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Although selenium (Se) is an essential trace element in humans, the intake of Se
from food is still generally inadequate throughout the world. Inoculation with
arbuscular mycorrhizal fungi (AMF) improves the uptake of Se in rice (Oryza sativa
L.). However, the mechanism by which AMF improves the uptake of Se in rice at
the transcriptome level is unknown. Only a few studies have evaluated the effects
of uptake of other elements in rice under the combined effects of Se and AMF. In
this study, Se combined with the AMF Funneliformis mosseae (Fm) increased the
biomass and Se concentration of rice plants, altered the pattern of ionomics of
the rice roots and shoots, and reduced the antagonistic uptake of Se with nickel,
molybdenum, phosphorus, and copper compared with the treatment of Se
alone, indicating that Fm can enhance the effect of fertilizers rich in Se.
Furthermore, a weighted gene co-expression network analysis (WGCNA)
showed that the hub genes in modules significantly associated with the genes
that contained Se and were related to protein phosphorylation, protein serine/
threonine kinase activity, membrane translocation, and metal ion binding,
suggesting that the uptake of Se by the rice roots may be associated with
these genes when Fm and Se act in concert. This study provides a reference for
the further exploration of genes related to Se uptake in rice under Fm treatment.
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1 Introduction

Selenium (Se) is an essential trace element for human health
and plays critical roles in the immune system, antioxidant defense,
and redox homeostasis by acting as the catalytic center of several
selenoproteins, including glutathione peroxidase and thioredoxin
reductase (Gupta and Gupta, 2016). Humans require approximately
50-55 ug of dietary Se per day for health benefits according to the
World Health Organization (WHO). However, the dietary supply
of Se in people in some regions of China is below the suggested level
(Dinh et al., 2018). An insufficient intake of Se is associated with
Keshan disease, Kashin-Beck disease, heart disease,
hyperthyroidism, and cancer (Shahid et al, 2018). Dietary
supplementation with Se is relatively safe and efficient.

Rice (Oryza sativa L.) is one of the most important crops
worldwide. In addition, rice enriched with Se is a safe and reliable
source of this nutrient (D’Amato et al., 2020). Although Se is not an
essential element for the growth of rice, its concentration in this
crop is related to the concentration of Se in the planted soil and the
agronomic measures used to grow rice (Yang et al., 2021a; Lyu et al.,
2022). As a result, Se fertilizer not only enriches rice with Se but also
increases yields. However, the overapplication of Se fertilizers is
associated with some environmental risks, such as the
contamination of soil and water, toxicity to plants and animals,
and bioaccumulation in the food chain (Lemly, 1997; Gupta and
Gupta, 2016; Hasanuzzaman et al., 2020). Therefore, changing the
method of application and the form of Se fertilizer or
simultaneously using other enhancers, such as an environmentally
friendly microbial fertilizer, can improve the availability of this
element in Se fertilizer (Chen et al., 2020; Yang et al., 2021b; Wang
etal., 2022; Xian et al., 2022; Yuan et al., 2022). Plants primarily rely
on their roots to absorb Se from the soil, and the roots can take up
both inorganic Se (selenate [SeVI] and selenite [SeIV]) and organic
Se [Se-amino acids, including selenocysteine (SeCys),
selenomethionine (SeMet) and methylselenocysteine (MeSeCys)]
(Lima et al, 2018). No specialized transporters have been identified
for the absorption of selenium. However, sulfate transporters
(SULTRs), aquaporin (NIP2), amino acid permease (LHTI), and
the P transporter have been found to be associated with the uptake
of Se (Trippe and Pilon-Smits, 2021). The uptake of Se by the roots
is not only related to the physicochemical properties of the soil but
also closely linked to soil microorganisms (Feng et al., 2023).
Previous research has shown that microorganisms in the soil can
not only change the distribution and speciation of Se in the soil
through their own secretions, such as formic, citric, acetic, oxalic,
lactic, malonic, and succinic acids (Dinh et al, 2017), but also
influence the physiological activity of plant roots, thereby
facilitating their uptake of Se (Ye et al, 2020). Thus, the
simultaneous application of microorganisms in the production of
Se-enriched rice can improve the utilization of this element in Se
fertilizer. Since the metabolism of root ions also affects plant growth
and development (Griffiths and York, 2020), the question of
whether Se fertilizer and microbial application affects ion
metabolism in the roots is of interest. Gui et al. (2022) showed
that the interactions between a nutrient and Se, which may be
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synergistic or antagonistic, can influence the uptake and
metabolism of ions in plants. But there have been relatively few
studies on the effects of Se and microorganisms on the metabolism
of ions by plant roots.

Arbuscular mycorrhizal fungi (AMF) are key elements of soil
microbial communities that can form symbiotic relationships with
the roots of most terrestrial plants, including rice (Bernaola et al.,
2018). The symbiotic partnership between AMF and its host plants
primarily consists of the transfer of carbon from host plants to AMF
in the form of sugars and lipids in exchange for macroelements,
such as phosphorus (P) and nitrogen (N) (Jiang et al., 2017;
Luginbuehl et al, 2017; Xie et al,, 2022). AMF will promote the
ability of plants to take up macroelements and micronutrients from
the soil (Kabir et al., 2020; Khan et al., 2022). Previous studies
showed that inoculation with mycorrhizae can improve the uptake
of Se in soybean (Glycine max (Linn.) Merr) and winter wheat
(Triticum aestivum L. cv. Xiaoyan 22) (Bamberg et al., 2019; Wu
etal, 2022; Zhang et al., 2022);. Furthermore, AMF can improve the
efficiency of uptake of Se fertilizer in rice (Chen et al, 2020).
However, the mechanisms used by Se fertilizer combined with
AMF inoculation to affect ionomics and the uptake and
translocation of Se in rice roots remain unclear.

In this study, ionomics were used to analyze the roots and
shoots of rice that had been inoculated with the AMF Funneliformis
mosseae (Fm) and fertilized with Se. The roots were used for a
transcriptome analysis to identify the key genes related to ion
uptake. Modules with a high correlation between Se and ionic
metabolism were detected using a weighted gene co-expression
network analysis (WGCNA). Therefore, this study may provide
insights into the effects of Se fertilization and AMF inoculation on
other nutrients in plants and provide a basis to explore methods to
use to produce high-quality rice enriched with Se.

2 Materials and methods
2.1 Plant cultivation and inoculation

The seeds of rice (Oryza sativa L. cv. Xinliangyou 6) were
sterilized with 10% hydrogen peroxide (H,O,) for 10 min and then
rinsed. The seeds were placed in a plastic mesh that was floated on
0.5 mol L™! calcium sulfate (CaSO,) in a container and then covered
with aluminum foil for 2 d. The pre-germinated rice seeds were
planted in pots filled with approximately 7 kg of a steam-sterilized
mixture of soil-quartz and sand (1:3) (w/w). Soil was collected from
the 0 to 20 cm horizon in a paddy field at the Guangxi University
(Nanning, China). The soil had a pH of 5.93 and contained 20.88 g
kg organic matter, 1.92 g kg™ total nitrogen, 1.67 g kg total
phosphorus, 18.56 g kg™ total potassium, 54.12 mg kg available
phosphorus, 174.03 mg kg™ available potassium, 236.25 mg kg™
alkali hydrolyzed nitrogen, 20.13 cmol kg cation exchange
capacity, and 0.61 mg kg™ total Se.

Funneliformis mosseae BGC NMO02A (Fm) (supplied by Bank of
Glomeromycota in China) spores and maize (Zea mays L. cv.
Zhengda 999) plants were incubated in autoclaved fine sand for 2
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months, and the sand was collected as inoculum (Ma et al., 2022a).
The pots were divided into four treatments as follows: (1) non-
mycorrhizal treatment (Ck) (50 g of sterile inoculum per kg of soil
was added in pots); (2) AMF inoculation treatment (Fm) (50 g of
inoculum of the Fm) per kg of soil was added to the pots); (3) Se
treatment (Se) (the pots were added an additional 0.5 mg of Se
[Na,SeOs;] per kilogram of soil); and (4) the co-application of AMF
and Se (Se+Fm) (the pots were inoculated with 50 g of Fm inoculum
and were added an additional 0.5 mg of Se per kilogram of soil).
Each treatment had three replicates with one pot for each replicate,
and each pot contained six rice seedlings. The seedlings used in
these study were 30 days old and approximately 12-14 cm high. The
pots were placed in a greenhouse at the Guangxi University with the
following conditions during the plant growth period: day/night
temperatures of 28°C/22°C, 14 h/10 h day/night cycle, and 1,600
Lux, and distilled water was added to maintain the soil moisture.

The rice plants were harvested after 2 months when the AM fungi
had fully colonized the roots (Campo et al., 2020). The plant samples
were divided into their roots and aboveground parts, washed with tap
water, passed through ionized water, and weighed. Some roots were
stored at - 20°C to determine the rate of AMF colonization, while
others were placed in a perforated centrifugal tube and quickly passed
through liquid nitrogen for RNA extraction. Some shoots and roots
were cut, oven-dried at 105°C for 30 min, and dried to a constant
weight at 55°C. The dry shoots and roots were ground into a powder
using a ball miller (MM400, RETSCH, Haan, Germany) to analyze
the concentration of Se.

2.2 Quantitative evaluation
of AMF colonization

The fresh roots were stained with trypan blue to determine the
amount of AMF colonization using measurements of root
morphology (Li et al., 2011). Briefly, the root samples were placed
in 10% (w/v) potassium hydroxide (KOH) at 90°C for 30 min,
washed three times with deionized water for 20 min, and finally
soaked in fresh alkaline H,O, (30 mL of 10% H,O,, 3 mL of
ammonium hydroxide [NH,OH], and 567 mL of deionized water)
for 10 min. The roots were rinsed with deionized water and
immersed in 1% HCl at room temperature for 1 min before
staining with 0.05% (w/v) trypan blue in lactoglycerol (lactic acid:
glycerol:deionized water [1:1:1]) at 90°C for 20 min. The roots were
washed with deionized water and stored in lactoglycerol at 4°C for
at least 24 h before further analyses. The colonization of AMF on 30
root fragments (1.0 cm long) was quantified using a microscope.

2.3 Analysis of ion concentrations
The dry powder samples were digested with nitric acid (HNO;):

H,O0, (v/v, 4:1) in a closed-vessel microwave oven (MARS 6240/50,
CEM Corporation, Matthews, NC, USA) to determine the
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concentrations of magnesium (Mg), P, calcium (Ca), potassium
(K), iron (Fe), manganese (Mn), molybdenum (Mo), boron (B),
copper (Cu), zinc (Zn), aluminum (Al), silicon (Si), nickel (Ni), and
Se using inductively coupled mass spectrometry (ICP-MS)
(NEXION 350X, PerkinElmer Life Science Incorporated,
Waltham, MA, USA) as previously described (Chen et al., 2020).
The standard references of celery (Apium graveolens Linn.) sample
GBW10229 and rice sample GBW 10045 were digested and
analyzed as a technical control. The recoveries of ions in the
standard celery and rice samples were 95.35%-101.89%.

2.4 RNA isolation, sequencing, and analysis

The TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used
to separately extract the total RNA from root tissues. It was then
purified using the Plant RNA Purification Reagent (Invitrogen). A
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) was
used to determine the concentration of RNA. First, 1 ug of total
RNA was used to prepare an RNA-Seq transcriptome library using a
TruSeq RNA sample preparation kit from Illumina (San Diego, CA,
USA). Briefly, mRNA was isolated by the polyA selection method
using oligo (dT) beads and then fragmented into short fragments.
Secondly, a SuperScript double-stranded ¢cDNA synthesis kit
(Invitrogen) with random hexamer primers (Illumina) was used
to synthesize cDNA. The cDNA was subjected to end-repair,
phosphorylation and ‘A’ base addition according to the
manufacturer’s instructions. The libraries were size-selected for
cDNA target fragments of 200-300 bp on 2% low-range ultra
agarose and then PCR-amplified using Phusion DNA polymerase
(NEB, Ipswich, MA, USA) for 15 PCR cycles. The PCR products
were purified, and the RNA-Seq libraries were sequenced using an
Mlumina HiSeq 2500 system (2 x 150 bp read length) at the
Shanghai Majorbio Biopharm Technology Co. Ltd. (Shanghai,
China). DESeq2 software was used for the statistical analysis of
raw counts. The differences in gene expression between the groups
were obtained based on certain screening conditions. All the
differentially expressed genes (DEGs) were identified by a
comparative analysis. A f-test (p < 0.05) was used to perform
Cuftlinks (http://sihua.us/Cufflinks.htm) and identify the DEGs in
the four treatments (Ck, Fm, Se, and Fm+Se). A Gene Ontology
(GO) enrichment analysis, GO annotation, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis, and
KEGG annotation were also performed. First, the DEG sequences
were obtained in the NCBI Nr database and compared using
BLAST. The GO annotation information of genes was searched in
the GO database using Blast2GO, a functional classification was
performed using WEGO software (Ye et al., 2006). The KEGG
Orthology results were obtained using KOBAS2.1. The specific
biological pathways where a gene or transcript could be involved
were obtained by comparison with the KEGG database (Benjamini
and Hochberg, 1995; Conesa et al., 2005; Robinson et al., 2010;
Grabherr et al.,, 2011; Xie et al., 2011).
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2.5 Quantitative real-time reverse
transcription PCR for the validation
of partial DEGs

Four DEGs were randomly selected for qRT-PCR analysis to
verify the validity of RNA-Seq results. Extracted rice total RNA was
reverse transcribed using a kit, which was accomplished using a
Takara PrimeScript'" RT-PCR Kit (TaKaRa) kit and PCR
instrument (EasyCycler, Analytik Jena, Jena, Germany). The
UBCI gene was used as an internal reference (Ueda et al., 2013).
The primers were designed with primer premier 5 (Premier Biosoft
International, Palo Alto, CA, USA), the primer sequences are shown
in Table S4, and qRT-PCR was performed using the CWBiotech
UltraSYBR Mixture kit (CWBIio, Beijing, China), all procedures
were performed according to the kit instructions. Table S1 showed
the qRT-PCR reaction system. An ABI 7500 fluorescence
quantitative PCR instrument (Applied Biosystems) was used for
quantitative analysis of gene expression (Zhang et al., 2014). Finally,
the tendency of gene expression to change in the Fm + Se
treatments was compared after qRT-PCR and RNA-Seq analyses
to evaluate whether the sequencing results were reliable.

2.6 Gene co-expression
network construction

A WGCNA was conducted using the WGCNA software
package of R (Zhang and Horvath, 2005). The RNA sequencing
data was evaluated to remove low-quality genes and samples before
the network was constructed. Spearman correlation coefficients
were then determined, and a suitable soft threshold was
automatically selected. The weighted Spearman result with the 8
exponent was converted into an adjacency matrix. The adjacency
matrix was then converted into a topological overlap (TOM) matrix
to detect patterns of gene expression. Finally, a hierarchical
clustering approach was used to construct a gene hierarchy
clustering tree, and the comparable modules were then joined.
Hub genes were used for strongly linked genes or genes with a
high degree of connectivity in the co-expression module. The top 30
genes with the strongest connections were chosen as hub genes, and
the genes were analyzed in more detail depending on the size of the
module. A network of gene-gene interactions was constructed and
visualized using Cytoscape (v. 3.9.1) (Shannon et al., 2003;
Langfelder and Horvath, 2008).

2.7 Statistical analysis

The data were expressed as an average of three replicates.
Microsoft Excel 2016 (Redmond, WA, USA) was used to process
the experimental data, which were analyzed using SPSS 20.0 (IBM,
Inc., Armonk, NY, USA). Multiple comparisons were performed
using a Duncan test at p<0.05. A principle coordinates analysis
(PCoA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) for these ions were analyzed using SIMCA (v.14.1). A t-
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test was used to determine the concentration of characteristic ions
of the groups compared. The analytical results were plotted using
GraphPad Prism (v.7.00) (La Jolla, CA, USA). A correlation analysis
was performed, and the ions were graphed using R software.

3 Results
3.1 Mycorrhizal colonization and biomass

Compared with the Fm treatment, the treatment of Fm
combined with Se did not change the rate of colonization of rice
roots (Fm: 29.33 + 1.15% and Fm+Se: 28.33 + 5.77%) (Table 1),
indicating that Se did not affect the growth of Fm in rice roots. In
addition, the treatment of Fm combined with Se did not negatively
affect the rice biomass (roots and shoots) but instead promoted
their growth.

3.2 Element concentrations
in the rice plants

3.2.1 Principal component analysis of the
element concentrations in the roots and shoots
The concentrations of macroelements (Mg, P, Ca, and K),
micronutrients (Fe, Mn, Ni, Mo, B, Cu, Zn) and beneficial
elements (Se, Al, Si, Co) in the shoots and roots were determined
to investigate the effect of Fm and Se fertilization on ion
metabolism. A principal component analysis (PCA) showed that
the ion transport mode of the four groups differed in both the roots
(Figure S1A) and shoots (Figure S1B). Moreover, the application of
Fm combined with Se changed the ion metabolism compared with
the control. Each group could be distinguished after the roots had
been treated. The effect of Fm on ion metabolism was similar to that
of the Ck, and they clustered in the first and third quadrants. In
addition, the pattern of ion metabolism after the combined
application of Se with Fm was similar to that of the Se group. A
similar trend was observed in the shoots. Inoculation of the roots
with Fm directly affected ion uptake and metabolism in the rice
roots, while ion metabolism in the shoots involved complex
processes, such as translocation and transformation. As a result,

TABLE 1 Effects of arbuscular mycorrhizal fungus (AMF) inoculation and
Se fertilization on mycorrhizal colonization and plant biomass.

Mycorrhizal colonization Biomass (g
Groups o =
rates (%) pot™)
Ck ‘ - 8.79+0.26"
Fm ‘ 29.33+1.15% 9.61+0.04*
Se ‘ - 9.21+0.21°
Fm+Se 28.3345.77° 9.76+0.14*

The different lowercase letters indicate significant differences (n=3, p <no><</no> 0.05)
among different treatments. Ck: No inoculation of Fm and additional addition of Se. Fm:
Inoculated only with Fm. Se: Only additional Se. Fm+Se: Both were inoculated with Fm and
additionally added Se.
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Se can significantly affect the ion metabolism in the shoots more
than Fm.

3.2.2 Element concentrations in
the roots and shoots

The parameter of OPLS-DA models is shown in Table S2. The
variable importance in projection (VIP) value measures the
importance of ions in metabolic patterns. Higher VIP values
indicate that the ions play a key role in changes in the ion
metabolic pattern, and such ions are known as characteristic ions
(Ren et al,, 2020). In this study, the VIP scores were calculated using
OPLS-DA (Figures S2, S3). The application of Se contributed the
most characteristic ions in both the roots and aboveground. When
Se was applied alone, the VIP characteristic ions in the roots were
Se, Cu, Mo, Ca, and Al (Figure S3B), and those in the shoots were
Ca, Co, Mg, Se, Ni, and Al (Figure S4B). In contrast, when Fm was
applied alone, the VIP characteristic ions in the roots were B, Al, Fe,
and Ca (Figure S3A), and the VIP characteristic ions in the shoots
were only Ca and Co (Figure S4A). The number of VIP
characteristic ions in the roots and aboveground was reversed in
the Fm vs Fm+Se and Se vs Fm+Se groups. The VIP feature ions in
the roots of the Fm vs Fm+Se group were only Se and Mo (Figure
S3C), whereas there were four VIP feature ions in the aboveground,
including Cu, Al, Mo, and Se (Figure S4C). There were five feature
ions in the roots of the Se vs Fm+Se group, including Se, Ni, Cu, K,
and Mg (Figure S3D), while only Se and Ca were present in the
aboveground portions of the plant (Figure S4C). These results
suggest that Fm has a greater effect on the uptake of metal ions in
the roots, and the application of Se has a different effect on the
uptake of other ions than the effect of translocation.

3.3 Transcriptome analysis of the roots

A total of 88.77 Gb clean data with more than 97% that
exhibited a quality score of Q20 were obtained after the RNA-Seq
of 12 libraries from rice roots. BLASTing was conducted using
BLASTX against several public databases, including NR, Swiss-Prot,
Pfam, Clusters of Orthologous Genes (COG), GO, and KEGG
(E-value < le) (Table S3). Figure 1

A Venn analysis showed that the number of genes unique to each
of the four treatment groups was as follows: 325 in the Ck group, 255
in the Fm group, 271 in the Se group, and 778 in the Fm+Se group
(Figure 2A). The Ck vs Fm group produced the lowest number of
differential genes (3,313), whereas Se vs Fm+Se produced the highest
number of differential genes (7,032) (Figure 2B).

A GO functional enrichment analysis was conducted to identify
the GO terms related to the DEGs. The top 30 significantly enriched
GO terms are shown in Figure 3 (p<0.05). Most DEGs (2,033) in the
Ck vs. Fm groups were related to the “molecular function,” and the
GO term related to jasmonic acid metabolism appeared more
frequently, including jasmonic acid metabolic processes, jasmonic
acid biosynthetic processes, and the regulation of signaling
mediated by jasmonic acid (Figure 3A), This suggests that
colonization with Fm affects the expression of genes related to the
synthesis and metabolism of jasmonic acid. Furthermore, 435 DEGs
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in the Ck vs. Se group were related to “Cytoplasm” (435), and the
addition of Se enabled the differential expression of genes associated
with rRNA metabolism and also had an effect on alpha-amino acid
anabolism (Figure 3B). A total of 204 DEGs in the Fm vs. Fm+Se
group were related to “ion transport;” several polysaccharide
metabolism-related GO terms were enriched, and the addition of
Se may have mobilized the genes related to cell wall compared with
the application of Fm alone (Figure 3C). Notably, some DEGs in
both the Fm vs. Fm+Se and Se vs. Fm+Se groups were related to
“ion transport.” In addition, some DEGs in the Se vs. Fm+Se group
were related to “water transport” and “fluid transport” (Figure 3D).

A KEGG enrichment analysis was also performed to identify the
KEGG terms related to the DEGs. The top 30 significantly enriched
KEGG terms are shown in Figure 4 (p<0.05). The DEGs in all the
groups were related to “alpha-Linolenic acid metabolism,” “Citrate
cycle (TCA cycle),” “Plant-pathogen interaction” and “MAPK
signaling pathway.” Furthermore, the DEGS in the Ck vs. Se group
(Figure 4B), Fm vs. Fm+Se group (Figure 4C), and Se vs. Se+Fm
group (Figure 4D) were related to “Glutathione metabolism.”

Four DEGs were randomly selected for qRT-PCR analysis to
verify the reliability of the RNA-Seq data (Figure 5). The pattern of
expression of these genes was consistent with the RNA-Seq results,
which suggested that the findings were reliable.

3.4 Weighted gene co-expression network
analysis (WGCNA)

A co-expression analysis and network construction (using 12,082
genes) were performed to investigate the gene regulatory network of
ion metabolism affected by Fm and Se in the rice roots (Figure 6). A
total of 27 different modules were identified in a dendrogram. The
turquoise module had the most genes (2,054), followed by the blue
module (1,617) (Figure 6B). The interactions between gene models
were determined using a network heatmap for co-expression modules
(Figure 6B). The hub genes with the highest significant correlation
module for the other ions are shown in Table S5. Some modules were
significantly associated with multiple ions simultaneously, which
suggested that this part of the gene may be simultaneously associated
with the uptake and accumulation of these ions.

Black modules had the strongest correlation with Se (R=0.71,
p<0.05), followed by the light-yellow (R= -0.62, p<0.05) and
magenta modules (R= -0.59, p<0.05). Network analyses of 20 hub
genes in the black, light-yellow, and magenta modules are shown in
Figure 7. BGIOSGA017551 (black), BGIOSGA033581 (light-yellow),
and BGIOSGA021058 (magenta) had the highest degree of
correlation in the modules. BGIOSGA017551 was related to ATP
binding, transferase activity, protein serine/threonine kinase
activity, MAPK cascade, and protein phosphorylation, while
BGIOSGA033581 was annotated to protein phosphorylation, cell
surface receptor signaling pathway, protein serine/threonine kinase
activity, protein kinase activity and ATP binding. Although there
was no relevant GO annotation information for BGIOSGA021058,
its homolog in O. sativa Japonica, Os06g0552400, was annotated to
ruffle membrane, metal ion binding, phosphatidylinositol binding
and regulation of ruffle assembly (Tables S6-8). This could be
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Shoot

The concentration of ions in the shoots and roots (macronutrients: P, K, Ca and Mg, micronutrients: Fe, Mn, Zn, Cu, Mo, B and Ni, beneficial

elements: Si, A, Se and Co), error bars indicate standard errors of the mean (n

= 3), and different letters indicate significant differences (p < 0.05)

among different treatments. Ck: No inoculation of Fm nor additional addition of Se. Fm: Inoculated only with Fm. Se: Only additional Se. Fm+Se:

Both inoculated with Fm and additionally added Se.

related to the transport of metal ions through the plant
cell membranes.

4 Discussion

4.1 Effect of Fm inoculation and

Se application on the rice growth

and Se uptake

Previous studies have shown that AMF readily establishes
symbiotic relationships with many plant species, which facilitates

Frontiers in Plant Science

06

the uptake of nutrients and water by plants. Thus, the application of
AMEF benefits the growth of plants by improving crop nutrition and
stress resistance in particular and tolerance to increase the yields
(Begum et al., 2019; Jabborova et al, 2022). Researchers have
proven that the presence of AMF improves the utilization of
beneficial elements in the soil and that these beneficial elements
are transferred by the symbiont hyphae to the host roots (Kaya
et al., 2009; Subramanian et al., 2013; Chen et al., 2017). Moreover,
transcriptome analyses showed that the DEGs of Ck vs Fm were
significantly enriched in several Go terms related to jasmonic acid,
and the KEGG term of flavone biosynthesis was enriched. This
indicated that rice had become more resilient to stress, which is
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similar to the findings of previous studies (He et al., 2017; Lu et al,,  plants and increase their tolerance to stress, which affects the uptake
2020). This suggests that inoculation with Fm promotes the growth  of Se by the roots (Feng et al., 2021; Huang et al., 2023). Sun et al.
of rice, which is also reflected in the biomass. (2021) reported that the fungal colonization rates of Fm in maize

The application of Se also increased the rice biomass in this  (Zea mays L. cv. Guidan 0810) steadily increased when increasing
study, while the transcriptome analysis showed that the DEGs were  levels of Se were applied, peaked at the treatment level of 5 mg kg™
enriched in the glutathione metabolic pathway and flavonoid  Se, and then began to decrease as the levels of Se applied to the soil
biosynthesis pathway. This is consistent with previous findings increased to 10 mg kg Se. The dose of Se applied in this
that Se can stimulate the production of secondary metabolites in  experiment did not affect the colonization by Fm in rice. This
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implies that the colonization of Fm in crops is facilitated by the
application of Se at doses that are within reasonable limits. This
provides a reference for the combined use of Fm fungal and Se
fertilizers in crop cultivation.

The combination of AMF inoculation with the application of Se
increased the biomass of wheat (Triticum aestivum L. cv. Xiaoyan
22), rice (Oryza sativa L. cv. Xinliangyou 6), and soybean (Glycine
max (Linn.) Merr. Meilifengmao NO. 2), and inoculation with AMF
also increased the Se concentration of the grains of these crops
(Chen et al., 2020; Li et al.,, 2022; Zhang et al., 2022), which were
obtained the similarity in this study. Some studies have found that
inoculation with AMF promotes root growth, which could be one of
the reasons for the promotion of Se uptake in plants (Zhang et al.,
2022). In addition, inoculation with AMF can increase the
concentration of available Se in the soil, such as by increasing the
proportion of Se in the exchangeable and water-soluble forms in
the soil (Dinh et al., 2017; Li et al., 2022; Guo et al., 2023). Peng et al.
(2020) reported that the synergistic effect of colonization by AMF
and low P input promoted the uptake of Se by alfalfa (Medicago
sativa L. cv Golden Empress). However, the mechanisms of how
AMEF promotes Se uptake in plants are still not fully understood and
may vary depending on the specific conditions and plant species.
Further research is needed to elucidate the exact mechanisms
involved in this process. Overall, appropriate doses of Se
application and AMF inoculation can promote plant growth and
Se concentration, and Fm can act as a crop-friendly bioenhancer for
Se fertilization.

4.2 Effects of Fm inoculation and
Se application on ionomic
responses in rice seedlings

In this study, the concentrations of metals in the roots and

shoots of rice were determined. K, Ca, Mg, P are essential
macronutrients in rice plants, Fe, Mn, Zn, Mo, B, Cu, Ni are

Frontiers in Plant Science

micronutrients which plays important role in plant growth, Se,
Al, Co and Si are the beneficial elements which stimulate plants
growth (Arif et al., 2016; Kumar et al., 2017; Shrestha et al., 2020;
Imran et al,, 2021; Ramirez-Olvera et al., 2021; Rengel et al., 2022).
Therefore, this experiment examined the effects of inoculation with
Fm and application of Se on the concentrations of these elements in
rice plants. Inoculation with Fm increased the concentrations of K,
Ca, Mg in the rice roots, and Ca was the vip ions of roots in Ck vs
Fm group, this is consistent with previous research. Yuan et al.
(2023) found that AMF (Funneliformis mosseae BGC XJ02 and
Claroideoglomus etunicatum BGC XJ03C) improved plant K
nutrition, but the improvement was related to the species of
AMF, Carrara and Heller (2022) found that AMF
(Claroideoglumus etunicatum PA127A and Gigaspora margarita
NC175) increased Ca and Mg concentration in corn (Zea mays
cv.Coastal (Seedway, Hall NY)). It may be that the inoculation of
AMF improves the ability of plants to cope with stress and thus
absorb more nutrients (Chandrasekaran et al., 2021). B, Fe and Al,
also were the VIP ions in the roots, and Co were the VIP ions in
shoots in the Ck vs Fm group. B is crucial for the higher growth of
plants and development in the transport of sugars, hormones, and
phenolic compounds, and inoculation with Fm ameliorates the
adverse effects of B deficiency on tea trees and improves the uptake
of B by tea oil camellia (Camellia oleifera Abel. cv. Chang Lin 40)
seedlings (Liu et al., 2023). AMF have also been shown to increase
the availability of Fe in the soil by stimulating the secretion of
phenolic acids from the roots of quince (Cydonia oblonga Mill. cv.
Isfahan) to enhance the uptake of Fe (Rahimi et al., 2021), and, in
turn, alleviate abiotic stress in plants. In contrast, inoculation with
AMF had a limiting effect on the uptake of Al in rice, and
inoculation with AMF could provide new mechanisms for the
exclusion and detoxification of Al, such as metal immobilization
in extra- and intraradical mycelia (Alotaibi et al.,, 2021). Moreover,
AMF regulates the expression of host genes related to metal
transport (Luo et al., 2022). Overall, inoculation with AMF affects
the uptake of elements from the soil by rice.
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The application of Se also had an effect on the uptake and
accumulation of ions in rice, but it was somewhat different from
that of AMF. The application of Se in this experiment reduced the
concentration of P in rice roots. Previous research has
demonstrated that Se and P interact antagonistically at the site of
plant uptake, which decreases the rate of Se uptake by plant roots
(Jiang et al, 2022). Se can promote the expression of Mn
transporters (ZRT/IRT family member [IRT1]), thus, promoting
the uptake of N in Brassica chinensis L. (Wang et al., 2022) and
significantly increasing the accumulation of Mn in olive trees (Olea
europaea L. cv. Leccino) (D’Amato et al, 2018). Similarly, the
application of Se in this study also reduced the concentration of
Mo in rice roots, which is similar to the findings of previous studies.
The effect of Se on the uptake of Mo by plants was also related to the
concentrations of Mo and Se of the culture additions, with the
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application of Se decreasing the concentration of Mo in the roots of
Chinese cabbage (Brassica campestris L. ssp. Pekinensis) at a Mo
concentration of 0.01-0.1 mg L! (Zhang et al., 2012). Se is absorbed
by plant roots via the phosphate transporter and thus, induces an
antagonistic effect with Mo and P (Zhang et al., 2012; Zafeiriou
et al,, 2022). Landberg and Greger (1994) found that Se depressed
the uptake of Cu in pea (Pisum sativum L. cv. Fenomen) but had no
significant effect on wheat (Triticum aestivum L. cv. Sunny), and the
application of Se to rice reduced its uptake and accumulation of Cu.
However, the mechanism of the effect of Se on Cu uptake in plants
has not yet been studied, and more experiments are needed for an
in-depth exploration of this mechanism. Plants only require very
small concentrations of Ni (Arif et al., 2016). Other studies found
that the effect of Se on Ni uptake depends on the concentration and
form of Se used and that Se decreased the concentration of Ni in
lettuce (Lactuca sativa var. capitata L. cv. Justynaroots) but
increased its concentration in the shoots (Hawrylak-Nowak and
Matraszek-Gawron, 2020). Se also reduced the concentration of Al
in rice roots and shoots. Studies on ryegrass (Lolium perenne L. cv.
Nui) suggest that Se may respond to Al stress by increasing the
plant’s antioxidant capacity, thereby reducing the accumulation of
Al (Cartes et al., 2010). However, there was also studied that Se does
not ease growth inhibition caused by Al in Schinus terebinthifolius
seedlings (De Mattos et al., 2023). These results contrast with those
of this study, and in-depth studies on the interplay between Se and
Ni or Al in plants are still required.

Although the effects of Se or Fm alone on the uptake of metal
ions by rice were not identical, some of the inhibitory effects
exhibited by Se were reduced when they were applied together,
probably because Fm regulates the physicochemical properties of
the soil and promotes nutrient uptake by the roots (Jabborova et al.,
2022; Ma et al., 2022b). However, there was a consistent effect of
reducing the absorption of Al. Treatment with Se and Fm can
reduce the accumulation of Al in plants (Rufyikiri et al., 2008;
Cartes et al., 2010). Although no study has reported the interaction
between Co with Se and Fm in plants, studies have suggested that
the metabolic pattern of Co in plants is similar to that of Ni (Hu
etal, 2021). In summary, Fm and Se affect the uptake of ionomic by
rice seedlings.

4.3 The genes related to metal ion
uptake in rice following the application
of Fm and Se

Table S5 shows the modules significantly associated with ions and
the hub genes of the highest degree in modules. BGIOSGA033581 was a
hub gene in the light-yellow module, which significantly correlated
with Se and Mg and significantly positively correlated with Al. The
homologue of BGIOSGA033581 is Os11g0667700 (OsRLCK348), and
BGIOSGA034707 is another hub gene in the light-yellow module,
which also represents the RLCK gene (Table 57). RLCK (Receptor-Like
Cytoplasmic Kinase) genes are a family of genes in rice that belong to
the superfamily of receptor-like kinases (RLKs). Some of the
functionally characterized RLCKs from plants have been shown to
play roles in development and stress responses (Vij et al, 2008).
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RLCK348 could be related to the resistance of rice to salt stress
(Patishtan et al,, 2018) and the possible association of RLCK with
biostimulation (Lehti-Shiu et al., 2009). However, there is no direct
information on the role of RLCK genes in the uptake of metal ions by
rice. Further research may be needed to determine the specific effects of
RLCK genes on the uptake of metal ions by rice.

Previous studies have suggested that the uptake of ions by plants is
influenced by genes associated with the cell membrane (Jain et al,
2018). In this study, the hub genes related to the binding of metal ions
(BGIOSGA010865, BGIOSGA016813, BGIOSGA005991,
BGIOSGA037098, BGIOSGA025502, and BGIOSGA008466) and a
zinc finger protein-related gene (BGIOSGA007726) were identified.
Genes related to membrane transport also appeared in the hub genes
analyzed by WGCNA, including BGIOSGA008466, BGIOSGA010865,
BGIOSGA004527, BGIOSGA017741, BGIOSGA005144,
BGIOSGA029060, and BGIOSGA037800. The cell wall also plays a
role in the responses of plant cells to trace metals (Krzestowska, 2011),
and genes concerning the cell wall have also been localized to hub genes
(BGIOSGAO017741). These genes may also have been affected by
inoculation with Fm. Studies have shown that AMF can affect the
expression of genes related to the plasma membrane and cell wall
activities, and Fm can positively affect plant cellular components,
biological process, and molecular function, and the expression of
genes related to the transport of metal ion transports in plants (Lu
et al, 2020; Moradi et al, 2020; Luo et al, 2022). Therefore, the
application of Fm combined with Se can affect the expression of genes
related to the uptake of metal ions and Se metabolism (glutathione
metabolism). In addition, the hub gene BGIOSGA017551 was
annotated to the MAPK cascade, which is a pathway associated with
the response to Se (Rashtchizadeh et al., 2015). BGIOSGA017551,
BGIOSGA004527, BGIOSGA009916, BGIOSGA033581, and
BGIOSGAO011740 were annotated to phosphorylation. However, the
relationship between the absorption of Se with phosphorylation and
ATP binding in plants is unknown. Nevertheless, studies have shown
that Se can regulate photosynthesis in plants (Liu et al., 2022).
Photophosphorylation is the process by which ADP is
phosphorylated to form ATP using sunlight. Simultaneously, six
other hub genes were annotated to protein serine/threonine kinase
activity (BGIOSGA033581, BGIOSGA017551, BGIOSGA004527,
BGIOSGA009916, BGIOSGA033581, and BGIOSGA011740). Studies
have shown that Se is also involved in the synthesis of cysteine owing to
a protein-protein interaction with serine (Trippe and Pilon-Smits,
2021), which indicates that these hub genes are related to Se. In
summary, the simultaneous application of Fm and Se may affect the
expression of the related genes of transporters, metal ion binding
phosphorylation, and protein serine/threonine kinase activity in the cell
membrane of rice roots.

5 Conclusions

Fm fungi can significantly promote the growth of rice. Furthermore,
these fungi can form a mutually beneficial symbiotic relationship and
promote the absorption and transport of Se in rice. However, the
application of Fm combined with Se is more effective at promoting these
effects than that of Se alone. The combined application of Fm and Se can

also influence ion metabolism in rice since Fm reduces the antagonism
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of Se on the absorption of Ni, Mo, P, and Cu. Herein, a WGCNA
analysis showed that some genes were associated with membrane,
phosphorylation, and metal ion binding, indicating that Fm affects the
expression of these genes and the uptake of Se by roots. Overall, Fm can
be used as a bioenhancer to produce fertilizers enriched in SE during the
production of crops enriched in this element.
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