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Abstract 

Background  Selenium (Se) deficiency poses significant health risks to human populations globally, necessitating 
effective biofortification strategies. Amaranth (Amaranthus retroflexus), a nutrient-dense vegetable with demonstrated 
capacity for Se accumulation in seleniferous soils, represents a promising biofortification vehicle. Critically, arbuscular 
mycorrhizal fungi (AMF) enhance rhizospheric Se mobilization, yet their synergistic effects on plant energy metabo-
lism remain unexplored.

Results  This pot study investigated the influence of exogenous selenium (Se) treatment on energy metabolism 
in amaranth colonized by the arbuscular mycorrhizal fungus Glomus mosseae. Using LC–MS/MS-based targeted 
metabolomics with OPLS-DA and KEGG analysis, we identified 14 differentially expressed metabolites (8 up-/6 down-
regulated) in Se-exposed plants. These metabolites mapped to glycolysis, TCA cycle, pentose phosphate pathway, 
electron transport chain, and amino acid/pyruvate metabolism. Activity assays of key enzymes, including PGI, SDH, 
G6PDH, 6PGDH, and CCO, revealed potential multi-pathway perturbations in energy metabolism under Se treatment.

Conclusions  Based on these results, it can be concluded that selenium addition significantly affected amaranth 
energy metabolism.
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Graphical Abstract

Introduction
Selenium (Se) is an essential trace element for humans, 
with deficiency linked to various diseases and impaired 
immune function [1, 2]. While dietary supplementation 
can mitigate Se deficiency, plant-based biofortification 
offers a sustainable strategy to enhance Se intake through 
agronomic practices [3, 4]. This approach, however, is 
constrained by the biphasic effects of Se on plants. Mod-
erate concentrations can enhance antioxidant defenses, 
whereas excessive levels cause phytotoxicity, manifested 
as growth inhibition and oxidative damage. These dose-
dependent responses highlight the importance of spe-
cies-specific optimization.

Amaranthus retroflexus, a nutrient-dense leafy vegeta-
ble rich in essential amino acids, vitamins, and lipids [5, 
6], has emerged as a promising candidate for Se bioforti-
fication due to its capacity to accumulate Se when culti-
vated in Se-enriched soils [6]. Recent studies have shown 
that arbuscular mycorrhizal fungi (AMF) further enhance 
Se uptake in crops such as wheat, maize, and rice [7–10]. 
For instance, inoculation with Glomus mosseae enhanced 
shoot selenium accumulation in selenite-treatment maize 
[8], while co-application of AMF and selenium facilitated 

the biotransformation to organic selenium species in rice 
grains [9].

Plant nutrient uptake often involves active transport 
processes that require substantial energy expenditure. 
A critical knowledge gap remains in understanding how 
Se affects plant energy metabolism, which is funda-
mental to growth, stress responses, and biofortification 
efficiency. Respiration, a central component of energy 
metabolism, encompasses the Embden–Meyerhof–Par-
nas (EMP) pathway, the tricarboxylic acid (TCA) cycle, 
the cytochrome pathway, and the pentose phosphate 
pathway (PPP) [11, 12]. Key enzymes such as phospho-
glucose isomerase (PGI, glycolysis) [13], succinate dehy-
drogenase (SDH, TCA cycle) [13, 14], and cytochrome 
c oxidase (CCO, electron transport chain) [14] regulate 
energy flux, while glucose-6-phosphate dehydrogenase 
(G6PDH) controls PPP activity [15]. Although evidence 
indicates that Se influences plant growth and redox bal-
ance, its impact on respiratory pathways and energy 
homeostasis remains largely unexplored.

Given that nutrient uptake in plants depends on 
energy-intensive active transport, we hypothesize that 
Se absorption in amaranth is energy dependent. This 
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study investigates the effects of Se treatment and AMF 
inoculation on energy metabolism in A. retroflexus. 
Using targeted metabolomics, we characterized shifts in 
energy-related metabolites and pathways. By elucidat-
ing how Se modulates respiratory metabolism, this work 
aims to advance the mechanistic understanding of Se–
plant interactions and provide insights into optimizing Se 
biofortification while maintaining plant vigor. These find-
ings are expected to inform sustainable production of Se-
enriched vegetables and to bridge agronomic practices 
with human nutritional needs.

Materials and methods
Preparation of the tested materials
The pot experiment was conducted in a climate-con-
trolled greenhouse at Jingchu University of Technology 
(day/night: 30  °C/23  °C; RH 50–70%; 14-h photoperiod 
with supplemental lighting). Soil was collected from a 
vegetable garden in the Dongbao Area, Jingmen City, 
Hubei Province, China. After removing grass roots, the 
soil was air-dried, crushed, homogenized, and passed 
through a 5-mm sieve. It was then mixed with perlite 
and sterilized using high-pressure steam in an autoclave 
at 121 °C for 2 h under moist heat. The treated soil was 
stored in the dark for one week prior to use.

The soil had the following properties: cation exchange 
capacity (CEC) 10.87 cmol kg−1, pH 6.23 (soil/
water = 1:2.5), soil organic matter (SOM) 32.34  g  kg−1, 
total nitrogen (TN) 1.84  g  kg−1, total phosphorus (TP) 
0.67 g kg−1, total potassium (TK) 17.04 g kg−1, total sul-
fur (TS) 0.35 g kg−1, and total selenium 0.25 mg·kg−1 Soil 
treatment was performed as described previously [6]. 
The AM fungus Glomus mosseae was provided by the 
Microbiology Laboratory, Institute of Plant Nutrition 
and Resources, Beijing Academy of Agriculture and For-
estry Sciences. The AMF inoculum was propagated using 
white clover (Trifolium repens L.). After removing the 
aboveground parts of the plants, the soil containing roots 
and fungal propagules (15 propagules/g) was used as the 
mycorrhizal inoculum [16]. A non-mycorrhizal control 
inoculum was prepared under the same conditions.

Pot experiment and harvest
Pot experiments were designed. The amaranth seeds were 
sown into a 1-L plastic pot, where 300 g of sterilized soil 
and 50 g of mycorrhizal fungi inoculants were supplied, 
then covered with an additional 50 g of sterilized soil, as 
the non-selenium treatment. The other experiment used 
300  g of selenium-treated soil and 50  g of mycorrhizal 
fungi inoculants, which contained G. mosseae with sele-
nium concentrations of 0.5, 1, 2, and 5 mg kg−1, also cov-
ered with 50 g sterilized soil, as the selenium treatment. 
For both experiments, only one amaranth (Amaranthus 

retroflexus) plant was allowed to grow in each pot. Each 
treatment group included 10 pots, for a total of 50 pots. 
The experiments were carried out in a sunlit glasshouse 
with a day/night temperature of 30/23  °C and 50–70% 
relative humidity. After a period of 40 days, three or four 
mature leaves from the amaranth plant were harvested.

Assessment of arbuscular mycorrhizal colonization
Mycorrhizal colonization was assessed using a modified 
ink-vinegar staining protocol [17]. Roots were cleared in 
10% KOH (80 °C, 25 min), neutralized with 1% HCl (1 h), 
and stained in ink–acetic acid solution (blue-black writ-
ing ink:acetic acid = 1:20 (v/v); 60  °C, 10  min). Destain-
ing was performed in sterilized 5% acetic acid overnight 
until pale blue. Roots were mounted in 50% glycerol and 
examined under a compound light microscope.

Plant properties analyses
The seedlings of amaranth plants were collected from 
each experimental treatment to measure their plant 
height and fresh weight. Plant height was measured 
using a ruler. The seedlings were collected and washed, 
and fresh weight was measured using an electronic bal-
ance. The selenium concentration was determined using 
inductively coupled plasma mass spectrometry (ICP-
MS). A total of 0.1 g of dried amaranth leaf powder was 
weighed and placed into a digestion tube, followed by the 
addition of 8 mL HNO3 and 2 mL H2O2. The mixture was 
vortexed thoroughly and digested in a graphite digestion 
system at 180℃ for 2 h until the sample was evaporated 
to near dryness. After digestion, 5 mL of ultrapure water 
was added to the digestate, which was reheated until the 
solution became clear and colorless. The cooled digestate 
was filtered through a 0.45-μm membrane. Total sele-
nium concentrations in the leaves were determined using 
ICP-MS.

Enzyme activity assay
Respiratory enzyme activities were quantified spectro-
photometrically following Li et  al. [18]. Phosphoglucose 
isomerase (PGI) was assayed in leaf homogenates (1  g 
fresh weight in 5  mL 0.05  M Tris–HCl, pH 7.4) cen-
trifuged (5,000  g, 30  min); the supernatant (0.5  mL) 
was incubated with 10  mM glucose-6-phosphate 
(30  °C, 5  min), terminated with 10% TCA, color-devel-
oped with resorcinol/HCl (80  °C, 8  min), and meas-
ured at 520  nm. Succinate dehydrogenase (SDH) 
was determined using mitochondrial extracts cen-
trifuged (10,000  g, 15  min, 0  °C) in sucrose-phos-
phate–EDTA buffer; the reaction mixture (0.1  mL 
extract + 0.4  M sodium succinate + DCIP/PMS elec-
tron acceptors) was incubated for 15 min, stopped with 
0.25  M HCl, and read at 600  nm. Glucose-6-phosphate 
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dehydrogenase + 6-phosphogluconate dehydrogenase 
(G6PDH + 6PGDH) activity was monitored via NADPH 
production at 340 nm, and cytochrome c oxidase (CCO) 
at 510 nm using 3 g samples. All measurements were per-
formed using a Shimadzu UV-1750 spectrophotometer.

UHPLC–MS assay
The LC/MS analysis was carried out using a Shimadzu 
Nexera X2 LC—30AD system, which was equipped with 
an ACQUITY UPLC BEH Amide column and a triple 
quadrupole mass spectrometer. The ACQUITY UPLC 
BEH amide column was maintained at 45  °C, and the 

Table 1  Colonization rate, plant height, fresh weight and Se concentration of amaranth grown in selenate-spiked soils inoculated 
with Glomus mosseae for 40 days (mean ± SD, n = 3)

Gm, Glomus mosseae. In each column, different letters indicate significant differences (P < 0.05) among treatments

Treatments Colonization rate (%) Plant height
(cm)

Fresh weight
(g)

Se concentration in 
leaves (ug g−1 FW)

Gm 33.33 ± 5.77b 6.92 ± 0.38a 4.400 ± 0.426ab 0.021 ± 0.003e

Gm + 0.5 mg kg−1 Se 53.33 ± 5.77a 6.08 ± 0.83a 4.063 ± 0.373ab 0.501 ± 0.035d

Gm + 1 mg kg−1 Se 56.67 ± 5.77a 5.92 ± 1.18a 3.487 ± 0.206b 0.913 ± 0.027c

Gm + 2 mg kg−1 Se 63.33 ± 15.28a 6.96 ± 0.56a 5.161 ± 1.144a 3.478 ± 0.016a

Gm + 5 mg kg−1 Se 60.00 ± 10.00a 6.29 ± 1.05a 4.610 ± 0.151ab 2.925 ± 0.048b

Fig. 1  Effects of different selenium concentrations on the activities of PGI, SDH, G-6-PDH + 6-PGDH and CCO in AMF-inoculated amaranth
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flow rate was set at 300  μL/min. The gradient mobile 
phase used for compound separation consisted of sol-
vent A (a mixture of 20 mM ammonium acetate and 5% 
v/v acetonitrile with a pH of 9.45) and solvent B (100% 
acetonitrile).

In the mass spectrometer detection system, the opti-
mized instrumental parameters were used. The ion 
source temperature was maintained at 550  °C, with Ion 
Source Gas 1 (GAS1) and Ion Source Gas 2 (GAS2) set 
to 40 and 50 arbitrary units, respectively. The curtain gas 
(CUR) was maintained at 35 arbitrary units, and the ion 
spray voltage floating (ISVF) was set to −  4500  V. The 
mass spectrometer was operated with a dwell time of 
200 ms for optimal signal acquisition. For the construc-
tion of the metabolite MRM library, we first analyzed 

individual metabolite standards (50  mg/mL) using LC–
MS/MS to determine their optimal MRM transition 
parameters. Subsequently, we established the retention 
times for 40 energy-related metabolites by systematically 
measuring their specific MRM (Q1/Q3) transitions. To 
ensure accurate quantification, we prepared a series of 
dilutions from a reference standard containing these 40 
metabolites. Calibration curves were generated using the 
least-squares method, correlating the peak areas of each 
metabolite in the serially diluted standards with their 
corresponding concentrations. Only calibration curves 
demonstrating a correlation coefficient (R2) greater than 
0.99 were deemed acceptable for quantitative analysis. 
The concentration of each metabolite in experimental 

Fig. 2  Differential metabolite analysis using PCA and OPLS-DA. A PCA reveals metabolic divergence between control and selenium-treated 
groups (A: no-selenium control, B: selenate-treated (2 mg Se kg−1) group, PC1: first principal component, PC2: second principal component (PC2), 
percentage indicates percentage of variance explained). B OPLS-DA validation of differential metabolites in energy metabolism. C Plot of OPLS-DA 
permutation test for B vs. A
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samples was then determined by interpolation from these 
validated calibration curves.

Data processing and statistical analysis
Raw MRM data were processed using MultiQuant™ soft-
ware (peak detection, alignment, and filtering). Differen-
tial metabolites (fold-change > 1.5, p < 0.05 by Student’s 
t-test or ANOVA) were subjected to KEGG pathway 
analysis with Fisher’s exact test enrichment. Cluster 
analysis was performed using R packages. Selenium con-
tent and enzyme activities (triplicate measurements) are 
expressed as mean ± SD. Statistical significance (P < 0.05) 

was determined by one-way ANOVA (SPSS 22.0), and 
data visualization was conducted in GraphPad Prism 8.0.

Results
Impact of selenium on the growth of AMF‑inoculated 
amaranth
AMF colonization of amaranth roots increased with sele-
nium addition regardless of the Se concentration (Table 1 
and Supplementary Fig.  1). The addition of sodium 
selenate did not have a notable effect on amaranth height 
and fresh weight compared to no selenium addition 
(Supplementary Fig.  2). As the selenium concentration 

Fig. 3  Results of hierarchical clustering of differential metabolites in the compared treatments (A no-selenium control, B selenate-treated at 2 mg 
Se kg−1) (only the top 50 VIP values are plotted)
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increased up to 2 mg kg−1, the selenium concentration in 
leaves increased significantly (Table 1). The results indi-
cated that soil application of Se at the concentration of 
2 mg kg−1 is sufficient for amaranth growth and provides 
enough selenium in amaranth leaves.

Impact of selenium on the functionality of key enzymes 
in the respiratory metabolic pathway
To investigate the effects of different selenium concen-
trations on the activities of essential enzymes in the res-
piratory pathway, we tested four crucial enzymes. The 
PGI activity was significantly reduced at all four sele-
nium concentrations compared to no selenium addi-
tion (Fig.  1A). The PGI activity was reduced by 70.6% 
at a selenium concentration of 2 mg kg−1 and 23.6% at 
a selenium concentration of 5 mg kg−1 compared to no 
selenium addition (P < 0.05).

Regarding SDH activity, there was a 3.41-fold 
increase at selenium concentration of 0.5 mg  kg−1 and 
a 2.19-fold increase at 1  mg  kg−1 compared with the 
no-Se control (Fig. 1B). The SDH activity was highest at 
a selenium concentration of 0.5 mg kg−1, and gradually 
decreased with increasing selenium concentration.

The addition of selenium increased G-6-
PDH + 6-PGDH activity compared to no selenium addi-
tion (increases were 1.11-fold at selenium concentration 
of 0.5  mg  kg−1, 1.37-fold at 1  mg  kg−1 and 1.24-fold at 
2  mg  kg−1) (Fig.  1C). The G-6-PDH + 6-PGDH activity 
first increased and then decreased, reaching the optimum 
at 1 or 2 mg kg−1.

The CCO activity decreased with the selenium addition 
compared to the no-selenium control (Fig. 1D), with the 
lowest activity (P < 0.05) recorded at the range of Se con-
centrations of 1–5 mg kg−1.

In summary, the data on the enzyme activities suggest 
that the soil addition of selenium alters energy metabo-
lism in amaranth.

Metabolite pattern analysis
Differential metabolite profiling reveals selenium‑induced 
metabolic shifts
To investigate selenium-induced metabolite differences, 
principal component analysis (PCA) and orthogonal 
partial least squares-discriminant analysis (OPLS-DA) 
were performed on amaranth leaf samples from the no-
selenium control group and the selenate-treated group 

Fig. 4  Bubble plot of KEGG enrichment of differential metabolites under 2 mg kg−1 selenium treatment (Top20) compared with the no-selenium 
control
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(2 mg Se kg−1). PCA revealed a clear separation between 
the two groups along the PC1 axis (explaining 49.65% 
of the total variance; cumulative PC1 + PC2: 75.06%, 
Fig. 2A), with control samples positioned to the right of 
the origin and treated samples to the left, indicating dis-
tinct metabolic profiles. The subsequently constructed 
OPLS-DA model effectively filtered non-classification 
noise and confirmed clear group discrimination (control: 
left of origin; treated: right of origin, Fig. 2B). Validation 
parameters (R2/Q2 ≈1, Q2 > 0.5) and permutation testing 

(Q2 intercept = -0.475) demonstrated model robustness 
without overfitting, verifying that differential metabolites 
predominantly mapped to energy metabolism pathways 
(Fig.  2C). These metabolomic shifts indicate potential 
perturbations in energy metabolism pathways.

Differential metabolite identification and screening
A total of 14 differential metabolites were identi-
fied using fold-change > 1.5 or < 1/1.5, and P < 0.05 
(Table  S1). The differential metabolites selected were 

Fig. 5  Network visualization of energy metabolism in amaranth. “↓” indicating down-regulation, “↑” indicating upregulation
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the marker variables for treatment separation. Eight 
differential metabolites were upregulated, and six dif-
ferential metabolites were down-regulated in the 
selenate-treated at 2  mg Se kg−1 group compared to 
the no-selenium control. Hierarchical cluster analy-
sis (HCA) was conducted on the top 50 differential 
metabolites with the highest VIP values, which mainly 
included energy metabolites such as organic acids, 
nucleotides, and organic oxides (Fig. 3).

The KEGG enrichment pathway analysis of differential 
metabolites
The results of the metabolic pathway analysis are shown 
in the bubble diagram (Fig. 4). The names of KEGG meta-
bolic pathways were ordered from top to bottom accord-
ing to the magnitude of the Rich Factor. A larger value 
on the horizontal axis indicates a greater likelihood of 
an enriched result rather than a random result. The size 
of each bubble corresponds to the number of enriched 
metabolites. The redder the color of the bubble, the more 
significant the enrichment. Our metabolomic analysis 
revealed that the three major energy pathways enriched 
in differential metabolites were citrate cycle (ath00020), 
carbon metabolism (atg12000), and glyoxylate and dicar-
boxylate metabolism (ath00630).

Basic energy metabolism network analysis
The results of 2  mg  kg−1 selenium treatment on ama-
ranth energy metabolism network are shown in Fig. 5. 
In the EMP pathway, selenium treatment caused a sig-
nificant decrease in D-glucose 1-phosphate (0.91-fold) 
and D-glucose 6-phosphate (0.94-fold), and caused a 
significant increase (P < 0.05) in 3-phosphoglycerate 
(1.33-fold) and 2-phosphoglycerate (1.31-fold). In the 
TCA cycle, selenium treatment caused a significant 
increase (P < 0.05) in cis-aconitate (1.50-fold) and isoci-
trate (1.44-fold), and a significant decrease (P < 0.05) 
in α-ketoglutarate (0.86-fold) and L-malate (0.75-fold). 
In the PPP pathway, selenium treatment caused a sig-
nificant upregulation (P < 0.05) of NADPH (2.36-fold). 
In the electron transport chain, selenium treatment 
caused a significant upregulation of FMN (1.41-fold) 
(P < 0.05). In amino acid metabolism, selenium treat-
ment caused a significant down-regulation (P < 0.05) 
of glutamate (0.87-fold). In pyruvate metabolism, sele-
nium caused significant upregulation (P < 0.05) of pyru-
vate conversion to L-lactate (1.63-fold). These results 
indicated that differential metabolites were involved in 
the glycolytic pathway, TCA cycle, pentose phosphate 
pathway, electron transport chain, amino acid metabo-
lism, and pyruvate metabolism. The findings proved 
that selenium treatment would affect the intensity of 

amaranth energy metabolism by inhibiting amino acid 
metabolism and enhancing pyruvate metabolism.

Discussion
Selenium serves as an essential trace element that pro-
motes plant growth and enhances stress resistance [19–
21]. Our results demonstrate that 2  mg  kg−1 selenate 
treatment did not significantly alter amaranth biomass, 
which is consistent with reports of selenium’s growth-
neutral effects in rice [9]. Pakchoi growth was pro-
moted at lower selenite concentrations (Se ≤ 1 mg L−1) 
while it was inhibited at higher selenite concentrations 
(Se ≥ 2.5  mg L−1) [19]. Optimal selenium concentra-
tion not only promotes earlier bud break in tea plants, 
but also significantly increases their biomass, thereby 
improving tea yield [20]. Based on a comparative study 
of AMF-inoculated and non-inoculated maize treated 
with 20 mg kg−1 selenite, AMF inoculation significantly 
enhanced the biomass of inoculated plants [11]. Pre-
vious research has also demonstrated that AMF can 
significantly increase the biomass of edible amaranth 
[6]. This result is in agreement with numerous studies 
demonstrating that AMF increases plant biomass and 
enhances selenium uptake in plants [7–10].

Selenium affects energy metabolism in organisms. For 
instance, selenium can regulate glycolysis in pig skeletal 
muscle by modulating its redox status [22]. At present, 
research on the effects of selenium on energy metabo-
lism in plants remains limited. Our previous work 
showed that selenium treatment decreased ATP levels 
and energy charge and reduced the activities of phos-
phoglucose isomerase and cytochrome c oxidase [6]. 
These results suggest that selenium may regulate plant 
energy metabolism, thereby influencing selenium uptake. 
Notably, targeted metabolomics in this study revealed 
that selenium regulated energy metabolism in Glomus 
mosseae-colonized amaranth. Excessive selenium supply 
may negatively affect the expression and activity of pro-
teins involved in energy metabolism in primary insulin 
target tissues of pigs [23]. Selenium may regulate energy 
metabolism in amaranth to modulate selenium uptake, 
maintaining stable biomass while significantly increas-
ing leaf selenium content. The abundant NADPH in 
seedlings contributes to enhanced plant growth, and a 
positive correlation exists between NADPH content and 
plant antioxidant capacity [24]. NADPH content in the 
PPP pathway was significantly increased after selenium 
addition, which could be attributed to selenium addition 
increasing the activity of G-6-PDH + 6-PGDH, thereby 
enhancing the PPP pathway, which is the main pathway 
for cellular production of reducing power (NADPH). 
Similarly, in the EMP pathway, the content of glucose 
1-phosphate and glucose 6-phosphate was significantly 
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down-regulated by selenium addition, possibly due to 
a decrease in PGI activity, and also due to the enhance-
ment of the PPP pathway exacerbating the depletion of 
glucose 6-phosphate. In the EMP pathway, selenium 
addition caused an increase in the content of 3-phos-
phoglycerate and 2-phosphoglycerate, probably because 
ribulose 5-phosphate formed by the PPP pathway pro-
duces 3-phosphoglyceraldehyde, which in turn produces 
3-phosphoglycerate and 2-phosphoglycerate. The PPP 
pathway was enhanced by the selenium addition so that 
the content of 3-phosphoglycerate and 2-phosphoglycer-
ate also increased. The metabolic pathway for the conver-
sion of pyruvate to L-lactate was also enhanced. In the 
TCA cycle, selenium treatment significantly increased 
the content of cis-aconitate and isocitrate and down-reg-
ulated the content of α-ketoglutarate and L-malate. Glu-
tamine reacts with α-ketoglutaric acid to form glutamate, 
which could explain the significant decrease in glutamate 
content. On the NADH-Q reductase complex of the elec-
tron transport chain, the electrons on NADH are first 
transferred to the FMN cofactor to form FMNH2, and the 
electrons on the cofactor FMNH2 are transferred to the 
iron–sulfur center (Fe–S). Selenium is chemically simi-
lar to sulfur and will replace sulfur in proteins. Sodium 
selenate is primarily absorbed into plants via sulfate 
transporters located on the roots [25]. Thus, some of the 
electrons on the cofactor FMNH2 may not be transferred 
to the iron-sulfur center, which may explain the increase 
in FMN content with the addition of selenium and also 
suggests that selenium addition may perhaps reduce 
NADH-Q reductase activity. In addition, the CCO activ-
ity in the electron transport chain was reduced, which 
further corroborates that selenium addition attenuates 
electron transport chain.

Collectively, these data suggest that 2  mg  kg−1 Se 
reconfigures amaranth energy metabolism through PPP 
upregulation, EMP/TCA modulation, and electron trans-
port inhibition. This metabolic remodeling, rather than 
growth suppression, facilitates selenium biofortification 
in mycorrhizal amaranth. Future research will be dedi-
cated to elucidating the underlying mechanisms by which 
selenium modulates energy metabolism to enhance the 
selenium uptake capacity of AMF-inoculated amaranth. 
We also intend to explore whether Se-induced NADPH 
overproduction drives glutathione-mediated stress toler-
ance [24], a connection implied by our pathway analysis.

Conclusions
In conclusion, our study provides evidence that sodium 
selenate at 2 mg kg−1 increases Se concentration in AMF-
inoculated amaranth. This finding provides a theoretical 
basis for cultivating selenium-enriched amaranth.

The AM fungus Glomus mosseae may influence sele-
nium uptake through its involvement in energy metabo-
lism in AMF-inoculated amaranth.
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