mag-
nesium’s high mobility within plants is a key reason for 
the substantial impact of magnesium deficiencies on 
plant growth and development.. Magnesium deficiency 
results into various symptoms, including chlorosis of 
mature leaf interveinal areas and a decrease in root 
and shoot growth. This also lowers the photosynthetic 
efficiency by disturbing the structure and membrane of 
the grana. Mg deficiency also has a detrimental effect 
on the allocation of carbon to sink organs and hinders 
the growth of plant roots, which has a negative influ-
ence on crop yield and quality [4–6]. A meta-analysis 
suggested that applying a reasonable amount of magne-
sium may increase the yield upto 8.5% in cereals, fruits 
and vegetables etc [7].

Based on sequence conservation, three distinct forms 
of Mg transporters i.e., Mgt A/B, Cor A (Cobalt (Co2 +) 
resistant A), and MgtE have been discovered in prokary-
otes [8]. The CorA-type proteins have been identified in 
a variety of organisms in the past i.e. yeast, plants, and 
even animals [9, 10]. The MRS2/MGT gene family, ini-
tially identified as homologues to Cor A type in plants, 
was first discovered in Arabidopsis and later in rice. Cur-
rently, extensive analysis have been undergone in various 
crops [11–13]. The identification and characterization 
of the MGT family in maize [14], Brassica napus [15], 
sugarcane [16], wheat [17], banana [18], tomato [19], 
Triticum turgidum and Camelina sativa [20] have been 
carried out in the last decade.

Investigating MGTs in soybean and exploring their 
regulatory mechanisms in response to Mg stress also 
holds great significance. This is particularly interest-
ing because soybean (Glycine max) is a crucial annual 
oilseed crop [21]. Being nutrient-rich, it has economic 
value and very large utility in agriculture as well as 
in industry. Among all plant-based protein sources, 
soybean protein has good protein content and high 
digestibility, making it a vital constituent of poul-
try and livestock feed [22]. Mg deficiency negatively 
impacts soybean growth by restricting both shoot and 
root development, which, in turn, weakens vascular 
tissues, hampering water and nutrient uptake [23]. 
Experiments have shown that Mg application improves 
soybean root, shoot, stem, and pod biomass [24]. How-
ever, most of these studies focused on phenotypic traits 
to enhance growth, nodulation, and yield in soybean 
[23–25]. However, knowledge of the regulatory mech-
anisms involved in soybean responses to Mg stress, 

particularly the role of the MGT family, are still not 
well understood. Therefore, this study aimed to expand 
our understanding of MGTs in soybean by utilizing the 
recently sequenced G. max genome. By doing so, we 
successfully identified the MGTs in soybean (referred 
to as GmMGTs) and investigated their evolutionary 
relationships and potential functions through phyloge-
netic analysis, comparative genomics, and gene expres-
sion pattern analysis.

Results
Identification and characterization of MGT family members 
in G. max, A. thaliana, and O. sativa
A systematic approach was used to explore the MGT 
genes of G. max, A. thaliana, and O. sativa in publicly 
available databases. Initially, 27 MGT genes in Arabidop-
sis and 20 MGT genes in O. sativa were retrieved. Then 
these gene sequences were blasted against the soybean 
genome in the Phytozome search tool and a total of 52 
MGT sequences were retrieved in soybean. Further, 
NCBI CDD search tool was used for the confirmation of 
MGT domains e.g., MGT/MRS, NIPA, and CorA. After 
the removal of short sequences (less than 150  bp), 24 
MGT genes in A. thaliana, 20 in O. sativa, and 39 in G. 
max were identified. The nomenclature of G. max genes 
was set as GmMGT, followed by the continuous num-
ber that represents the continuous position of the genes 
on chromosomes from 1 to 20. For example, GmMGT1 
refers to the first MGT gene located on chromosome 
1, GmMGT2 is the second gene on chromosome 2, and 
GmMGT3 represents the third gene on chromosome 2 in 
G. max.

Detailed information on the MGT genes in soybean, 
with their Phytozome gene ID, rename ID, chromosome 
number, strand orientation, gene length, CDS length, 
protein size, molecular weight, isoelectric points, and 
sub-cellular localization is presented in Table  1. In G. 
max the MGTs gene length ranged from 381  bp (base 
pairs) in GmMGT16 to 1668  bp (GmMGT34). The 
protein size of G. max ranged from 127 (GmMGT3, 
GmMGT33) to 556 amino acids (GmMGT24), the 
molecular weight ranged from 14.1  kDa (GmMGT16) 
to 62.3 kDa (GmMGT34) and their isoelectric point (PI) 
varied from 4.47 (GmMGT21) to 9.91 (GmMGT14). Fur-
ther, most of the GmMGTs were predicted in the plasma 
membrane and a few genes were present in cytoplasm 
and nuclear. i.e., GmMGT6, GmMGT10, GmMGT18, 
GmMGT28, GmMGT29, and GmMGT39 were present 
in Nucleus, while GmMGT1, GmMGT19, GmMGT20, 
GmMGT26, GmMGT27, GmMGT34 and GmMGT38 
were predicted in cytoplasm (Table 1).
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Phylogenetic Tree, Gene Structure, Motif, and Protein 
Structure Analysis
To reveal the evolutionary relationship of MGTs in G. 
max, a phylogenetic tree was constructed. The phylo-
genetic tree exhibited a distribution of MGTs in three 
distinct groups based on conserved domains e.g., MRS 
2/MGT, NIPA, and CorA (Fig.  1A). The GmMGTs 
exon–intron arrangement showed a similar pattern 
of similarity as in the phylogenetic tree. MGT genes 
belonging to different groups like MRS, NIPA, and 
CoreA showed significant variation in exon and intron 
number and arrangement e.g., GmMGT25, GmMGT27, 
and GmMGT10. However, genes lying near each other 
within a group showed a similar structural pattern with 
a similar number of exons and introns e.g., GmMGT25 
and GmMGT35 (Fig.  1B). Among GmMGTs proteins, 8 
diverse conserved motifs were recognized. These motifs 
also showed similarities in the distribution and grouping 
according to the phylogenetic tree. Five conserved motifs 
were identified in the NIPA group, while in MRS/MGT 
three conserved motifs were found. However, in the 
CorA group, no conserved motif was found. The pres-
ence of conserved motifs within a group e.g., MRS/MGT 
shows the similar functions of proteins (Fig. 1C).

The 3-D structures of GmMGTs of NIPA, MRS2, and 
CorA proteins, showed conserved domain presence in 
each of them. The conserved domains exhibited a charac-
teristic three-dimensional framework consisting of multi-
ple parallel α-helices. Notably, a significant similarity was 
observed in the metal ion and Mg2 + binding sites, along 
with the catalytic regions of the proteins. Nevertheless, 
variations in the protein sequences were observed within 
and among different groups. Among the MRS/MGT 
group, a few proteins exhibited similar 3D structures, 
while most of the genes displayed diverse structures. 
Likewise, variations in protein structure were observed 
within the NIPA and CorA members. The diverse protein 
structures in these cases likely reflect their distinct roles 
in transmembrane transport processes, adapting to dif-
ferent environmental conditions (Fig. 2).

Chromosome mapping and duplication of MGTs 
in soybean
To understand the chromosomal location and distribu-
tion of GmMGT genes in soybean, chromosomal map-
ping was performed. 39 genes of GmMGT were unevenly 
positioned on 17 chromosomes of the soybean genome. 
Chromosome numbers 2, 5, 6, 12, and 13 have the high-
est number of MGT genes. In contrast, chromosomes 1, 
10, 17, 19, and 20 have only 1 gene while no gene is pre-
sent on chromosomes 7, 9, and 18 (Fig. 3).

For a better understanding of the evolution of MGT, 
the gene duplication events in MGTs of G. max were 

explored. There were multiple duplicate copies of MGT 
genes in the soybean genome because of two whole-
genome duplication events and one whole-genome tripli-
cation, and approximately 75% of paralogues were found 
in soybean. Our results suggested that approximately 14 
segmental duplication events occurred in 39 MGT genes 
of soybean (Table 2).

Estimation of divergence time for homologs GmMGT gene 
pairs
To assess the selection pressure on MGT PGPs, Ka and 
Ks substitution rate per site per year was calculated. 
For GmMGT PGPs, the Ka/Ks varied from 0.11 to 0.46 
indicating that all PGPs of GmMGT genes have evolved 
through purifying selection pressure. T = Ks/2λ was used 
to measure the divergence time. The approximate diver-
gence time between the duplication events showed that 
duplication events occurred between 6.36 and 104.64 
MYA as shown in Table  2. Duplication of GmMGT22/
GmMGT13 occurred almost 104.64 MYA ago, which was 
far from the duplication of other PGPs of MGTs. How-
ever, the most recent duplication event among the MGT 
gene pairs in G. max occurred between GmMGT4 and 
GmMGT29, approximately 6.36 million years ago.

Putative cis‑acting regulatory elements in GmMGTs
All the identified cis-elements in GmMGTs are cat-
egorized into three groups: biotic stress-responsive 
elements, phytohormone regulating elements, and ele-
ments involved in plant growth and development. A wide 
range of light-responsive elements including the GT1-
motif, AE-box, AT1-motif, chs-CMA1a, TCCC-motif, 
GATA-motif, and many more explained in Table 3, have 
been identified in GmMGTs promoter region. TC-rich 
repeat elements participate in stress response and the 
defense mechanism of the plant was also identified. In G. 
max, multiple phytohormones are also identified in the 
MGT promoter, suggesting that GmMGTs expression is 
modulated by various phytohormones including MeJA, 
salicylic acid, gibberellin acid, abscisic acid, and auxin-
responsive elements. Four elements that fall in the plant 
growth and development category i.e., meristem expres-
sion element (CAT-box), endosperm regulating element 
(GCN4-motif ), circadian element, and zein metabo-
lism-regulating element (O2-site) were also identified. 
Detailed description of cis elements of each GmMGT 
gene is presented in Additional file 1.

Comparative Relationship of G. max MGTs with Other 
Model Plants
An neighbor-joining (NJ) tree was constructed using 
MGT protein sequences of A. thaliana, O. sativa, and G. 
max to study the comparative evolutionary relationship 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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among them. MGTs of all selected spp. were clustered 
into three groups of MGTs (MRS 2/MGT, NIPA, and 
CorA). Eighty-three magnesium transporter genes were 
identified in these species. Thirty-three genes were 
classified in group MRS 2/MGT, 39 in NIPA, and 11 in 
Group CorA. Furthermore, there was no equal repre-
sentation of the MGTs from the three species within the 
group. Group MRS contains 10, NIPA contains 09, and 
CorA contains 5 MGTs of A. thaliana, while 14, 20, and 
5 MGTs of G. max, were present in each group and 8, 10 
and 1 of the OsMGTs respectively. G. max MGTs showed 
tight clustering with each other rather than with A. thali-
ana and O. sativa (Fig. 4).

Synteny analysis of GmMGTs with Glycine soja MGTs
A dual synteny plot was constructed between G. max and 
Glycine soja a wild soybean species. A total of 29 OGPs 
were found showing that these OGPs were preserved 

during the polyploidization and evolutionary processes. 
In the synteny plotter, OGPs of G. max and G. soja were 
mostly found on the corresponding chromosome except 
for OGPs present on chromosome 6, 11, and 13 as they 
had OGPs on chromosomes 4, 13, and 11 respectively, in 
G. soja (Fig. 5).

Expressional analysis of the MGT gene family
Transcriptome data showed that GmMGTs were expressed 
in root, nodule, shoot, stem, leaf, and flower tissues. Some 
of the tissues were further categorized into different 
classes, such as flower open and unopened, leaf symbiotic 
condition, leaf ammonia, root tip, symbiotic condition, lat-
eral root, etc. The expression data showed that most of the 
genes showed variegated expression in different tissues. 
GmMGT1, GmMGT27, GmMGT23, GmMGT14, Gm 
MGT18, GmMGT35, GmMGT10, GmMGT36, GmMGT1, 
GmMGT20, GmMGT16, GmMGT25, and GmMGT2, 

Fig. 1  Phylogenetic relationship, exon–intron distribution/gene structure and conserved motifs in MGT gene family in G. max. A The phylogenetic 
tree of the MGT gene family classified into three clades/groups highlighted with different colored boxes. B The untranslated region (UTR), 
with intron and exon distribution represented by a red box, green rectangles and black hats, respectively. C Conserved motifs in MGT genes. Each 
motif is presented by a particular color

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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showed strong expression in all the studied tissues. How-
ever, GmMGT17, GmMGT11, GmMGT29, and GmMGT5 
showed weak expression in all studied tissues. Except for 
GmMGT9 and GmMGT22 which showed expression only 
in unopened flowers and lateral roots, GmMGT7 and 
GmMGT13 were in leaf symbiotic conditions. Most of 
the genes showed moderate expression in the flower open 
stage (Fig. 6).

Impact of Mg stress on shoot parameters
Analysis of variance showed that all the studied geno-
types show significant variation for the studied shoot 

parameters under different Mg stress levels (Table 4). The 
reduction in Mg supply compared to the control showed 
a reduction in most of the shoot-related traits i.e., SL, 
SH, SFW, and SDW. Under the Mg deficiency condition 
(T1 = 0.01 mM) a 17.6% decrease in shoot length (35.62 
cm ± 0.31) compared to the control (C) (43.21 cm ± 0.31) 
was recorded. The highest reduction was observed in 
the shoot length of the NARC-16 genotype, from 46.4 
cm ± 0.90 to 33.0 cm ± 0.90 (29.0%) while the Swaat geno-
type showed the lowest reduction in shoot length from 
43.0 cm ± 0.90 to 41.7 cm ± 0.90, with only a 2.9% reduc-
tion when the Mg supply was decreased.

Fig. 2  Predicted 3D Protein Structure of G. max MGTs, blue color represents group NIPA, red color group CorA and purple color represents MRS/
MGT

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 3  Chromosomal locations and gene duplication events of MGT genes of G. max (blue chromosomes). The scale on the left side 
of the chromosome is the position of the genes in metabases’, and on the right side of each chromosome, gene names correspond 
to the approximate locations of each MGT gene. Furthermore, the segmentally duplicated genes are connected by dashed lines represented 
by the black color contacting MGT Paralogues gene pairs (PGPs)

Table 2  Gene duplication analysis for the MGT gene families of G. max 

Gene 1 Gene 2 Ka Ks Ka/Ks Selection Time (MY) Duplicate Type

GmMGT7 GmMGT12 0.00 0.09 0.04 Purifying 6.93 Segmental

GmMGT19 GmMGT21 0.04 0.09 0.46 Purifying 6.80 Segmental

GmMGT22 GmMGT13 0.48 1.37 0.35 Purifying 104.64 Segmental

GmMGT4 GmMGT29 0.01 0.08 0.11 Purifying 6.36 Segmental

GmMGT8 GmMGT20 0.17 0.69 0.25 Purifying 52.92 Segmental

GmMGT2 GmMGT34 0.02 0.12 0.14 Purifying 8.81 Segmental

GmMGT30 GmMGT35 0.02 0.11 0.18 Purifying 8.17 Segmental

GmMGT17 GmMGT33 0.07 0.21 0.31 Purifying 16.04 Segmental

GmMGT24 GmMGT26 0.02 0.11 0.23 Purifying 8.03 Segmental

GmMGT9 GmMGT16 0.02 0.13 0.15 Purifying 10.08 Segmental

GmMGT6 GmMGT37 0.01 0.12 0.11 Purifying 8.92 Segmental

GmMGT28 GmMGT31 0.01 0.10 0.06 Purifying 7.74 Segmental

GmMGT10 GmMGT15 0.08 0.18 0.46 Purifying 13.48 Segmental

GmMGT27 GmMGT32 0.04 0.14 0.32 Purifying 10.46 Segmental

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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The shoot length of plants supplied with 10 mM Mg 
also showed a reduction (38.30 cm ± 0.31) from the con-
trol (43.21 cm ± 0.31), hence an 11.4% reduction from the 
control. When the Mg supply was increased/ surplus, the 
highest reduction was observed in the shoot length of the 
Malakand-91 genotype, from 37.15 cm ± 0.90 to 28.70 
cm ± 0.90 (29.0%) while genotype Swaat still showed the 
lowest reduction in shoot length from 43.0 cm ± 0.90 to 
42.25 cm ± 0.90, with only a 1.6% reduction (Fig. 7).

Similarly, a reduction of 16.7% in seedling height under 
Mg deficient conditions and 9.4% under surplus condi-
tions was recorded. The response of the genotypes was 
also highly variable. Under deficient and surplus Mg con-
ditions, the Malakand-91 genotype showed the highest 

reduction from 11.35cm ± 0.84 to 8.05cm ± 0.84 (31.1%) 
and 19.4% respectively. Rawal showed the smallest reduc-
tion of 9.9% under Mg- deficient condition while in sur-
plus Mg condition, AARI showed the smallest reduction 
in seedling height (3.5%) (Fig. 7).

Shoot fresh weight and shoot dry weight also showed 
a reduction under both stress conditions i.e. deficient 
and surplus Mg stress. In deficient Mg availability con-
dition, a 20% reduction in SFW and 21% reduction in 
SDW was recorded while in surplus Mg availability, an 
8% reduction in SFW and 15% reduction in SDW were 
observed. The Swaat genotype showed a 2.6% increase in 
SFW in response to surplus Mg availability over the con-
trol, while the rest of the genotypes showed a reduction 

Table 3  Description of putative cis-acting regulatory elements

Category Motif Function

Biotic stress ACE Cis-acting element involved in light responsiveness

GT1-motif Light responsive element

chs-CMA1a Part of a light responsive element

AT1-motif Part of a light responsive element

GA-motif Part of a light responsive element

TCCC-motif Part of a light responsive element

GATA-motif Part of a light responsive element

I-box Part of a light responsive element

TCT-motif Part of a light responsive element

Gap-box Part of a light responsive element

Sp1 Light responsive element

ACE Cis-acting regulatory element involved in light responsiveness

MRE MYB binding site involved in light responsiveness

Box 4 Part of a conserved DNA module involved in light responsiveness

ATC-motif Part of a conserved DNA module involved in light responsiveness

ATCT-motif Part of a conserved DNA module involved in light responsiveness

AE-box Part of a module for light response

G-Box Cis-acting regulatory element involved in light responsiveness

ARE Cis-acting regulatory element essential for the anaerobic induction

LTR Cis-acting element involved in low-temperature responsiveness

MBS MYB binding site involved in drought-inducibility

TC-rich repeat Cis-acting element involved in defense and stress responsiveness

Phytohormones CGTCA-motif Cis-acting regulatory element involved in the meja-responsiveness

TGACG-motif Cis-acting regulatory element involved in the meja-responsiveness

TCA-element Cis-acting element involved in salicylic acid responsiveness

GARE-motif Gibberellin-responsive element

P-box Gibberellin-responsive element

ABRE Cis-acting element involved in the abscisic acid responsiveness

TGA-element Auxin-responsive element

Growth and Development GCN4_motif Cis-regulatory element involved in endosperm expression

CAT-box Cis-acting regulatory element related to meristem expression

Circadian Cis-acting regulatory element involved in circadian control

O2-site Cis-acting regulatory element involved in zein metabolism regulation

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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in SFW as well as SDW in both Mg concentrations over 
control (Fig. 7).

Impact of Mg stress on root parameters
Analysis of variance showed that all the genotypes 
showed significant variation for the studied root 
parameters under different Mg stress levels (Table  4). 
Mean comparison of genotypes × Mg levels by LSD 
test showed different grouping among them showing 
significant interaction among genotypes and Mg levels 
(Additional file 4). Root parameters including RL, RFW, 
and RDW were reduced as compared to control under 
both Mg stress conditions (deficiency T1 = 0.01 mM 
and surplus T2 = 10 mM). However, in the Mg defi-
ciency condition, the reduction was high as compared 
to the high availability of Mg for these parameters. A 
17.6% decrease in root length (9.77 cm ± 0.223, 21.0% 

decrease in root fresh weight (0.21 mg ± 0.003), and 
38.5% decrease in root dry weight (0.03 mg ± 0.0006) 
compared to root length (11.86 cm ± 0.22), root fresh 
weight (0.26 mg ± 0.003) and root dry weight 0.04 
mg ± 0.0006 in control were observed under low Mg 
condition. When Mg availability increased/surplus a 
3.1% decrease in root length (11.49 cm ± 0.22), 11.7% 
decrease in root fresh weight (0.23 mg ± 0.003), and 
13.7% decrease in root dry weight (0.03 mg ± 0.0006) 
compared to root length (11.86 cm ± 0.22), root fresh 
weight (0.26 mg ± 0.003) and root dry weight 0.04 
mg ± 0.0006 in the control were recorded. The highest 
reduction was observed in the root length of the Swaat 
genotype which was 13.0 cm ± 0.68 to 8.75 cm ± 0.68 
(32.7%) while genotype William-82 showed an increase 
of 47.9% in root length compared to the control (8.15 
cm ± 0.68 to 12.05 cm ± 0.68) when Mg supply was 

Fig. 4  Phylogenic tree of MGT proteins. The tree was constructed in MEGA 7 using the neighbor-joining method with 1000 bootstraps. Different 
clades of trees are marked with different colors of branch lines: Clade I (purple) MRS/MIT Type, Clade II (red) CorA and Clade III (Blue) NIPA

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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decreased. William-82 also showed an increase in 
root length when Mg availability was increased (13.3 
cm ± 0.68) which is a 63.2% increase over control 
(Fig. 8).

The root shoot ratio of plants supplied with 0.01 mM 
Mg also showed a reduction (0.27 cm ± 0.007) from the 
control (0.29 cm ± 0.007), i.e., 7.8% of controls. How-
ever, when the Mg supply was increased (T2 = 10 mM), 
an increase of 6.6% was observed in the root shoot 
ratio over the control. Malakand-91, Rawal, and the 

William-82 genotypes showed an increase in R/S over 
the control (Fig. 8).

Expression Profile of Selected MGT Genes at Different Mg 
Levels in Soybean
For a better understanding of GmMGT gene function-
ing, their expression patterns in leaves at different hours 
were examined using qRT‒PCRat different levels of Mg 
applications. For this, four genes GmMGT2, GmMGT19, 
GmMGT29 and GmMGT34 were selected based on 

Fig. 5  Identified OGPs between G. max and G. soja genomes. A genome-scale dual-synteny plot between G. max (green boxes on the upper 
side) and G. soja (orange boxes on the lower side) genomes and chromosome number in green and orange boxes, respectively, with MGT genes 
represented by red lines

Fig. 6  Hierarchical clustering of expression profiles of G. max MGT genes in different tissues. These RNA-seq data were extracted from Phytozome
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expression data extracted from Phytozome. GmMGT2 
was selected because it reported the highest expression 
in all six tissues while GmMGT29 was selected because 
it reported the lowest expression in all the studied tissues 
except flower open while GMMGT19 and GmMGT34 
showed variegated expressions in all the studied tissues 
(Fig. 6).

All the genes showed positive qRT‒PCR results 
while the expression of these genes was not the same at 

different hours in different genotypes. Under control 
conditions, GmMGT2 was upregulated in AARI geno-
type at 3 h and gradually decreased at 6 h and 12 h while 
the rest of the genotypes showed a mild upregulation 
with an increase in time duration from 3 h to12 h (Fig. 9).

At T1 = 0.01 mM, the expression of GmMGT19 con-
tinuously increased in the Malakand-91 genotype 
from 0 to 6  h while in the Faisal Soybean GmMGT19 
expression was continuously increased from 0 to 12 h. 

Table 4  Analysis of variance for different seedling parameters of soybean genotypes under different Magnesium levels

DF Degree of freedom, SS Sum of square, SH Seedling height, RL Root length, SL Shoot length (cm), RFW Root fresh weight, RDW Root dry weight, SFW Shoot fresh 
weight, SDW Shoot dry weight, R/S Root and shoot ratio
*  significant at P < 0.01
**  highly significant at P = 0.000
ns  Nonsignificant at P > 0.05

Source DF Sum Square of different Studies Traits

SH (cm) RL (cm) SL (cm) RFW (mg) RDW (mg) SFW (mg) SDW R/S

Mg level 2 741.24** 74.99** 483.41** 0.03** 0.002** 0.49** 0.010** 0.009**

Genotype 8 753.46** 27.33** 717.72** 0.01** 0.003 ** 0.89** 0.007** 0.060**

Mg level × Genotype 16 176.37** 6.85 ns 161.12** 0.003* 0.00039 * 0.21** 0.002** 0.017**

Error 27 18.46 12.15 21.80 0.001 0.00020 0.04 0.0002 0.014

Total 53 1690.20 121.35 1384.14 0.045 0.00293 1.64 0.020 0.102

LSD (5%) of Mg level × Genotype 1.73 1.37 1.85 0.017 0.003 0.084 0.006 0.05

Fig. 7  Interaction plots showing significant interaction between nine soybean genotypes and 3 different Mg levels (T1 = 0.01 mM, C = 1 mM, 
T2 = 10 mM) for shoot related parameters i.e., Shoot length (SL), Seedling height (SH), Shoot fresh weight (SFW), Shoot dry weight (SDW)
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At T2 = 10  mM, when Mg supplied increased from 
control, the expression of GmMGT19 was upregu-
lated in Faisal soybean genotype at 3 h while continu-
ous increase up to 6  h was observed in Malakand-91 
(Fig.  9). The AARI genotype showed highest expres-
sion of GmMGT19 in controls at 3 h.

GmMGT29 also showed highly variable expression 
in response to Mg deficiency as well as surplus stress 
at different hours. The expression of GmMGT29 was 
upregulated under Mg deficient conditions at 6  h in 
the Malakand-91 and Faisal Soybean while the AARI 
genotype showed the highest expression of GmMGT29 
gene at 12  h. At T2 when Mg was high, GmMGT29 
was upregulated continuously at 3 h and 6 h in Mala-
kand-91 genotype while in the Faisal Soybean, it 
showed upregulation at 6 h. In AARI, GmMGT29 was 
upregulated at 12 h as compared to the control (Fig. 9).

At T1 = 0.01 mM, the expression GmMGT34 contin-
uously increased in the Malakand-91 genotype from 0 
to 12 h while in the Faisal Soybean GmMGT34 expres-
sion was highest at 3 h with T2 treatment. The AARI 
genotype showed highest expression of GmMGT34 in 
controls at 12 h when exposed to surplus Mg stress.

Discussion
Magnesium is involved in the conformational stabiliza-
tion of many macromolecules such as proteins, nucleic 
acids, cell walls, and cell membranes [26], and also main-
tains many enzymatic activities, such as polymerase, 
ATPase, ribulose-1,5-bisphosphate carboxylase/oxyge-
nase (Rubisco) and kinases [27]. However, Mg deficiency 
adversely affects the growth of plants by limiting shoot 
and root growth, which weakens the vascular tissue that 
limits water and nutrient uptake [23]. The structure and 
membranes of the grana are also disturbed by magne-
sium shortage [28]. Numerous investigations on various 
plant species have found that Mg shortages significantly 
reduce net CO2 assimilation [5].

The Mg2+ transporter gene family (CorA/MRS2/MGT) 
has been identified in the model plant Arabidopsis [13]. 
To the best of our knowledge, there are no reports of 
the MRS2/MGT gene family in soybean. However, sev-
eral gene families i.e., APX [29], CAT [29], SOD [30], 
GPX [30], GDSL [31], GRAS [32], BES1 [33], Hsf [34], 
and metal tolerance protein (MTP) [35] were identified 
and characterized in soybean after the completion of 
the soybean genome sequencing project. In this study, 

Fig. 8  Interaction plots showing significant interaction among nine soybean genotypes and 3 different Mg levels (T1 = 0.01 mM, C = 1 mM, 
T2 = 10 mM) for root related parameters i.e., Root length (RL), Root\Shoot ratio (R/S), Root fresh weight (RFW), Root dry weight (RDW)
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the identification and characterization of the MRS2/
MGT gene family in soybean were reported. In the cur-
rent study, 39 MGT genes were identified in soybean. 
The soybean MRS2/MGT family is expanded when 
compared with Arabidopsis, rice and maize which have 
10,11 and 12 members respectively [11–13]. Expansion in 
MGT gene family members as compared to model plants 
has also been reported in other species also such as 36 
genes in Brassica napus [15], 24 genes in wheat [17] 62 
genes in C. sativa, and 41 genes in T. turgidum [20]. This 
increase in gene numbers is predicted to be relegated to 
the genome size and ploidy level of a species [36]. Further 
genome duplication was also predicted as a major force 
in the expansion of gene families [37].

Phylogenetic analysis is an important tool to deter-
mine the diversity and relationships between organisms 
and genes, as well as to predict the evolutionary history 
of organisms. The evolutionary study revealed that the 
MGT members from G. max, A. thaliana, and O. sativa 
were evenly classified into 3 subfamilies, CorA, MRS2/
MGT, and NIPA. Similar results of MGT classification 
were also observed in wheat [36]. Group MRS/MGT 
and NIPA showed more extension in G. max during the 
evolution as the number of the MRS2/MGT and NIPA 
was higher in G. max than CorA. This expansion may 
be due to a series of doublings that may have occurred 
in recent eras in the MRS2/MGT and NIPA subfami-
lies. These results may be supported by comparing the 

Fig. 9  Expression pattern of selected GmMGTs (GmMGT2, GmMGT19, GmMGT29, GmMGT34) of G. max under different levels of Mg treatments 
Control = 1 mM, T1 = 0.01 mM and T2 = 10 Mm in different soybean genotypes (Malakand, Faisal, and AARI). Data depict the mean and error bars 
represent the standard deviation of nine replicates (n = 9). At T1 = 0.01 mM when Mg was deficient, the expression of GmMGT2 continuously 
increased in the Malakand-91 genotype from 6 to 12 h while in the Faisal Soybean high GmMGT2 expression was observed at 6 h. At T2 = 10 mM, 
when Mg supplied increased from control, the expression of GmMGT2 was upregulated in Malakand-91 genotype at 3 h as well at 6 h (Fig. 9). The 
AARI genotype showed a consistent expression of GmMGT2 in both controls as well as deficient conditions at 3 h
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GmMGT gene position in the phylogenetic tree with 
model plant ( Arabidopsis and rice) MGTs as prescribed 
by [16]. According to [16], GmMGT10 and GmMGT18 
were supposed to have originated in the second round 
of gene duplication while GmMGT19, GmMGT43, 
GmMGT6, and GmMGT38 were retained from the third 
round, and GmMGT30 and GmMGT33 were dupli-
cated in 4th round of gene duplication in angiosperms 
before the split of dicots and monocots. GmMGT11, 
GmMGT17, GmMGT29, GmMGT01, and GmMGT20 
were derived from the ρWGD events. The CorA seemed 
to be more conserved than both MRS/MGT and NIPA 
in G. max. GmMGT26 and GmMGT28 present in CorA 
belong to the older group of the MGT families as both 
were retained from the first round of gene duplication in 
angiosperms as genes of model plant species AT5G22830 
and Os03g068440 present in this clade were identified 
as genes that were duplicated in the first round by [16]. 
Furthermore, both these GmMGT genes were speculated 
to have more events for intron gain making them evolve 
earlier according to the ‘introns-early’ theory during the 
lengthy evolutionary process [38].

Furthermore, these identified GmMGT genes were 
not distributed evenly on chromosomes in G. max. The 
uneven distribution of GmMGT on each chromosome, as 
observed in this study, is consistent with the findings in 
other crops, such as sugarcane [16] and Brassica napus 
[15]. These uneven distributions of MGT genes may be 
the result of years of genomic evolution which caused 
chromosomes to shift in genes and gene location.

Gene duplication is the principal feature in plant evo-
lution and ultimately leads to gene family expansion. It 
may occur at single gene or whole genome level. Single 
gene duplication is further classified into four models: 
proximal duplication, tandem duplication, transposed 
duplication, and dispersed duplication [37]. Since the 
dawn of life, several new genes have evolved through the 
gene duplication process. The current study also sug-
gested that gene duplication might play an important 
role in the amplification of GmMGT gene family mem-
bers in the soybean genome. Our investigation revealed 
that segmental duplication played a key role in the expan-
sion of GmMGT genes. Ka/Ks < 1 showed that purify-
ing selection is the major selection force of the PGPs 
of MGTs in soybean. Furthermore, the approximate 
divergence time between the duplication events showed 
that duplication events in GmMGTs occurred between 
6.36 to 104.64 million years ago (MYA). Duplication of 
GmMGT22/GmMGT13 occurred almost 104.64 MYA, 
while the recently duplicated PGP of MGT in G. max was 
GmMGT4/GmMGT29.

The NIPA, MRS2, and CorA proteins share a conserved 
domain with parallel α-helices, revealing similarities in 

metal ion and Mg2⁺ binding centers and catalytic sites. 
However, sequence variations suggest distinct roles in 
trans-membrane transport, adapting to diverse envi-
ronmental conditions [20]. Cis-regulatory elements are 
important and play a crucial role in gene expression. 
MGT genes mostly react to a variety of stresses, includ-
ing those caused by hormones, growth, and develop-
ment, and biotic and abiotic stresses [17]. Multiple types 
of cis-elements predicted in the promoter region of 
MGTs of G. max are responsible for their involvement 
in biotic and abiotic stress, phytohormones, and growth 
and development.

The expression pattern of all GmMGT genes showed 
diversity in six tissues of plants. GmMGT9 and 22 showed 
expression only in unopened flowers and lateral roots 
while GmMGT7 and GmMGT13 were expressed in leaf 
symbiotic conditions. GmMGT1, GmMGT27, GmMGT23, 
GmMGT14, GmMGT18, GmMGT35, GmMGT10, Gm 
MGT36, GmMGT1, GmMGT20, GmMGT16, GmMGT25, 
and GmMGT 2 exhibited robust expression across all the 
examined tissues. This tissue-specific expression pattern 
underscores the significance of GmMGT family genes in 
governing the distribution of Mg in various tissues. Genes 
displaying specific expression in particular tissues hold 
potential for future investigations concerning their uti-
lization in genetic engineering studies. These results also 
indicated the functional conservation and divergence of 
the GmMGT  gene family as compared to the MGT gene 
families of Arabidopsis and rice where this family shows a 
constitutive expression pattern [11, 12].

Mg is the central atom of chlorophyll. It plays a vital 
role in photosynthesis, so Mg deficiency causes chlo-
rophyll shortage which results in deprived and stunted 
growth. Chlorosis and yellowish spots on leaves are the 
symptoms of Mg deficiency which first occur in older 
leaves followed by young leaves [6]. In many studies, Mg 
stress affects the root development of plants [5]. Under 
Mg-deficient conditions, root hair becomes thin with 
less root hair formation and stunted root growth [23]. In 
our studies, Glycine max plants were grown under Mg 
surplus and Mg deficient conditions to assess their Mg 
absorbance and translocation power. The plants under 
the Mg deficiency showed chlorosis of leaves along with 
stunted growth as compared to normal plants. Further 
decreases in shoot length, root length, shoot height, 
root/shoot ratio, shoot and root fresh and dry weight 
were observed. The plants under the Mg surplus condi-
tions did not show any sign of chlorosis and their roots 
were thick, had more root hairs and good root length 
while roots and root hair became very thin and showed 
poor root growth under deficient conditions. However, 
a decrease in vegetative parameters (shoot length, root 
length, shoot height, shoot, and root fresh and dry weight 
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was observed under surplus Mg conditions as compared 
to normal conditions (C = 1 mM). However, this decrease 
in surplus Mg condition (T2 = 10 mM) was less than that 
in deficient condition (T1 = 0.01 mM). Consequently, the 
1 mM Mg treatment is likely found to be sufficient to sup-
port normal growth, whereas the 10  mM  Mg condition 
appears to be an excessive concentration for photosyn-
thesis and leaf growth in soybean. Additionally, notable 
variations in vegetative responses were observed among 
the studied genotypes when exposed to both excess and 
normal concentrations of Mg. Compared with Mg nor-
mal conditions, the shoot and root parameters of Mg-
susceptible genotypes i.e., NARC-16, Malakand-91, were 
reduced under Mg surplus as well as limitation condition, 
while that of Mg-tolerant genotype, i.e., AARI, did not 
vary between treatments. It was suggested that AARI was 
more tolerant to Mg surplus as well as deficiency and that 
it may uptake and transport Mg2+ more efficiently from 
the root to the shoot than susceptible genotypes. In our 
experiment, we found similar results supported by the 
previous study [39].

Magnesium deficiency and surplus have been reported 
to affect  MGT  gene expression [18, 39] so we analyzed 
the expression levels of the MGT gene in soybean under 
deficiency as well as surplus Mg conditions. The tran-
scription of GmMGTs was detected in leaves of three 
selected genotypes of soybean at various times and treat-
ments. All the candidate genes were expressed in selected 
genotypes. However, their expression patterns varied 
across different treatments. In our study, GmMGT2 
expression was first low when exposed to stress, but with 
the increasing time, it was upregulated under the Mg 
deficiency as well as Mg excess in the Malakand-91 geno-
type. However, in genotype, AARI GmMGT2 showed 
the highest expression both in the control as well under 
both stress conditions, suggesting that under stress con-
ditions, GmMGT2 may play a vital role in the uptake and 
translocation of Mg and make AARI tolerant to both 
stress conditions. Similarly, under the Mg excess con-
dition, GmMGT29 showed very little upregulation at 
3 h and 12 h in Malakand-91, while in Faisal it was only 
upregulated at 6  h. In contrast, under both Mg stress, 
the GmMGT29 gene is upregulated under Mg stress at 
3 h and 12 h in AARI. The results suggested that under 
both stress and excess conditions GmMGT genes play an 
essential role in the absorption and translocation of Mg 
in soybean leaves as these genes are localized in plasma 
membrane. Yet, more investigation is needed on whether 
the movement of Mg goes inside or outside in leaves 
from other parts of the plant for a better understanding 
of Mg translocation in soybean under excess and stress 
conditions.

Conclusion
This study presents a comprehensive analysis of the MGT 
gene family in soybean, providing insights into their evo-
lutionary relationships, classification, protein structures, 
and expression patterns under both Mg deficiency and 
surplus stress conditions. A total of 39 MGT genes were 
identified in the G. max genome, exhibiting sequence and 
expression pattern diversity. These findings shed light on 
the structure and function of GmMGT genes. Further 
investigation is required to determine the direction of Mg 
movement within leaves from other parts of the plant, 
providing a deeper understanding of Mg translocation in 
soybean under extreme conditions.

Methods
Identification, retrieval, and characterization of MGT genes 
in soybean
The genome, CDS, and protein files of G. max (Wm82.
gnm4) were downloaded from Phytozome. MGT genes 
were retrieved using a GFF file. Further conserved 
domain analysis was performed using NCBI-Conserved 
domain database and genes having Mg domains were 
selected. The selected sequences were used for further 
analysis. We utilized the online tool ExPASy to calculate 
the relative molecular weight and theoretical isoelectric 
point of the identified MGTs. Furthermore, we predicted 
the subcellular localization of MGTs using CELLO v.2.5.

Phylogenetic, gene Structure, motif, and protein structure 
analyses
To examine the evolutionary relationship of MGT genes 
in G. max we conducted a multiple sequence alignment 
of their protein sequences. This alignment was performed 
using the Clustal Omega online tool available at EMBL-
EBI. To analyze the alignment results, we employed the 
neighbor-joining method within the MEGA7 software, 
incorporating a bootstrap value of 1000 [40, 41]. To 
refine the final dataset, any gaps and missing data posi-
tions were eliminated. The evolutionary distance was 
then calculated using the Poisson correction method, as 
described in [45]. The distribution of introns and exons 
in the gene structure was analyzed using the Gene Struc-
ture Display Server web tool. To identify conserved 
motifs, the MEME tool was employed, and a maximum 
of 8 motifs were discovered using the protein sequences. 
To predict the 3D protein structure, the SWISS-MODEL 
web tool was used.

Chromosomal mapping along with gene duplication 
and divergence time estimation of PGPs
We obtained the positional information of the GmMGT 
genes on their respective chromosomes from the gene 
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annotation file (GFF3). These positions were then visual-
ized on the chromosome using MapChart. To analyze the 
synonymous (Ks) and non-synonymous (Ka) values of 
paralogous gene pairs (PGPs), we utilized TB tools. The 
Ka/Ks ratio was employed to investigate the activation of 
codon selection throughout evolution. Additionally, we 
applied T = Ks/2λ, where λ = 6.1 × 10 − 9 for soybean, to 
estimate the probable time of the duplication event [42].

Cis‑acting regulatory elements
The upstream 2.0 kb promoter sequences, starting from 
the transcription start site of the MGT genes, were 
extracted using TBTool. To predict potential cis-acting 
regulatory elements, the extracted sequences were ana-
lyzed using the PlantCARE online web tool.

Comparative phylogenetic analysis
To perform a comparative analysis, we compared the 
MGT genes from two species, namely A. thaliana and O. 
sativa, with G. max. The protein files of the model plant 
A. thaliana were obtained from the TAIR database, while 
the protein files of O. sativa were downloaded from the 
Plaza web database. Multiple sequence alignment of the 
MGT gene family across these species was conducted 
using Clustal Omega based on their protein sequences. 
The resulting alignment was then utilized to examine 
the evolutionary relationship between G. max MGT 
genes and these model plants using the neighbor-joining 
method in MEGA7 software, with a bootstrap value of 
1000 [40, 41]. The final dataset was refined by removing 
gaps and positions with missing data. To calculate the 
evolutionary distance, we employed the Poisson correc-
tion method [45].

OGP identification in G. max and wild soybean (G. soja)
Synteny analysis of the MGT gene family was performed 
by utilizing the one step MCScanX package implemented 
in TBtools to identify OGPs. The syntenic relationship 
between the MGT gene family in wild and cultivated soy-
bean was visualized using the Dual Synteny plotter tool. 
This tool generated an image depicting the syntenic rela-
tionships between the genes in the MGT gene family.

Expression analysis of GmMGTs in six different tissues
To conduct transcriptome analysis of GmaMGTs, the 
gene IDs were submitted to the RNA sequence Atlas 
available at Phytozome. This analysis resulted in the 
generation of a table containing data for six specific tis-
sues [43]. Gene-wise expression data were normalized 
before creating a heatmap. This normalization process 
was performed using the TBtools program, which ena-
bled the visualization of the normalized expression data 
in the form of a heatmap. For a deeper understanding of 

the MGT response under Mg stress (deficiency and sur-
plus), we first studied the response of different soybean 
genotypes under different Mg levels, and then the expres-
sion of different GmMGTs was checked. Nine different 
soybean genotypes (Malakand-91, Swaat-94, NARC-16, 
NARC-2, Rawal, Ajmeri, Faisal Soybean, AARI, and Wil-
liam 82) were grown in pots filled with sand. Detail of 
theses genotypes is given in Additional file  2. Healthy 
seeds are selected based on uniformity, i.e., the same 
color, size, and shape. The raised seedling was then 
shifted in a hydroponic solution. A total of 40 uniform 
seedlings for each genotype were shifted in hydroponic 
in two replications for screening. Half-strength Hoagland 
solution was used as a nutrient source for proper plant 
growth. Three different levels of magnesium, T0 = 1 mM 
to represent control (C), T1 = 0.01 mM to represent defi-
cient or stress conditions and T2 = 10  mM to represent 
surplus/excess were used to screen soybean genotypes. 
Magnesium Sulphate (MgSO4) was used to prepare the 
solution of the desired concentration. Stress was applied 
to the seedling after 72 h of shifting in a hydroponic solu-
tion. The planting of soybean seedlings followed a com-
pletely randomized design (CRD), and two biological 
replicates were employed for the stress treatment. The 
pH of the solution was maintained in the range of 6.4–6.5 
for proper growth of seedlings. Concentrated HCl and 
NaOH solutions were used for pH maintenance. An air 
pump was used for oxygen supply to roots in a hydro-
ponic solution. Data were recorded for the following 
traits: root length, shoot length, seedling height, root/
shoot ratio, fresh root weight, fresh shoot weight, dry 
root weight, and dry shoot weight after 12 days of seed-
ling shifting in hydroponic solution. Data were recorded 
for each genotype in replication by selecting plants, and 
the average values were obtained for further analysis. To 
assess the variation in the recorded data, ANOVA was 
performed. The ANOVA calculations and assessment 
of variability among soybean genotypes were conducted 
using Statistix 8.1 software. To estimate the diversity 
among treatments, the mean comparison differences 
were determined using the Least Significant difference 
(LSD) test, which compared the mean values obtained 
from different treatments.

Transcript abundance analysis under Mg stress
Samples of soybean leaves from three selected genotypes 
(Malakand, Faisal, and AARI) were collected and stored at 
-80 ºC in the soybean laboratory after being subjected to dif-
ferent magnesium (Mg) treatments. To evaluate the expres-
sion of GmMGT genes, the leaves were used to extract total 
RNA using the RNAprep Pure Plant Kit (Tiangen, Beijing, 
China) according to the instructions provided by the man-
ufacturer. A Nanodrop ND-1000 spectrophotometer was 
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employed to determine the purity and concentration of 
the total RNA, whereas RIN was assessed using an Agilent 
2100 bioanalyzer. Following the manufacturer’s instruc-
tions, cDNA synthesis was conducted using the Thermo 
Scientific RevertAid cDNA Synthesis Kit (K1622; 100 rxns). 
For each cDNA template, quantitative real-time PCR (RT-
qPCR) was performed using Thermo Scientific Maxima 
SYBR Green qPCR Master Mix (2X) according to the 
standard protocol. The PCR amplification conditions were 
configured as follows: an initial denaturation step at 95 °C 
for 10 min, followed by 40 cycles of denaturation at 95 °C 
for 15 s, annealing at 60 °C for 60 s, and extension at 72 °C 
for 20 s in a 10 µL reaction mixture. Each sample was sub-
jected to three biological replicates. Normalization of the 
PCR results was performed by utilizing the Ct value of the 
soybean actin gene (Glyma.05G188800) as an internal con-
trol. The relative expression level of each gene was deter-
mined using the 2^−∆∆Ct method [44]. All primers were 
generated using the gene script web tool. Primer sequences 
are outlined in Additional file 3.
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