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Arbuscular mycorrhizal fungi (AMF) can symbiose with many plants and improve nutrient uptake for their host plant. Rhizosphere microorganisms have been pointed to play important roles in helping AMF to mobilize soil insoluble nutrients, especially phosphorus. Whether the change in phosphate transport under AMF colonization will affect rhizosphere microorganisms is still unknown. Here, we evaluated the links of interactions among AMF and the rhizosphere bacterial community of maize (Zea mays L.) by using a maize mycorrhizal defective mutant. Loss of mycorrhizal symbiosis function reduced the phosphorus concentration, biomass, and shoot length of maize colonized by AMF. Using 16S rRNA gene amplicon high-throughput sequencing, we found that the mutant material shifted the bacterial community in the rhizosphere under AMF colonization. Further functional prediction based on amplicon sequencing indicated that rhizosphere bacteria involved in sulfur reduction were recruited by the AMF colonized mutant but reduced in the AMF- colonized wild type. These bacteria harbored much abundance of sulfur metabolism-related genes and negatively correlated with biomass and phosphorus concentrations of maize. Collectively, this study shows that AMF symbiosis recruited rhizosphere bacterial communities to improve soil phosphate mobilization, which may also play a potential role in regulating sulfur uptake. This study provides a theoretical basis for improving crop adaptation to nutrient deficiency through soil microbial management practices.
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1 Introduction

Phosphorus (P) is an essential macronutrient for plant growth and development (Wang et al., 2021b). Plants can only acquire free inorganic phosphate (Pi) from the soil, whereas Pi concentration and mobility in the soil are limited; thus, plants often suffer from Pi starvation (Du et al., 2020; Wang et al., 2021b). As important soil microorganisms, arbuscular mycorrhizal fungi (AMF) can symbiose with most plants and improve their host plants’ phosphorus status. When symbioses are formed, AMF provides Pi from soil to host plants through their hyphal networks (Smith and Read, 2008). However, the P in the soil mainly exists in organic matter and insoluble forms difficult for AMF to decompose directly (Tisserant et al., 2013; Zhang et al., 2022). AMF must depend on phosphate-solubilizing bacteria to complement their functional capabilities by mineralizing organic P resources (Falkowski et al., 2008; Zhang et al., 2022).

As an important mycorrhizal crop widely planted in the world, maize is sensitive to low Pi conditions (Liu et al., 2018; Ma et al., 2022). To improve the low Pi tolerance of maize, transgenic technology and the application of beneficial soil microbes (including AMF) have been used.

The rhizosphere inhabited by many microorganisms has been defined as the second plant genome (Kuzyakov and Razavi, 2019; Vetterlein et al., 2020). AMF symbiosis alters root exudates (Zhang et al., 2022; Xu et al., 2023a; Xu et al., 2023b), resulting in the rhizosphere microbiome being altered and stimulating soil nutrient turnover (Zhang et al., 2018a). AMF has been reported to influence the rhizosphere microbial composition involved in the decomposition of organic materials (Herman et al., 2012; Nuccio et al., 2013). Bacterial communities containing genes for alkaline phosphatases inhabiting on the AMF hyphal surface have been shown to enhance soil organic P mineralization (Zhang et al., 2018b). Jiang et al. (2021) show that AMF-carrying bacteria along their extraradical hyphae to organic P patches enhance organic P mineralization. Additionally, AMF also attracts some plant growth-promoting rhizobacteria that have potential functions in the mobilization of soil-insoluble nutrients, including P and sulfur (S) (Priyadharsini et al., 2016; Hestrin et al., 2019; Sun et al., 2020). There is an interaction between P and S absorption by plants (Mohamed et al., 2014; Sun et al., 2020). S starvation negatively impacts plant vitality when the P status is adequate (Sieh et al., 2013). Like P, inaccessible S in the soil also relies on interactions with AMF and associated microbes to promote their mobilization (Richardson et al., 2009). AMF has a crucial role in plant S metabolism via interaction with organo-sulfur mobilizing microbes (Narayan et al., 2022). Specific bacteria were attached to AMF symbiosis in agricultural soils, and some bacteria respond to the presence of specific AMF (Zhang et al., 2022), suggesting a high degree of specificity between bacteria and AMF. However, whether AMF recruits specific rhizobacteria to help maize cope with low Pi stress and whether these bacteria have an association with S metabolism is still largely unknown.

Increasingly, researchers believe that plant functional genes are important factors in regulating rhizosphere microbiota (Cordovez et al., 2019; Zhang et al., 2019). Plant functional genes can drive rhizosphere microbial community assembly by regulating root phenotypes, root exudates, and transporter activities (Zhalnina et al., 2018; Yu P. et al., 2021; Liu et al., 2022). Changes in the structure and function of rhizosphere microorganisms can also affect the expression of plant functional genes and take plants some growth advantages (Berendsen et al., 2018). Compared with NRT1.1B (encoding a nitrate transporter and sensor) mutant, there are more microorganisms involved in the nitrogen cycle in the rhizosphere of wild rice (Zhang et al., 2019). In another study, plants inoculated with synthetic microbial communities, nitrate transporter coding genes, and nitrate reductase coding genes are downregulated, whereas many phosphorus starvation genes, phosphate transport, and metabolism genes are activated by synthetic communities (SynComs) (Wang et al., 2021a). However, whether the mycorrhizal symbiosis-related genes in plants can regulate microbiota in the rhizospheres under AMF inoculation remains unknown. In this study, mycorrhizal defective mutant and wild-type (WT) maize plants were planted in soils inoculated with AMF. We examined the rhizosphere bacterial community by 16S rRNA amplicon sequencing and determined the soil bacteria changes affected by AMF symbiosis. This study provides a theoretical basis for improving crop fitness through rhizosphere microbial management practices.




2 Materials and methods



2.1 Greenhouse experiment

The wild type of maize B73 and the maize mycorrhizal defective mutant Mut were used in this study. Before planting, the seeds of maize were surface-sterilized with 75% ethyl alcohol and germinated for 2 days at 28°C after washing with ddH2O. The soil used in this study was superficial soil (0–20 cm depth) collected from a maize field in Kunming, Yunnan Province, China (24°23′N, 102°10E) after maize was harvested. The soil type is red loam. Soil physicochemical properties were as follows: pH, 7.01; total nitrogen, 0.42 g·kg−1; total phosphorus, 1.59 g·kg−1; available phosphorus, 9.8 mg kg-1; total potassium, 8.35 g·kg−1. Each pot (28 cm in height and 25 cm in diameter) contained 10 kg of soil. The experiments included AMF-inoculated and uninoculated treatments. The AMF inoculation was the mixed addition of Diversispora epigaea, Claroideoglomus etunicatum, Claroideoglomus walkeri, Funneliformis mosseae, and Rhizophagus intraradices inoculums. These inoculums were gifted by the National Engineering Lab of Crop Stress Resistance Breeding, Anhui Agricultural University, Anhui Province, China. There were 200 spores of each AMF species used to prepare the AMF mix, and a total of 1,000 AMF spores per pot were added. AMF uninoculated treatments were realized by applying benomyl. Benomyl has been shown to effectively reduce AM colonization with minimal direct effects on plants (Hetrick et al., 1990; Smith et al., 2000) and widely used in the investigation related to AM fungi (Wang et al., 2018; Li et al., 2019; Chen et al., 2020; Kang et al., 2020). Maize plants were grown at 28°C/25°C under a 16-h-day/8-h-night cycle for 8 weeks at a greenhouse of Yunnan University in China. The plants were watered twice a week. Five replicates of each treatment were set.




2.2 Plant analyses

Plant samples were harvested to measure dry weight, shoot length phosphorus concentration, and mycorrhizal colonization rate. Maize plants were dried at 105°C for 30 min and then dried at 75°C to a constant weight to measure dry weight. Dried leaves were ground and sieved (0.25 mm) to detect the phosphorus concentration as follows: samples were firstly digested in H2SO4 with H2O2 as an additive, and then the total phosphorus concentration was determined by molybdenum blue colorimetry (Deng et al., 2020). Trypan blue staining was used to detect the mycorrhizal colonization rate (Liu et al., 2018) as follows: fresh root segments were soaked in 10% (v/v) KOH solution for 15 min, acidified in 2% HCl for 5 min, and then stained with 0.05% trypan blue solution for 12 h.




2.3 Rhizosphere soil and 16S rRNA gene sequencing

Amplicon sequencing was conducted on a total of 12 samples, including three groups (wild type, wild type inoculated with AMF, Mut inoculated with AMF) and four biological replicates of each group. Rhizosphere soil was collected as previously described (McPherson et al., 2018). Briefly, roots with attached soil (rhizosphere soil) were transported to 30 ml phosphate-buffered saline buffer (pH 7.5). The mixture was centrifuged and passed through an aseptic nylon mesh strainer (100 μm). The filtered liquid was then centrifuged, and the rhizosphere soil was collected. The rhizosphere soil was stored at −80°C for total DNA extraction. According to the manufacturer’s instructions, the PowerSoil® DNA isolation kit was used to extract the total DNA of rhizosphere soils. 16S rRNA gene sequencing was performed by the company Sangon Biotech (Shanghai, China) using an Illumina MiSeq platform. The V3–V4 regions of the bacterial 16S rRNA gene were amplified with universal primers 341F: CCTACGGGNGGCWGCAG and 805R: GACTACHVGGGTATCTAATCC (Defez et al., 2017) for bacterial identification. The 16S amplicon analysis was performed as Xu et al. described (Xu et al., 2023b). In brief, the DADA2 method for amplicon sequence variant (ASV) inference was used to process the 16S rRNA gene amplicon data; relative abundances of each taxon in a sample were calculated by proportional normalization of each sample by its sequencing depth. The random forest analysis was conducted by the “randomForest” R package as Xu et al. described (Xu et al., 2023b).




2.4 Data analysis

All the raw sequence data for the rhizosphere bacterial community have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive under accession number PRJNA871781. Statistics on sequencing data were calculated using the R statistical programming software. Other statistical analyses were made using SPSS (SPSS26, Inc., Chicago, IL, USA). Statistical tests used were detailed in each figure legend. Redundancy analysis (RDA) was used to visualize and quantify the correlations. RDA was performed using the RDA command of the vegan package of R (Version 3.6.0) (R Core Team, 2019). The correlation heat maps were constructed by the corrplot package (Wei and Simko, 2021) and the ggcorrplot package (Tian et al., 2021) in R.





3 Results



3.1 Mycorrhizal defect hinders maize growth and phosphate uptake under AMF colonization

To investigate the effect of mycorrhizal defective mutant Mut on AM symbiosis and maize growth, the wild type and Mut mutant were inoculated with AMF. Eight weeks later, maize plants showed distinguishable phosphorus (P) content and phenotypes. AMF inoculation significantly increased the leaf P concentrations of wild-type maize plants by 33.86% and 31.39% compared with non-inoculated wild type (CK) and AMF-inoculated Mut mutant, respectively (Figure 1A). In addition, compared with CK, AMF inoculation significantly increased the shoot dry weight and shoot length of wild-type plants, but the Mut mutant reduced these performances of plants from AM symbiosis (Figures 1B, C). Moreover, the mycorrhizal colonization rate of AMF-inoculated wild-type maize was 71.48% (Figure 1D), whereas it was only 58.20% in AMF-inoculated Mut. Above all, AMF inoculation improved maize growth and promoted P absorption for maize, but the mycorrhizal defect reduced the accumulation of phosphorus, plant biomass, and shoot length of maize colonized by AMF.




Figure 1 | Arbuscular mycorrhizal fungal inoculation promotes maize growth and phosphate uptake. (A) Total P concentrations of plant. (B) Dry weight of shoot. (C) Shoot length. (D) Root length colonization rate. CK, wild-type maize without AMF (arbuscular mycorrhizal fungi) inoculation; AMF, wild-type maize inoculated with mix of Diversispora epigaea, Claroideoglomus etunicatum, Claroideoglomus walkeri, Funneliformis mosseae, and Rhizophagus intraradices. Mut, mycorrhizal defective mutant. The value of root length colonization rate was from three biological replicates with approximately 150 root segments per treatment. Bars are means ± SE and statistical differences were determined by two-sided t-test (***p < 0.001; **p < 0.01; *p < 0.05).






3.2 AM symbiosis has a distinct rhizosphere bacterial community

The difference of bacterial community structures in the rhizosphere of CK, AMF-colonized wild type, and AMF-colonized Mut was confirmed by non-metric multidimensional (NMDS). NMDS analyses showed that bacterial community structures in the rhizosphere of wild type under AMF colonization were distinguishable from those without AMF colonization (stress value = 0.0846, Figure S1A), indicating a significant effect of AMF colonization on soil microbiome assembly. Additionally, significant differences were also observed between the rhizosphere bacterial structures of AMF colonized wild-type vs. AMF colonized Mut mutant (stress value = 0.0607, Figure S1B), suggesting that the Mut mutant affects microbiome assembly in the rhizosphere of maize under AMF colonization.




3.3 Rhizosphere bacteria act as biomarkers for AMF symbiosis

We further compared the relative abundance of rhizosphere bacteria between CK and AMF and between AMF-colonized wild-type and AMF-colonized Mut. Four genera of bacteria were enriched in the rhizosphere of maize colonized by AMF, namely, Sphingomonas, Rhizobium, unclassified_Erythrobacteraceae, and unclassified_Nannocystineae (Figure 2A). All four genera of bacteria belong to Proteobacteria. In the group of AMF-colonized wild type vs. AMF-colonized Mut, Gp5 was significantly enriched, whereas Streptophyta, Rhizobium, and unclassified_Erythrobacteraceae were significantly depleted in the rhizosphere of AMF- colonized Mut (Figure 2B). Gp5 belongs to Acidobacteria, and Streptophyta belongs to Cyanobacteria_Chloroplast. Figure 2 reveals that Rhizobium and unclassified_Erythrobacteraceae were enriched in the rhizosphere of AMF- colonized wild type but depleted in Mut.




Figure 2 | Changes of bacterial abundances in the rhizosphere of maize symbiosis with arbuscular mycorrhizal fungi. The dot represents the genera of bacteria. The Manhattan diagrams show changes of bacterial abundances in the rhizosphere of non-AMF (arbuscular mycorrhizal fungi) colonized (CK) vs. AMF colonized wild-type (AMF) (A), and in the rhizosphere of AMF colonized wild-type vs. AMF colonized Mut mutant (Mut_AMF) (B). The solid triangles represent significantly enriched bacteria. The hollow triangles represent significantly depleted bacteria, and the dot represents bacteria with no change. The dotted lines refer to the q value (-logP) of 0.05.



We established a random forest to correlate AMF colonization with rhizosphere bacteria at the genus level. There were 15 genera identified as biomarker taxa in CK vs. AMF and AMF-colonized wild type vs. AMF-colonized Mut. Of these, eight genera showed higher relative abundance in AMF colonization compared to CK, namely, Lysobacter, unclassified_Comamonadaceae, Terrimonas, unclassified_Anaerolineaceae, Parcubacteria_genera_incertae_sedis, unclassified_Sinobacteraceae, Sphingomonas, and unclassified_Erythrobacteraceae (Figure 3A), whereas seven genera, namely, unclassified_Bacteroidetes, Subdivision3_genera_incertae_sedis, unclassified_Sphingobacteriales, Gemmatimonas, Lacibacterium, unclassified_Chitinophagaceae, and Gp10, were higher in CK. In AMF-colonized wild-type vs. AMF-colonized Mut, there were seven genera that were higher in wild type than Mut, namely, unclassified_Sinobacteraceae, unclassified_Erythrobacteraceae, Devosia, unclassified_Comamonadaceae, unclassified_Alphaproteobacteria, unclassified_Rhizobiales, and unclassified_Deltaproteobacteria, whereas eight genera with lower relative abundance were identified in AMF-colonized Mut compared with wild type (Figure 3B), namely, unclassified_Burkholderiales. unclassified_Anaerolineaceae, WPS-1_genera_incertae_sedis, Photobacterium, unclassified_Betaproteobacteria, unclassified_Sphingobacteriales, Gp6, and unclassified_Chloroflexi. Among these different bacteria members, the genera of unclassified_Erythrobacteraceae showed higher relative abundance in the rhizosphere with AMF colonization compared with CK, whereas it was reduced in AMF-colonized Mut. LDA analysis further indicated that the significantly different genera unclassified_Erythrobacteraceae can serve as biomarker genera to distinguish whether maize is inoculated with AMF (Figure S2).




Figure 3 | Analysis of biomarker bacterial genera by random forest modeling. The top 15 bacterial genera were identified by performing random forest classification of the relative abundance of the rhizosphere bacteria in non-AMF (arbuscular mycorrhizal fungi) colonized (CK) vs. AMF colonized wild-type (AMF) (A), and in the rhizosphere of AMF colonized wild-type vs. AMF colonized Mut mutant (Mut_AMF) (B). Biomarker taxa are ranked in descending order of importance to the accuracy of the model. Genus and its corresponding mean proportion were connected by lines.






3.4 Potential functions of the rhizosphere bacterial community

The Functional Annotation of Procaryotic Taxa (FAPROTAX) analysis was further conducted to evaluate the different functions of bacterial communities in the rhizosphere of CK, AMF-colonized wild type, and AMF-colonized Mut mutant. Compared with CK and AMF-colonized Mut mutants, the rhizosphere of the AMF-colonized wild type had relatively higher bacterial abundance with 14 functions (Figure S3). Among the 14 functions, three sulfate (S) metabolism-related functions (respiration_of_sulfur_compounds and sulfate_respiration) were included. To explore the mechanism of rhizosphere bacteria associated with AMF inoculation in S metabolism, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis was conducted. Hereby, four pathways related to three steps of S metabolism (sulfate reduction, sulfite reduction, and thiosulfate disproportionation) were identified, namely, sulfate reduction, sulfite reduction, thiosulfate disproportionation, and sulfur oxidation (Figures 4A, B). Sulfate reduction, sulfite reduction, and thiosulfate disproportionation belong to dissimilatory sulfur metabolism. Evidence for dissimilatory sulfur metabolism and sulfur oxidation was sought by whether the bacteria containing genes necessary to perform sulfate reduction, sulfite reduction, and thiosulfate disproportionation, including sulfate adenylyltransferase gene (sat), adenylylsulfate reductase alpha gene (aprA), dissimilatory sulfite reductase alpha and beta subunits gene (dsrAB), and anaerobic sulfite reductase gene (asrC) (Cai et al., 2021; Kieft et al., 2021; Yu X. et al., 2021). The sat and aprA genes are involved in sulfate reduction, phsA is involved in thiosulfate disproportionation, dsrAB is involved in sulfite reduction, and asrC is involved in sulfite reduction. The rhizosphere soil from CK and AMF-colonized Mut mutant contained a higher relative abundance of sat, aprA, phsA, and dsrAB. Conversely, a lower relative abundance of asrC in the rhizosphere samples was detected in CK and AMF-colonized Mut mutant compared with the AMF-colonized wild type.




Figure 4 | Sulfur metabolism-related genes in rhizosphere bacteria and their metabolic pathways. (A) Sankey diagram for sulfur metabolism pathway connected with related genes. The width of the flow is proportional to the number of bacterial genera. The right heatmap represents relative abundance of sulfur metabolism-related genes in the rhizosphere of non-AMF (arbuscular mycorrhizal fungi) colonized (CK), AMF colonized wild-type (AMF), and AMF colonized wild-type vs. AMF colonized Mut mutant (Mut_AMF). Relative abundance data were log2 transformed. (B) Sulfur metabolism.






3.5 Correlation of rhizosphere bacteria related to sulfur metabolism with maize plant performances

To further explore whether the bacteria associated with S metabolism correlate with maize growth, we first identified the bacterial genera that contained at least one of sat, aprA, phsA, dsrA, dsrB, or asrC. A total of 59 genera related to S metabolism were identified. Among them, the relative abundance of 34 bacterial genera was increased in the rhizosphere of the AMF-colonized wild type but decreased in the AMF-colonized Mut mutant. A relationship network between plant performances and the 34 bacterial genera was constructed. Almost all the 34 genera have a positive relationship with shoot length, shoot weight, leaf P concentration, and root length colonization (Figure 5A). Furthermore, significant correlations among all the 59 bacterial genera, S metabolism genes, and plant growth parameters were summed up as a heatmap (Figure 5B). The six S metabolism-related genes (sat, aprA, phsA, dsrA, dsrB, and asrC) showed a significant positive correlation with each other. Both aprA and sat showed a significant negative correlation with shoot length and shoot weight of maize, whereas phsA, dsrA, dsrB, and asrC tended to show a negative correlation with shoot length, shoot weight, leaf P concentration, and root length colonization. Most of the 59 genera had a significant relationship with shoot weight and shoot length.




Figure 5 | Correlation of sulfur metabolism- related rhizosphere bacterial genera and maize growth. (A) Network of sulfur metabolism- related rhizosphere bacterial genera, sulfur metabolism- related genes, and maize plant performances (shoot weight, shoot length, root length colonization, and shoot phosphorus concentration). (B) Correlation of sulfur metabolism- related rhizosphere bacterial genera with sulfur metabolism- related genes and maize performances.







4 Discussion

Symbiosis with AMF is important for the growth and development of maize (Liu et al., 2018; Ma et al., 2022). The beneficial effects of AMF symbiosis are often related to improving the host plant to obtain nutrients from the soil, especially P (Felföldi et al., 2022). In our study, the contribution of Mut on P uptake through AMF symbiosis was confirmed. Statistically, the P concentration in maize plants was significantly increased post AMF inoculation, but it was reduced in the AMF- colonized Mut mutant compared with the wild type (Figure 1), suggesting that Mut plays roles in phosphate uptake for maize under AMF symbiosis.

Comparison between AMF- colonized and non-colonized rhizosphere samples (Figure 2A) indicated that AMF colonization affects the composition of the bacterial communities in the rhizosphere of maize. Emmett et al. also revealed a distinct bacterial community associated with Glomus versiforme by 16S rRNA gene sequencing (Emmett et al., 2021). However, the loss of the mycorrhizal symbiosis-related gene changed the bacterial community structure related to AMF symbiosis (Figure 2B). The changes of rhizosphere bacteria from the Mut mutant and wild type under AMF colonization showed that they had a preference for recruiting different soil bacterial communities. Rhizobium and unclassified_Erythrobacteraceae were depleted in the rhizosphere of AMF-colonized Mut but enriched in AMF-colonized wild type, which may be the specific microbial species greatly affected by the Mut with AM symbiosis. Rhizobia can symbiose with the roots of the host plant to improve host plant growth and yield (Yadav, 2021). Igiehon and Babalola (2021) showed that co-inoculation of soybean with rhizobium and AMF improved soybean yield under drought-stress conditions. The rhizobia has also been reported synergistically with AMF to promote root colonization, plant growth, and nitrogen acquisition (Liu et al., 2023; van der Heijden et al., 2023). The microbial species recruited in the mycorrhizal rhizosphere of maize were likely to help maize to obtain phosphate through the mycorrhizal pathway. AMF symbiosis changed exudates released into the rhizosphere soil to attract microorganisms, probably resulting in the directional enrichment of some special microorganisms (Jiang et al., 2021; Ma et al., 2022; Xu et al., 2023a; Xu et al., 2023b). The changes of rhizosphere bacteria in AMF-colonized Mut maize may result from the reduced AMF colonization rate, which might monitor changes of exudates in soil, and in turn, influence the recruitment of bacteria.

The changes of bacterial communities in the rhizosphere of the AMF-colonized Mut mutant suggested the key role of this maize gene in shaping soil bacterial communities under AMF colonization. Some plant genes have been revealed to affect rhizosphere microorganisms. For example, a rice nitrate transporter gene, NRT1.1B, has been reported to be associated with the recruitment of indica-enriched bacteria that could improve rice growth under organic nitrogen conditions using synthetic communities (Zhang et al., 2019); a salt-tolerant gene, SST, alleviates salt stress by regulating soil metabolites and microbiota in the rhizosphere of rice (Lian et al., 2020); and in soybean, transgenic GsMYB10 shaped the rhizosphere microbial communities and harbored some beneficial microbes to resistant Al toxicity (Liu et al., 2023). In another way, the changes in soil microorganisms can also alter host gene expression (Stringlis et al., 2018; Rolfe et al., 2019). Rhizosphere microorganisms delay flowering by producing indole acetic acid (IAA) to downregulate genes that trigger flowering and stimulate further plant growth (Lu et al., 2018). The application of SynComs significantly upregulated many phosphate starvation responses (PSR) genes and downregulated nitrate transporter genes and nitrate reductase genes (Wang et al., 2021a). Therefore, it will be important to identify additional key genes in maize involved in AMF symbiosis or to screen the AMF-associated rhizosphere bacterial community as a potential molecular breeding target.

Cooperation between the host plant, AMF, and the soil bacteria is essential for plant growth in natural environments. Sulfur is an essential macro-element required for plant growth and is increasingly becoming limiting to crop yield (Narayan et al., 2022). Around 95% of sulfur is present in soil in organic form that cannot be directly utilized by plants, and plants rely on microorganisms in soil and rhizosphere to mobilize organic sulfur (Mahala et al., 2020). Many reports show that AMF symbiosis increases the sulfur content of plants (Narayan et al., 2022). For example, a study shows that AMF- colonized Lolium perenne increased cultivable sulfonate- mobilizing bacteria, helping in sulfur supply to the plant (Gahan and Schmalenberger, 2015). In this study, we found that AMF symbiosis reduced the proportion of rhizosphere bacteria related to sulfur reduction, including sulfate reduction, sulfite reduction, and thiosulfate disproportionation (Figure 4), which will increase inorganic sulfur content in the soil and promote plant to obtain sulfur. Dual inoculation with AMF and Thiobacillus has been revealed to improve the growth parameters and N, P, K, and S contents of onion and maize plants (Mohamed et al., 2014).

However, our study further found that bacteria associated with sulfur reduction were increased in the rhizosphere of Mut colonized by AMF (Figure 4), indicating that the sulfur reduction process is probably more efficient in AMF-colonized Mut root, which will reduce inorganic sulfur release from soil. There is an interaction between phosphorus and sulfur absorption by plants (Mohamed et al., 2014; Sun et al., 2020). AMF can affect the gene expression of plants in the process of sulfate transport, thus improving the nutritional status of plants. A sulfoquinovosyl diacylglycerol1 (SQD1) gene has been reported to affect Pi and S homeostasis (Sun et al., 2020). Mutation of OsSQD1 increases the concentrations of sulfite but reduces the concentration of Pi in the Pi deficiency condition. The relative expression levels of Pi transporters OsPT2, 4, 6, and 8 were significantly lower in the ossqd1 mutants. Another study has revealed that transcription factor PHOSPHATE STARVATION RESPONSE 1 (PHR1, At4g28610), a key regulator of Pi starvation-responsive genes, also exerts a regulatory influence on the expression of sulfur transporter genes (SULTR2.1 and SULTR3.4) and plays a key role in   shoot-to-root flux during Pi deficiency (Rouached et al., 2011). Above all, genes associated with sulfur or phosphorus uptake are probably responsible for phosphorus and sulfur homeostasis at the same time. Since the Mut mutant negatively regulates maize P uptake (Figure 1), we speculated that Mut may have a potential role in affecting the transport of sulfur, and the changes in P uptake altered the rhizosphere microbiota, which may affect the sulfur uptake.

Above all, this study suggested that maize plants coordinate soil bacterial communities to mobilize phosphate and sulfur from the soil under AMF colonization to promote plant growth. The interaction between the AMF, plant gene, and rhizosphere bacteria could pave the way for technologies to modulate the rhizosphere bacteria to increase crop productivity and sustainability.
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Supplementary Figure 1 | Non-metric Multidimensional Scaling plot (NMDS) showing beta diversity of rhizosphere bacterial communities in non-AMF (arbuscular mycorrhizal fungi) colonized (CK) wild-type vs. AMF colonized wild-type (AMF) (A), and in AMF colonized wild-type vs. AMF colonized Mut mutant (Mut_AMF) (B).

Supplementary Figure 2 | Linear discriminant analysis Effect Size (LEfSe) identified the differentially abundant bacteria in the rhizosphere of non-AMF (arbuscular mycorrhizal fungi) colonized (CK) wild-type vs. AMF colonized wild-type (AMF) (A), and AMF colonized wild-type vs. AMF colonized Mut mutant (Mut_AMF) (B).

Supplementary Figure 3 | Functional Annotation of Procaryotic Taxa (FAPROTAX) analysis showing functional prediction of bacteria in the rhizosphere of non-AMF (arbuscular mycorrhizal fungi) colonized (CK) wild-type vs. AMF colonized wild-type (AMF) (A), and AMF colonized wild-type vs. AMF colonized Mut mutant (Mut_AMF) (B).
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