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Editorial on the Research Topic
 Beneficial microbe-plant interactions under biotic/abiotic stress conditions




Plants are facing a range of biotic and abiotic stressors, including pests, pathogens, salinity, drought, cold, heavy metal stress, and nutrient deficiencies. These challenges restrict agroforestry production. The plant-associated microbiome constitutes the second genome of plants and has garnered significant attention due to its pivotal roles in plant growth, productivity, and health (Trivedi et al., 2020). Both the composition and function of the microbiome are influenced by plant-microbe interactions and environmental factors, such as biotic and abiotic stress conditions. However, the limited understanding of the interplay between beneficial microbes and plants hampers the utilization of plant-associated microbes for sustainable agriculture and forestry ecosystems under stress conditions. This Research Topic aims to deepen our understanding of the functions and response mechanisms of beneficial microbes and plants to biotic and abiotic stressors.

This Research Topic comprises 22 articles (21 research articles and one review article) that explore the interactions between beneficial microbes and plants under biotic or abiotic stress conditions. The plant-associated beneficial microbes include rhizosphere and endophytic microbes. These articles illuminate the roles of beneficial microbes in plant health, identify novel beneficial strains, describe the characteristics of rhizosphere or endophytic microbial communities across varying environments and plant genotypes, and elucidate signaling mechanisms governing the interactions between microbes and plants under stress conditions, thereby contributing to the potential application of beneficial microbes in future sustainable food, fuel, and fiber crop production.


Biotic stress

Numerous studies have reported that certain plant-associated microbes can enhance plant resistance to diseases. Some beneficial microbes can induce systemic resistance against phytopathogens in plants without direct contact with pathogens (Pieterse et al., 2014). Other beneficial microbes exert their protective effects by directly producing microbial metabolites that antagonize pathogens. For foliar diseases, direct spraying of beneficial endophytic strains onto the affected areas of the plant has proven effective for disease control. For instance, the endophytic Bacillus amyloliquefaciens KRS005 activates plant defense responses and inhibits the morphological development of Botrytis cinerea mycelia, thereby controlling gray mold when sprayed on leaves (Qi et al.). Paraburkholderia phytofirmans PsJN also effectively controls grape gray mold disease when directly sprayed on inflorescences rather than through root inoculation. PsJN can be attracted by B. cinerea and inhibit its spore germination (Miotto Vilanova et al.). Secreted metabolites and volatiles of endophytic Microbacterium testaceum mediate antagonistic effects on the pathogen Magnaporthe oryzae, thus playing a significant role in controlling rice blast disease when applied via spraying (Patel et al.).

For soil-borne diseases, root inoculation with beneficial rhizosphere microbes has shown efficacy. Wilt disease is a kind of soil-borne disease caused by different fungal pathogens, such as Verticillium and Fusarium, which has caused significant economic losses in agriculture and forestry industries. Kong et al. demonstrated that the volatile organic compounds (VOCs) produced by Trichoderma koningiopsis T2 can inhibit the formation of microsclerotia, suppress activities of certain cell wall-degrading enzymes, and downregulate genes associated with melanin synthesis in the pathogen Verticillium dahliae. These mechanisms were thought to contribute to the biocontrol efficacy of T2 against Verticillium wilt disease. Besides direct antagonism against pathogens, microbial agents can reshape the soil microbiome by changing soil properties and metabolites and enriching potential beneficial microbes, thereby aiding plants in combating soil-borne diseases (Li X. et al.; Wang et al.). Appropriate farming methods can also mitigate the occurrence of such diseases. For example, maize-soybean intercropping has been shown to suppress Fusarium wilt disease in soybeans through reshaping the rhizosphere bacterial community and recruiting more beneficial bacteria (Chang et al.).

In addition to the biocontrol of pathogen infections, plant-associated microbes also play crucial roles in plant resistance to insect attack. Li G. et al. reported distinct microbiome diversity in plants and soil between insect-resistant and insect-susceptible plants. The origin of insect microbiota is mainly from plant stems and partially from soil. After insect attack, the microbiome in insect-susceptible plants and rhizosphere soil shifts toward that of insect-resistant plants. This study reveals the role of dynamic changes of microorganisms within plants and insects in determining biocontrol agents to kill insects upon direct contact and can also enhance plant growth and indirectly suppress spider mite populations on tomatoes (Rasool et al.).



Abiotic stress

A multitude of studies have investigated the roles of beneficial microbes in enhancing plant tolerance to abiotic stress, such as salinity. Halophytes, for example, can recruit salt-resistant microorganisms to their rhizosphere to enhance their salt tolerance. Bacterial secretory systems play important roles in environmental adaptation. For instance, many plant symbiotic Gram-negative bacteria contain the type VI secretion system (T6SS) that enhances bacterial competitiveness and biofilm formation (Peng et al.). Some beneficial bacteria trigger systemic salt tolerance in plants through producing VOCs (Luo et al.). Inoculation with certain beneficial strains alters the root endophytic microbial community, thereby enhancing plant salt stress tolerance (Xu et al.; Zeng et al.). Arbuscular mycorrhizal fungi (AMF) alleviate high salt concentration stress in Xanthoceras sorbifolium through reducing Na+ content, improving osmotic tolerance and antioxidant activity in plants (Zong et al.). Some dark septate endophytes (DSEs), belonging to Ascomycota with high melanin-producing activities, can also enhance plant salt tolerance. However, the melanin in DSEs contributes to the colonization progress but not salt tolerance of the plant (Gaber et al.).

Besides salt stress, beneficial microbes can trigger plant tolerance to other abiotic stresses, such as drought, cold and chromium (Cr) stress. Melatonin has been observed to improve the colonization of AMF. Furthermore, melatonin can amplify the cold stress tolerance in perennial ryegrass induced by AMF through accumulating protective molecules and enhancing antioxidant activity (Wei et al.). Fan et al. discovered that drought-induced rhizosphere bacterial communities play a key role in improving alfalfa tolerance to drought stress. The drought-resistant bacteria are abundant in the rhizosphere of drought-tolerant plant varieties under normal conditions and are only recruited to the rhizosphere of drought-sensitive plant varieties following exposure to drought stress. The composition of plant-associated microbes varies depending on both plant varieties and environmental conditions (Zheng et al.). Mao et al. revealed that the enhanced dominant bacteria in the rhizosphere of Canna indica under Cr stress are associated with the altered metabolites secreted by roots.

Some nutrients are important for plants and are often poorly available in soil. However, their availability can be affected by microbial activity. Plant response to beneficial microbes is contingent on nutrient concentrations, their availabilities, and the specific identities of these beneficial microbes. For instance, some beneficial strains can enhance phosphorus (P) content in plants under P-deficient conditions due to their phosphate-solubilizing ability (Chen et al.). Orellana et al. found that some proteobacterial strains reduce iron (Fe) content in plants, possibly by downregulating iron uptake-related genes in plants. Meanwhile, the rhizosphere microbial communities are also impacted by different nutrient supply conditions. High nitrogen addition inhibits the stability and diversity of rhizosphere bacterial communities, whereas low nitrogen addition enriches ammonia-oxidizing bacteria to improve nitrogen use efficiency (Li Y. et al.). This finding can provide guidance for the use of nitrogen fertilizers.

In summary, all contributions collected in this Research Topic highlight the significance of plant-associated beneficial microbes in countering both biotic and abiotic stress conditions. It illuminates the intricate mechanisms of plant-microbe interactions under these challenging conditions and their applications in sustainable agricultural and forestry ecosystems. Further studies are necessary to fully grasp the potential of beneficial microbes in enhancing plant growth and combating various stresses.
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Volatile organic compounds (VOCs) produced by microorganisms are considered promising environmental-safety fumigants for controlling soil-borne diseases. Verticillium dahliae, a notorious fungal pathogen, causes economically important wilt diseases in agriculture and forestry industries. Here, we determined the antifungal activity of VOCs produced by Trichoderma koningiopsis T2. The VOCs from T. koningiopsis T2 were trapped by solid-phase microextraction (SPME) and tentatively identified through gas chromatography–mass spectrometry (GC/MS). The microsclerotia formation, cell wall-degrading enzymes and melanin synthesis of V. dahliae exposed to the VOC mixtures and selected single standards were examined. The results showed that the VOCs produced by strain T2 significantly inhibited the growth of V. dahliae mycelium and reduced the severity of Verticillium wilt in tobacco and cotton. Six individual compounds were identified in the volatilome of T. koningiopsis T2, and the dominant compounds were 3-octanone, 3-methyl-1-butanol, butanoic acid ethyl ester and 2-hexyl-furan. The VOCs of strain T2 exert a significant inhibitory effect on microsclerotia formation and decreased the activities of pectin lyase and endo-β-1,4-glucanase in V. dahliae. VOCs also downregulated the VdT3HR, VdT4HR, and VdSCD genes related to melanin synthesis by 29. 41-, 10. 49-, and 3.11-fold, respectively. Therefore, T. koningiopsis T2 has potential as a promising biofumigant for the biocontrol of Verticillium wilt disease.
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Introduction

Verticillium dahliae is a soil-borne plant pathogen that exists worldwide and causes vascular wilts in more than 38 families of plants including 660 species, ranging from herbaceous annuals to woody perennials, such as Gossypium spp., Lycopersicon esculentum, Solanum tuberosum, Fragaria × ananassa, Canarium album, Chaenomeles japonica, and Ulmus pumila (Giovanni et al., 2019; Hanson and Radionenko, 2021; Van Eerd et al., 2021; Zhang G. L. et al., 2021; Godena et al., 2022). Once infected with the pathogen, plants exhibit wilting, yellowing, necrosis, vascular discoloration, parietal leaf curling, dwarfing, wilting and premature senescence, resulting in great ecological damage and economic losses to agriculture and forestry (Kowalska, 2021; Liu L. S. et al., 2021; Lu et al., 2021).

Due to the stable dormant structure microsclerotia, long-term variability, and coevolution with host plants (Ju et al., 2020; Höfer et al., 2021; Starke et al., 2021), controlling the spread of Verticillium wilt in plants remains challenging using currently available methods, such as chemical control, genetic breeding, and optimization of the cropping pattern (Ostos et al., 2020; Ramirez-Gil and Morales-Osorio, 2021; Zhang Y. L. et al., 2021). Disease resistance breeding is limited by a long breeding cycle and a lack of natural resistance resources, and chemical control has no beneficial effect on the control of soil-borne diseases (Diaz-Rueda et al., 2021; Hanika et al., 2021; Sunico et al., 2022). With the social pressure to make agriculture more sustainable while maintaining a healthy environment, the identification of new strategies that can reduce the use of chemicals is necessary.

Trichoderma is well known as a biological control agent (BCA) that is used to manage diseases in a wide variety of plants, and several Trichoderma species have been commercially developed as biofungicides and biofertilizers (Abo-Elyousr and Almasaudi, 2022; El-Komy et al., 2022; Olowe et al., 2022). Different isolates of Trichoderma spp. are being successfully used and commercialized to combat a wide range of soil phytopathogenic fungi, such as Fusarium oxysporum, Rhizoctonia solani, Sclerotium rolfsii, S. cepivorum, and Alternaria alternate (Rabinal and Bhat, 2020; Godara and Singh, 2021; Khalil et al., 2021; Álvarez-García et al., 2022). The mechanisms of Trichoderma-based plant disease biocontrol include their capacity for nutrient and space competition, parasitism, secretion of antimicrobial metabolites (Cubilla-Ríos et al., 2019; da Silveira et al., 2021; Kamaruzzaman et al., 2021), activation of defense responses, and promotion of plant growth (Zehra et al., 2017; Chen et al., 2021). Among these approaches, the application of VOCs is considered a promising biocontrol strategy for the management of plant diseases, particularly soil-borne diseases.

Fungal VOCs are a large group of carbon-based chemicals with low molecular weights, low polarities, low boiling points, and high vapor pressure (Jiang et al., 2021). These characteristics provide VOCs with advantages over other secondary metabolites of a microbial nature, and these advantages include the abilities to travel long distances, to mediate interactions between organisms that are not in direct contact and to be perceived at low concentrations (Yusnawan et al., 2021). Some biocontrol strains emit VOCs with antibacterial and antifungal activities and thus have the potential to affect biocontrol activities at a distance (Alvarez-Garcia et al., 2020; Ruangwong et al., 2021b). For instance, VOCs produced by the biocontrol strain Bacillus amyloliquefaciens SQR-9 influence the growth and virulence traits of the tomato wilt pathogen Ralstonia solanacearum (Raza et al., 2016). Pseudomonas chlororaphis subsp. aureofaciens SPS-41 can emit VOCs to control Ceratocystis fimbriata in postharvest sweet potato. Recent studies showed that allyl isothiocyanate in the volatiles of Brassica juncea inhibits the growth of root rot pathogens in Panax notoginseng by inducing the accumulation of reactive oxygen species (ROS) (Zhang et al., 2019; Liu H. J. et al., 2021). Thus, the exploitation of the biofumigation properties of microbial VOCs promises to be a novel and ecologically friendly approach for the control of soil-borne diseases.

In a previous study, we found that the VOCs produced by Trichoderma koningiopsis T2 exert a strong antagonistic effect on Colletotrichum gloeosporioides and Alternaria alternata (Kong et al., 2022). However, whether the VOCs produced by this fungus can inhibit other pathogens and the types of VOCs released remain unclear. The aims of this study were to clarify the antagonistic mode of VOCs produced by strain T2 against V. dahliae, to identify individual VOCs associated with inhibiting the growth of V. dahliae and to provide reference data and technical support for the management of plant Verticillium wilt.



Materials and methods


Fungal strains and growth media

Trichoderma koningiopsis T2, which was previously isolated from the leaves of Liriodendron chinense × tulipifera, was used in this study (Kong et al., 2022). The target pathogen V. dahliae At13 was isolated from Acer truncatum Bunge in Shandong Province, China (Li et al., 2018). Both strains were routinely cultured on potato dextrose agar medium (PDA; Difco-Becton, Dickinson, Sparks, MD, USA).



Effect of Trichoderma volatile organic compounds on the mycelial growth of Verticillium dahliae

The antifungal activity of VOCs produced by T. koningiopsis T2 was detected after culturing on two sealed Petri dishes (Kong et al., 2020a). Each Petri dish contained 20 mL of PDA medium, and a 6-mm-diameter plug of strain T2 was placed on the center of one of the PDA plates. V. dahliae had been inoculated on the 20 mL PDA 4 days prior to placing them with Trichoderma. The bottoms of the two Petri dishes were sealed with parafilm and cultured in a constant-temperature incubator at 25°C for 10 days. When the fungal hyphae in the control group reached the edge of the Petri dish, two perpendicular diameters of each colony were measured with a vernier caliper. The following formula was used: inhibition rate = [(Cd-6)-(Td-6)] × 100%/(Cd-6), where Cd is the colony diameter on the control PDA plate and Td is the colony diameter on the treated PDA plate. The experiment was repeated twice, and each treatment was conducted in triplicate.



Experiment on interaction between Trichoderma volatiles and plants

Undamaged cotton and tobacco seeds that were uniform in size were surface-sterilized (soaked in 70% ethanol for 2 min and 3% NaClO for 10 min), washed thoroughly with sterile distilled water and air-dried to remove any surface water. The seeds were then sown in 1/2 MS agar medium and vernalized for 2 days at 4°C in the dark. The seeds were then placed in a growth chamber under a long photoperiod (16-h light/8-h dark) and 70% relative humidity at 22°C. The germinated seedlings were arranged in tissue culture bottle that contained sterilized mixed matrix (peat soil: vermiculite: perlite = 5:1:1, V/V), and simultaneously, the cover of a centrifuge tube cultured with Trichoderma was placed near the base of the stem of the seedlings to avoid direct physical contact between Trichoderma and plants. Then, 5 mL of V. dahliae spore suspension (1 × 107 cfu/ml) was inoculated into the roots of each plant. Bottles not treated with Trichoderma VOCs were used as control. After 20 days, the occurrence of diseases was observed. The experiment was replicated twice with 10 seedlings in each replicate.



Detection of the colonization of Verticillium dahliae in plant roots

The biomass of V. dahliae in cotton and N. benthamiana treated or not treated with T. koningiopsis T2 VOCs under AT13 infection was estimated by RT–qPCR. DNA was extracted from the roots using a SteadyPure Plant Genomic DNA Extraction Kit (AG21011, Accurate Biology, Hunan, China) and was quantified by spectrophotometry, and 50 ng of DNA of each sample was used for RT–qPCR. RT–qPCR was performed using genomic DNA as the template and the Hieff RT–qPCR SYBR Green Master Mix (Yeasen, Shanghai, China) under the following conditions: an initial denaturation step of 95°C for 5 min followed by 40 cycles of 95°C for 10 s and 60°C for 30 s. V. dahliae elongation factor 1-α (VdEF-1α) was used for the quantification of fungal colonization. The cotton 18S gene and N. benthamiana EF-1α were used as the endogenous plant reference gene. The primers are listed in Table 1 (Geng et al., 2022).


TABLE 1    Primers for measuring the relative fungal biomass in tobacco and cotton.
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Gas chromatography–mass spectrometry analysis of volatile organic compounds produced by strain T2

Ten 6-mm plugs from strain T2 were placed in a 250-mL Erlenmeyer flask containing 100 mL of liquid PDB medium and cultured in a shaker at 25°C and 150 rpm for 7 days. The PDB liquid medium without fungal inoculation was used as a control. To prevent the VOCs from escaping, the conical flask was sealed with tin foil. In this experiment, a 65-μm PDMS/DVB fiber tip was selected to determine the fungal VOCs, and the extraction tip was aged before its first use. The pretreatment temperature of the extraction head selected in this experiment was 250°C, and the pretreatment duration was 30 min. The cultured fungal sample was shaken and placed in a water bath at 40°C. The needle of the aged SPME was inserted through the tin foil. The sample was adsorbed and extracted for 30 min. After the extraction, the fiber head was rapidly retracted, and the needle was removed and immediately inserted into the gasification chamber in the gas chromatograph (Agilent 7000B, USA). The fiber was pushed out, and the high temperature of the gasification chamber was used to thermally analyze the target object for 3 min.

The GC–MS conditions were as follows: Rtx–5 quartz capillary column; helium was the carrier gas; 230°C was the inlet temperature; the temperature was maintained at the initial temperature of 40°C for 3 min, increased at 10°C/min to 95°C, increased at 30°C/min to 230°C and maintained at 230°C for 5 min; EI source as the ion source; electron energy of 70 eV; and the spectrum search was conducted using Nist 05 and the Nist 05s library (Kong et al., 2020b).



Effect of commercial volatile compounds on fungal growth

To test the effect of commercial volatile compounds against V. dahliae, the sealed plate method was conducted as described above. The commercial volatile compounds were purchased from Rongshide Trading Co., Ltd. (Nanjing, China), and used in the test. The final concentrations varying from 60 to 1300 μL/L of the airspace in a Petri dishes (70 mm-diameter), and V. dahliae was separately inoculated as a control. The bioassay plates were incubated at 25°C for 10 day. Three replicates of each treatment were included, and the experiment was repeated twice. The colony diameters of the plant pathogens were measured, and the percentage inhibition was calculated as described above.



Effect of T2 volatile organic compounds on microsclerotia formation of Verticillium dahliae

Ten V. dahliae plugs were inoculated in 100 mL of liquid complete medium (CM) (6 g/L yeast extract, 6 g/L acid-hydrolyzed casein and 10 g/L sucrose) and shaken at 25°C for 48 h in a shaker at 150 rpm to produce spores. The mycelium was filtered through sterile gauze, and the fresh spore suspension was diluted with hemocytometer to obtain a concentration of 1 × 106 cfu/mL (Cheng et al., 2017). One hundred microliters of the spore suspension were plated on modified oat medium (20 g/L oatmeal and 20 g/L glucose) to produce microsclerotia (Frederick et al., 2017). The inhibitory effect of the VOC mixture and 10 μL of four types of pure components was detected by the sealed plate method. Fourteen days later, the formation of microsclerotia was observed by a stereomicroscope and record the number in each field of view (SteREO Discovery V.20, Wetzlar, Germany).



Pectin lyase and endo-β-1,4-glucanase activity assay

After the mycelium of V. dahliae was exposed to VOCs for 10 days, 0.05 g of mycelium was weighed and frozen with liquid nitrogen. The mortar and pestle were baked at 180°C for 2 h and then placed into an ultralow-temperature refrigerator (-80°C). The hyphae were ground into powder with a pestle, homogenized with 1 mL of phosphate-buffered saline (PBS) buffer (0.01 M, pH 7.2–7.4) and centrifuged (5,000 rpm, 5 min). The supernatant was then obtained and stored at 4°C. The activities of pectin lyase and endo-β-1,4-glucanase were determined by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer’s instructions (Wuhan Laboratory One Stop Service, China). The experiment was repeated twice, and each treatment was conducted in triplicate.



RNA extraction and RT–qPCR analysis of pathogenic mycelium

Ten mycelium plugs of V. dahliae was inoculated in 100 mL of CM medium and shaken at 150 rpm and 25°C for 48 h. The suspension was filtered through monolayer gauze and diluted to obtain a spore suspension of 106 cfu/mL. One hundred microliters of the conidia suspension were spread on a PDA plate covered with sterile cellophane to collect mycelium more conveniently. A 6-mm plug of strain T2 was placed on another PDA plate, the mode of co-culture is similar to that described in section “Effect of trichoderma volatile organic compounds on the mycelial growth of Verticillium dahliae.” Conidia on PDA treated without T2 VOCs were used as a control. After culture in the dark at 25°C for 48 h, the hyphae of the pathogens in the different treatments were collected, and RNA was extracted using the TRIzol reagent according to the manufacturer’s instructions. After DNase I treatment, 1 μg of ribonucleic acid was added to the 20-μL reaction system, and first-strand cDNA was synthesized using the reverse transcription system according to the manufacturer’s instructions (Kong et al., 2021).

The relative expression levels of the VdT3HR, VdSCD, and VdT4HR genes were determined, and the β-tubulin gene was used as a reference. The expression levels of related genes were calculated using ABI 7500 software (Applied Biosystems, USA) and the 2–ΔΔCT method (Xiong et al., 2014). The primers used to amplify these genes are listed in Table 2.


TABLE 2    Primers for detecting melanin gene expression of Verticillium dahliae.
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Extraction and quantitative analysis of melanin in Verticillium dahliae

Using the method reported by Bashyal et al. (2010), melanin in V. dahliae after treatment with and without T2 VOCs was extracted and quantitatively analyzed. The dried hyphae obtained after 10 days of culture were weighed to obtain samples with the same weight. The mycelium was placed in a 50-mL centrifuge tube, 10 mL of distilled water was added, the water bath was boiled for 5 min, and the samples were centrifuged at 11,000 rpm for 5 min, washed and re-centrifuged. Subsequently, 10 mL of NaOH (1 M) was added, and the samples were boiled at 120°C in a high-pressure steam sterilizer for 20 min, cooled to adjust the pH to 2.0 to obtain a precipitate, dissolved with NaOH (1 M), centrifuged at 11,000 rpm for 15 min, washed three times with distilled water, and dried in an oven at 85°C. The extracted dried product was dissolved in 5 mL of NaOH (1 M) and centrifuged at 11,000 rpm for 10 min. The supernatant was transferred to a new clean centrifuge tube, and the OD value at 400 nm was measured. The methods described by Ma et al. (2017) were used to calculate the melanin content (g/L) = OD400 × 0.105 × N (N represents the dilution factor). The experiment was repeated twice, and each treatment was conducted in triplicate.



Statistical analysis

The data were generated by analysis of variance and Duncan’s multiple comparison using SPSS 22.0 software (IBM Inc., Armonk, NY, United States), or Independent Samples t-test to determine significant differences (P < 0.05). Graphs were drawn using GraphPad Prism 8.0 (GraphPad Software, Inc., United States).




Results


Volatile organic compounds produced by Trichoderma koningiopsis T2 inhibited the mycelial growth of Verticillium dahliae and reduced the severity of Verticillium wilt

The mycelial growth inhibition assay showed that VOCs produced by T. koningiopsis T2 exerted a significant inhibitory effect in the tested conditions. The colony diameter of V. dahliae treated with strain T2 VOCs was significantly lower than that of the control, and treatment with the VOCs of strain T2 completely inhibited melanin production in V. dahliae (Figure 1A). The quantitative results indicated that the mycelium diameter of V. dahliae exposed to the VOCs of strain T2 almost did not increase at the five time points tested; in the absence of VOCs, the mycelium growth of the control increased gradually over time, and the relative rate of inhibition reached 70.59% after 10 days of culture (Figure 1B).
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FIGURE 1
(A,B) Effect of T. koningiopsis T2 VOCs on the morphology and diameter of V. dahliae colonies. (C,E) Effect of VOCs on the occurrence of Verticillium wilt on tobacco and cotton after 20 days. (D,F) Detection of the development of the fungal biomass of V. dahliae in plant roots under different treatments. Data are the means ± SE. Different lowercase letters indicate significant differences (p < 0.05) among the treatments (t-test).


According to the analysis of disease on different hosts, the leaves of cotton and tobacco in the control group showed yellowing, wilting and shrinkage, whereas the plants treated with VOCs exhibited strong growth (Figures 1C,E). The results from the RT–qPCR-based detection of pathogen colonization were consistent with the pathogenic phenotype. The biomass of V. dahliae AT13 in tobacco and cotton roots in the untreated control was 4.12- and 12.35-fold higher than that obtained after treatment with Trichoderma VOCs, respectively (Figures 1D,F), which indicated that Trichoderma VOCs could effectively prevent the colonization of V. dahliae on tobacco and cotton and thus reduce the occurrence of Verticillium wilt.



Gas chromatography–mass spectrometry/mass spectrometry analysis of volatile organic compounds produced by Trichoderma koningiopsis T2

The same volatiles produced by PDA medium were filtered out. A total of 6 compounds with a relative peak area >0.5% were tentatively identified through an NIST library search (Table 3). The most dominant volatile compound detected in this study was 2-hexyl-furan at 8.74 min with a peak area of 39.91%, followed by 3-octanone at 6.79 min with a peak area of 22.73% and ethanolamine at 2.33 min with a peak area of 8.01% (Figure 2). To demonstrate their potential biological activity, we purchased the pure standards presented in Table 2 and tested their antagonistic activity against V. dahliae.


TABLE 3    GC–MS/MS VOC profile of strain T2.
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FIGURE 2
Total ion chromatogram of VOCs from T. koningiopsis T2 identified through gas chromatography–mass spectrometry (GC/MS) analysis.




Antifungal activity of commercial volatile compounds against Verticillium dahliae

None of the standards with the exception of 3-octanone, 3-methyl-1-butanol, butanoic acid ethyl ester, and 2-hexyl-furan exhibited antifungal activity. These four standards were diluted to different concentrations and cocultured with V. dahliae in a divided plate to detect their antagonistic activity. In the concentration range of 60–1,300 μL/L, all four standards easily became volatile and inhibited mycelium growth. Among these standards, 3-octanone (1,300 μL/L), butanoic acid ethyl ester (600 μL/L) and 3-methyl-1-butanol (300 μL/L) completely inhibited the growth of V. dahliae, whereas the inhibitory effect of 2-hexyl-furan was weak; even high concentrations (1,300 μL/L) could not completely inhibit the mycelial growth of V. dahliae (Figure 3).
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FIGURE 3
Inhibitory effect of commercial standards at different volumes (60, 300, 600 and 1300 μL/L) on V. dahliae. (A) Phenotype and (B) percentage inhibition. The vertical bars represent the standard deviations of the averages. Different lowercase letters indicate significant differences (p < 0.05).




Trichoderma koningiopsis T2 volatile organic compounds inhibited the microsclerotia formation of Verticillium dahliae

After culture on oat medium for 14 days, the microsclerotia of the control covered the visual field, but the hyphae exposed to the mixture VOCs remained white, and no microsclerotia was detected. At a low concentration (60 μL/L), the four compounds also relatively inhibited the formation of microsclerotia (Figure 4A). Similarly, the statistical results showed that the density of microsclerotia on the control medium was close to 150/mm2. In addition, the treatment with commercial standards yielded slightly different results, and among these, 3-methyl-1-butanol exerted the best inhibitory effect, with a density of approximately 15/mm2 (Figure 4B).
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FIGURE 4
Effect of strain T2 VOCs on microsclerotia formation of V. dahliae. (A) Phenotypic observation and (B) quantitative analysis. The bars in (A) represent 200 μm. Different lowercase letters indicate significant differences (p < 0.05).




Trichoderma koningiopsis T2 volatile organic compounds reduced the activity of cell wall-degrading enzymes of Verticillium dahliae

The VOC mixture and individual commercial standards exert different effects on the activity of different cell wall-degrading enzymes of V. dahliae. For pectinase, 60 μL of 3-octanone exerted the same inhibitory effect as the mixture of VOCs, but no significant difference was found among the other three pure products and the control (Figure 5A). With respect to endo-β-1,4-glucanase, 2-hexyl-furan and 3-methyl-1-butanol exerted the strongest inhibitory effect, and this effect was even stronger than that of the mixture of VOCs. The inhibitory effect of butanoic acid ethyl ester was similar to that of the VOC mixture, whereas 3-octanone had no significant inhibitory effect on endo-β-1,4-glucanase production (Figure 5B).
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FIGURE 5
Activities of (A) pectin lyase and (B) endo-β-1,4-glucanase of V. dahliae under different treatments. Vertical bars represent the standard deviation of the average. Different lowercase letters represent significant differences (p < 0.05).




Trichoderma koningiopsis T2 volatile organic compounds inhibited the formation of melanin in Verticillium dahliae

As shown in Figure 6A, the synthesis of melanin is a complex process. The expression of melanin formation-related genes VdT3HR, VdT4HR, and VdSCD was significantly downregulated after treatment with strain T2 VOCs compared with the control levels. Among them, the relative expression level of the VdSCD exhibited the greatest downregulation (by approximately 29.41-fold), followed by that of VdT4HR, which was downregulated by approximately 10.49-fold, and the expression of V3T4HR was downregulated 3.11-fold (Figure 6B). As shown in Figure 6C, the melanin contents of V. dahliae after treatment with the T2 VOCs and individual commercial standards were significantly lower than that of the control; among these treatments, the VOC mixture exerted the strongest inhibitory effect, followed by 3-methyl-1-butanol, 3-octanone and butanoic acid, and ethyl ester, and 2-hexyl-furan exerted the weakest inhibitory effect. The results showed that the VOCs of strain T2 can inhibit the formation of melanin in V. dahliae.
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FIGURE 6
Effect of T. koningiopsis T2 VOCs on melanin formation in V. dahliae. (A) Melanin synthesis pathway, (B) relative gene expression levels and (C) quantitative analysis of melanin. The vertical bars represent the standard deviations of the averages. Different lowercase letters indicate significant differences (p < 0.05).





Discussion

To determine the antagonistic components in the VOCs of strain T2, six substances were detected using the SPME/GC–MS technique, and among these, 3-methyl-1-butanol, 3-octanone and butanoic acid ethyl ester exerted obvious effects on the mycelial growth, microsclerotia and melanin formation of V. dahliae. Notably, the VOCs of T. koningiopsis have been studied. The VOCs of T. koningiopsis PSU3-2 that exert an antagonistic effect are mainly azetidine, 2-phenylethanol and ethyl hexadecanoate, which can reduce the occurrence of chili pepper anthracnose caused by C. gloeosporioides (Ruangwong et al., 2021a). VOCs of T. koningiopsis T-51 showed inhibition of B. cinerea infection on tomato fruit (You et al., 2022). Several VOCs that were identified in our study are different from these above-mentioned compounds, and these differences may be due to the different habitats of these three strains: strains P3U3-2 and T-51 were isolated from the rhizosphere soil, whereas strain T2 was isolated from the leaves of L. chinense × tulipifera (Kong et al., 2022). These findings show that the secondary metabolites from microorganisms are rich and varied.

Previous studies have shown that 3-octanone produced by Metarhizium anisopliae can attract and kill plant parasitic nematodes (Hummadi et al., 2021). The VOCs produced by Rahnella aquatilis JZ-GX1 include 3-methyl-1-butanol, which inhibits the mycelial growth and spore germination of C. gloeosporioides and leads to mycelial disintegration (Kong et al., 2020b). The median effective dose of butanoic acid ethyl ester produced by Candida intermedia was 18.6 ± 6.4 μL/L against Botrytis cinerea growth (Suwannarach et al., 2016). These findings were consistent with our results. However, no related reports indicate that 2-hexyl-furan can be used as antifungal substances. We obtained the first demonstration that this compound can be used as effective chemical components to control V. dahliae, and this finding may provide new and improved microbial resources to control the disease.

The pathogenic mechanism of V. dahliae includes two theories, one of which is vascular bundle blockage theory (Ma et al., 2021). Studies have shown that V. dahliae has more enzymatic genes that degrade cell walls than other plant pathogenic fungi (Jeffress et al., 2020). This fact may explain why V. dahliae can remove the obstacles of some pectin substances in plants within a short time after inoculation, and this step is followed by colonization and diffusion in the xylem ducts. Simultaneously, different hydrolases can degrade the cell wall tissues of different host plants, which is one of the reasons why V. dahliae has a wide range of hosts (Lorrai and Ferrari, 2021). V. dahliae is rich in pectinase and endoglucanase, which can hydrolyze pectin and cellulose on the cell wall of host plants, and its degradation products can also be used as important nutrients to provide energy for growth and development (Safran et al., 2021). A previous study found that the pectinase gene VdPL1-4 can induce cell death and the plant defense response, and the deletion of VdPL1-4 can significantly reduce the virulence of strain Vd991 on cotton (Jiang et al., 2022). The endoglucanase gene VdEg-1 is very important for early infection and colonization. The deletion of VdEg-1 leads to poor pathogen colonization on lettuce (Maruthachalam et al., 2011). In this study, the VOCs produced by strain T2 significantly inhibited the activities of pectin lyase and endoglucanase of V. dahliae, which indicated that the application of strain T2 could reduce the early infection of V. dahliae on the host, and may subsequently decrease the occurrence of the disease.

The microsclerotia produced by V. dahliae is the main survival structure in soil and can survive in host-free soil for as long as 14 years (Van Eerd et al., 2015). A large amount of DHN melanin is attached to the intercellular space and cell wall of the microsclerotia, which can resist the effects of an adverse environment (Fan et al., 2017b). The traditional DHN melanin biosynthesis pathway includes four key enzymes, which are encoded by VdPKS, VdT4HR, VdSCD, and VdT3HR, and the expression of these genes is induced during the development of microsclerotia (Duressa et al., 2013; Xiong et al., 2014). Among these genes, deletion of the VdT3HR gene results in loss of the ability to form microsclerotia, and no microsclerotia formation was observed even after growth on medium that promotes microsclerotia production for 4 weeks. Knockout of the VdT4HR and VdSCD genes results in a colony with a dark-orange surface, which indicates a decrease in melanin production (Fan et al., 2017a). In this study, the VOCs produced by strain T2 decreased the expression of these three genes of V. dahliae, and the results from the melanin determination and microsclerotia observation support this conclusion. This pathway is very important for controlling plant Verticillium wilt caused by V. dahliae.

An important aspect that will require future studies is how to transfer all the results obtained in controlled laboratory conditions to plant disease management, several authors have reported differences in volatile interactions when they take place in closed or more open environments, there are many factors that can reduce or even eliminate the effects of these volatiles in the field (Alvarez-García et al., 2021, Álvarez-García et al., 2022). For instance, 2,3-butanediol released by Bacillus subtilis and B. amyloliquefaciens used under field conditions did not show its role as a plant growth regulator (Kanchiswamy et al., 2015). Another challenge is to assess the side effects of these volatiles, which are highly active and potentially hazardous. Some volatiles that are effective for use in plants have adverse side effects on non-target organisms such as insects, nematodes and humans.

Of course, the biocontrol mechanisms of Trichoderma are varied. Studies have shown that T. koningiopsis can also induce plant systemic resistance. Yu and Luo (2020) found that T. koningiopsis can control the death of Masson pine seedlings caused by Fusarium oxysporum by regulating active oxygen metabolism, osmotic potential and rhizosphere microorganisms. Whether strain T2 can also induce plant resistance to Verticillium wilt remains not clear. In addition, since the rapid growth rate of Trichoderma members preceded the formation of pathogen niche, the existence of hyperparasitism and the production of other non-volatile antagonistic substances, the biocontrol potential of strain T2 should be studied further. Therefore, there remains a lot of work and many challenges to overcome before strain T2 can be used to control plant Verticillium wilt, but the production of these VOCs are certainly more supportive of the biological control effect of strain T2.



Conclusion

In summary, this study provides the first demonstration that VOCs produced by T. koningiopsis T2 can directly inhibit the mycelial growth and microsclerotia formation of V. dahliae and significantly reduce the production of pectin lyase and endo-β-1,4-glucanase. In addition, the mixture of VOCs and individual commercial standards decrease the content of melanin and downregulate the expression of related genes, including VdT3HR, VdT4HR, and VdSCD (Figure 7). The potential to develop a biopesticide for the control of Verticillium wilt caused by V. dahliae using T. koningiopsis T2 must be verified in the future.
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FIGURE 7
Hypothetical model of the mode of action of VOCs produced by T. koningiopsis T2 against V. dahliae.
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Grapevine flowering is an important stage in the epidemiology of Botrytis cinerea, the causal agent of gray mold disease. To prevent infection and to minimize postharvest losses, the control of this necrotrophic fungus is mainly based on chemical fungicides application. However, there is a growing interest in other control alternatives. Among them, the use of beneficial microorganisms appears as an eco-friendly strategy. This study aims to investigate the effect of Paraburkholderia phytofirmans PsJN, root-inoculated or directly sprayed on fruiting cuttings inflorescences to control B. cinerea growth. For this purpose, quantification by real time PCR of Botrytis development, direct effect of PsJN on fungal spore germination and chemotaxis were assayed. Our results showed a significant protective effect of PsJN only by direct spraying on inflorescences. Moreover, we demonstrated an inhibition exerted by PsJN on Botrytis spore germination, effective when there was a direct contact between the two microorganisms. This study showed that PsJN is positively attracted by the pathogenic fungus B. cinerea and forms a biofilm around the fungal hyphae in liquid co-culture. Finally, microscopic observations on fruit cuttings revealed a co-localization of both beneficial and pathogenic microorganisms on grapevine receptacle and stigma that might be correlated with the protective effect induced by PsJN against B. cinerea via a direct antimicrobial effect. Taking together, our findings allowed us to propose PsJN as a biofungicide to control grapevine gray mold disease.
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Introduction

Grapevine, one of the most important fruit cultivated worldwide, is affected by diverse pre- and post-harvest pathogens that entail drastic production losses. Among these pathogens, Botrytis cinerea, a widespread phytopathogenic fungus causing the gray mold disease affects the leaf stems, flowers, and fruits of plants under wet conditions and favorable temperatures (Williamson et al., 2007; Oliveira et al., 2009). This necrotrophic fungus, considered as the second most dangerous phytopathogen worldwide (Dean et al., 2012), leads to significant economic damages to viticulture. Flowering is the first opportunity for latent infection but it may occur at any time thereafter (Keller et al., 2003; Viret et al., 2004; Hahn, 2014). Indeed, B. cinerea can attack developing inflorescences, causing in severe cases the drying out and dropping of the whole inflorescences. Botrytis can be established on an area between the calyx and the base of the stigma and remains in latency until maturation of the berries (Viret et al., 2004; Ciliberti et al., 2015). Before flowering, the flower buds are covered with a cap, or calyptre, which is detached from the base of the ovary and then falls. When the weather conditions are wet during bloom and depending on the grape varieties, flower hoods and stamens can remain attached to the peduncle of the berry. These dehiscent tissues are especially conducive to the development of B. cinerea. In addition, flowers are highly susceptible to B. cinerea infection due to the low resveratrol content (Keller et al., 2003) and pollen abundance (Lehoczky, 1975). Thus, the flowers infection by B. cinerea appears to be a key stage in the epidemiological development of the fungus on grapevine. A model to study the development of inflorescences under controlled conditions has been developed: the fruiting cuttings produce flowering comparable to flowering in the vineyard (Lebon et al., 2005).

Control of B. cinerea is mainly based on the application of chemical fungicides to prevent infection and to minimize postharvest losses (González-Domínguez et al., 2018). However, these practices have adverse effects on the environment and on the health of users and promote the development of resistant strains (Hahn, 2014). Therefore, there is a growing interest in other control alternatives and among them, the use of beneficial microorganisms appears as an eco-friendly strategy. Among these, plant growth promoting rhizobacteria are of great interest (Lugtenberg and Kamilova, 2009) since they induce not only stimulation of plant growth but can also protect against pathogens (Beneduzi et al., 2012). Different studies described biological control agents (BCAs) that protect grapevine against gray mold disease (Abbey et al., 2019; Bruisson et al., 2019; Esmaeel et al., 2019, 2020; Amarouchi et al., 2021; Librizzi et al., 2022). Previous work on grapevine in vitro-plantlets demonstrated that Paraburkholderia phytofirmans strain PsJN can protect leaves against Botrytis by a combined effect: defense priming and direct antifungal effect (Miotto-Vilanova et al., 2016). Moreover, Compant et al. (2008) showed that the strain PsJN is able to migrate until inflorescences stalks in fruit cuttings. The present work aimed to investigate the ability of PsJN to protect grapevine fruiting cuttings against B. cinerea after different modes of application: root-inoculation vs. direct spraying on inflorescences and to deeper investigate the direct bacterium-fungus interaction.



Materials and methods


Microorganisms and growth conditions

Paraburkholderia phytofirmans strain PsJN-gfp was cultivated as described in Miotto-Vilanova et al. (2019). Inoculation of plants by P. phytofirmans was carried out at a bacterial concentration of 106 CFU ml−1. Botrytis cinerea strain 630 (Bc630) was originally taken from the Champagne vineyards (INRA, Versailles, France). Liquid cultures of B. cinerea were prepared from stock cultures stored in glycerol at −80°C. For culture, 25 ml of PDB (Potato Dextrose Broth, 12 g L−1) were seeded with 250 μl of stock before to be cultured for 7 days at 20°C and 140 rpm with a photoperiod of 16/8 h (80 μmol m−2 s−1). This pre-culture was then crushed and spread on Petri dishes containing PDA. The seeded Petri dishes were cultured for 3 weeks at 20°C to produce conidia. For the infection, suspensions of conidia (103 conidia ml−1) were prepared in PDB medium. These suspensions were placed at 20°C and 150 rpm for 3 h to initiate the germination of the conidia. Carbon source utilization of P. phytofirmans PsJN was measured as described in Nguyen-Huu et al. (2022).



Plant material and growth conditions

Three-node cuttings (20 cm long) of Vitis vinifera L. cv. Pinot noir were cane pruned from Champagne vineyard (France). Fruiting cuttings were then prepared according to Petit et al. (2009). Cuttings were then stored in the dark at 4°C for 6–8 weeks. Before use and after 15 h of hydration at 28°C, the two proximal nodes were removed, and the cuttings were immersed for 15 s in indole-3-butyric acid solution (1 g L−1) to promote rhizogenesis. The cuttings were then placed on plastic plates filled with a mixture of soil/perlite/sand (4/1/1). The plates were placed on a 300w Puteaux® heating blanket (25°C) in a cold chamber (8°C) to promote the emergence of roots, without buds discharging. Four weeks after, each cutting was then placed in a plastic pot (9 cm × 9 cm × 10 cm) filled with 250 g of potting soil (special Gramoflor, Gramoflor GmbH & Co. KG, Vechta, Germany). The potted cuttings were irrigated daily with tap water and incubated in a growth chamber at 25°C/20°C day/night temperature, 16 h photoperiod and 70% relative humidity. To avoid the beginning of vegetative growth and to facilitate development of inflorescence, leaves were removed daily according to Lebon et al. (2005).



Effect of Paraburkholderia phytofirmans PsJN on Botrytis cinerea spore germination

The effect of PsJN on spore germination was carried out according to the procedure described previously (Miotto-Vilanova et al., 2016). In addition, the non-contact direct effect was evaluated using Millipell-CM Millipell 24-well Millipore Membrane Insert culture chambers (0.4 μm, Millipore Corp., Belford, MA, USA). This system permits the exchange of metabolites in the medium but results in a physical separation between the antagonist and the pathogen. Suspensions containing the inoculum of the PsJN strain (106 CFU ml−1) were distributed in the wells of culture plates (1 ml per well). Inserts were placed in the wells and suspensions of B. cinerea (104 conidia ml−1) were dispensed into the inserts (500 μl per cylinder). Then, the plates were incubated at 20°C for 24 h in the dark. The control cultures contained B. cinerea alone in phosphate buffered saline (PBS). After incubation, the plates were observed under an inverted microscope. Paraburkholderia phytofirmans strain PsJN (initial DO600 nm = 0.01) and the fungus Bc630 (104 conidia ml−1) were grown separately or in co-culture at 22°C in a minimum liquid medium M9 (without carbon source) with agitation of 180 rpm. The optical density at 600 nm was measured and observations under the fluorescence microscope were carried out.



Dual assays

For the mycelial growth assay, PDA plates were inoculated with 4 droplets (10 μl) of an overnight culture of PsJN and placed overnight at 28°C. Then a 5 mm plug of B. cinerea was placed on PDA plates with or without PsJN. The plates were incubated at 20°C for 7 days.

For analysis of volatile compounds (VOCs) on fungus development, a combination of an agar solution of “tomato medium” (tomato juice: distilled water (1:4), 15 g L−1 agar, pH 5.5; fungus) and King B (KB; bacteria) media were used for two-compartment plates. Twenty microliters of an overnight culture of PsJN was spread on KB compartment. Plates were placed overnight at 28°C. Then a 5-mm plug of B. cinerea was placed on tomato medium compartment with or without PsJN on KB. The plates were incubated at 20°C for 15 days.



Chemotaxis

The chemotaxis between PsJN-gfp and Botrytis was tested by using a quantitative capillary assay (Supplementary Figure S1). The study of bacterial chemotaxis was realized in Petri dishes, with 5 cm long capillaries made from Pasteur pipettes (closed end). The open end of the capillary is soaked in the Eppendorf tube containing the fungal mycelium or the corresponding buffer (control). This end is then deposited in the 200 μl of bacterial solution (106 CFU ml−1) in a corner of the Petri dish (three capillaries were deposited per Petri dish). The Petri dish containing 3 capillaries was then stored at 28°C for 45 min. After incubation, the capillaries were wiped with a 70% alcohol-wicking tissue to remove the bacteria present on the surface of the capillaries. Each capillary is then placed in an Eppendorf tube containing 1 ml of PBS. Each Eppendorf tube was then stored at 4°C for 24 h before plating serial dilutions on KBkan to count colonies of PsJN-gfp.



Protection assays


Root inoculation

Root systems of fruiting cuttings (BBCH 57; Meier, 2001) were dipped during 1 min in a bacterial inoculum (109 CFU ml−1). The cuttings were then replaced in hermetic plastic filled with a mixture of non sterile mix, soil/perlite/sand (4/1/1) in a culture chamber (photoperiod 14 h/10 h, day/night and temperature of 20°C). When the inflorescences reached the stage BBCH 64, they were infected with B. cinerea. The flowers were sprayed with a conidia suspension (103 conidia ml−1, about 1 ml per inflorescence). The cuttings were placed in moisture-saturated hermetic plastic boxes. Samples and observations using a 3D microscope (Keyence VHX-3000) and epifluorescence were performed 24 and 72 hpi with the pathogen.



Inflorescence spraying

Fruiting cuttings with a rooting system and fully developed inflorescences were inoculated with P. phytofirmans PsJN. One milliliter of a bacterial inoculum (108 CFU ml−1) was sprayed directly on inflorescences at the flowering stage 62–63 of the BBCH scale (20–30% of flowers are open). The cuttings were then placed in hermetic plastic boxes in a culture chamber (photoperiod 14 h/10 h, day/night and temperature of 20°C). After 24 h, the inflorescences (BBCH 64) were infected with B. cinerea. The flowers were sprayed with a conidia suspension (103 conidia ml−1, approximately 1 ml per inflorescence). The cuttings were placed in moisture-saturated hermetic plastic boxes. Samples and observations using a 3D microscope and epifluorescence were performed 24 and 72 hpi with the pathogen.




Analysis of rhizosphere and endophytic colonization by PsJN

Four-week-old cuttings (4 developed leaves) were bacterized with the PsJN strain at the time of transplantation into individual pots. Bacterization was carried out at the root level by dipping the roots in a bacterial solution at 109 CFU ml−1 for 1 min. One, two, and three weeks after inoculation, colonization tests were performed. Rhizoplane colonization was performed with 1 g of root which was vortexed with 1 ml of PBS for 1 min. Then the homogenate was diluted, and the dilutions were spread on King B agar plates (supplemented with 100 μg ml−1 kanamycin and 100 μg ml−1 cycloheximide). For endophytic colonization, the same root was disinfected for 6 min in 0.5% commercial bleach and 0.01% tween 20, followed by 4 rinses of approximately 1 min in sterile water. The samples were then ground in 1 ml of PBS. The homogenate was serially diluted and spread on King Bkan agar plates. Bacterial colonies were counted after 3 days of incubation at 28°C. The results obtained correspond to three independent biological replicates.



DNA extraction and in planta quantification of Botrytis cinerea and PsJN

Genomic DNA extraction was performed according to Calderón-Cortés et al. (2010). One hundred milligrams of Pinot noir flowers were transferred to 2 ml microfuge tubes. Then a volume of 1.5 ml of extraction buffer [20 mM EDTA pH 8.0, 100 mM Tris–HCL, pH 7.5, 1.4 ml NaCl, 2% CTAB, 4% PVP-40, β-mercaptoethanol (2%)] was added to each tube. The tubes were then shaken and incubated at 60°C for 30 min. Then 2 μl of RNAase (1 mg ml−1) was added to each tube before being incubated at 37°C for 15 min. A volume of chloroform/isoamyl alcohol (24:1) was added, the tubes were mixed by inversion and centrifuged (for 15 min, at 3,000 rpm, room temperature). The upper aqueous portion was transferred to a new 2 ml tube and 2 volumes of cold 95% ethanol were added. After incubation at −20°C, the tubes were centrifuged (for 15 min, at 12,000 rpm, room temperature) to form a pellet containing genomic DNA. After removal of the supernatant, the pellet was resuspended in 40 μl of ultrapure water. Detection of B. cinerea and PsJN was performed by real time PCR and PCR, respectively, using primers described in Table 1. For real time PCR, normalization was performed using one grapevine housekeeping gene VvEF1α as previously described (Miotto-Vilanova et al., 2016).



TABLE 1 Primers used in this study.
[image: Table1]




Results


Lack of protection against Botrytis cinerea on grapevine flowers after root-inoculation with PsJN

Infection with B. cinerea was realized on inflorescences after root-inoculation by the beneficial bacterium (Figure 1A). In these conditions, no significant protection against B. cinerea was observed in the presence of PsJN (Figure 2). In parallel, the colonization profiles of PsJN on grapevine roots were established. The results showed that both colonization of the rhizoplane and internal tissues tend to decrease between one and 3 weeks after inoculation (Supplementary Figure S2), and PsJN was not detected in inflorescences (data not shown).

[image: Figure 1]

FIGURE 1
 Modes of Paraburkholderia phytofirmans PsJN inoculation (A: by root, B: by spraying) and Botrytis cinerea infection used in this study.


[image: Figure 2]

FIGURE 2
 Resistance induced by P. phytofirmans PsJN against B. cinerea. (A) Detection of Botrytis in planta by qPCR using primers targeting the Actin encoding gene, at 24 and 72 hpi. (B) Symptoms developed on inflorescences 72 hpi with B. cinerea bacterized or not with PsJN.




Interaction between PsJN and Botrytis cinerea

As we reported that a simultaneous application of PsJN and B. cinerea on in vitro-plantlets leaves could protect grapevine against B. cinerea through a direct antimicrobial effect on spore germination (Miotto-Vilanova et al., 2016), we deeper investigated herein the in vitro antifungal effect of PsJN (106 CFU ml−1) against B. cinerea strain 630 (5 × 104 conidia ml−1). Using Millipell-CM Millipell 24-well Millipore Membrane Insert culture chambers, outcomes demonstrated that the inhibition of Botrytis spore germination by PsJN requires a physical contact between the two microorganisms (Figure 3).

[image: Figure 3]

FIGURE 3
 Direct antifungal effect of P. phytofirmans PsJN on B. cinerea spore germination with (A) or without (B) contact between the microorganisms. Observations were realized under inverted microscope 24 h after co-inoculation of PsJN (106 CFU ml−1) and B. cinerea (5 × 104 conidies ml−1). Scale bars = 50 μm.


No significant inhibition of mycelial growth of B. cinerea on solid medium (PDA) in the presence of the bacterium was observed (Figure 4A). The ability of PsJN to inhibit the mycelial growth via the production of VOCs showed no effect of the bacterium (Supplementary Figure S3). Finally, the growth of PsJN, with or without the fungus, was measured in liquid cultures. The results indicated that in a minimum medium, PsJN or Botrytis alone cannot grow but, in co-culture, the bacterium could use the fungus as a source of nutrients for its own growth (Figure 4B). To complete, microscopic observations of the co-culture were realized and showed that P. phytofirmans PsJN-gfp forms a biofilm around fungal hyphae 24 h after the onset of co-culture (Figure 4C).

[image: Figure 4]

FIGURE 4
 Co-culture of P. phytofirmans PsJN and B. cinerea. (A) Mycelial growth of B. cinerea with PsJN-gfp or not on PDA solid medium (in standard 90 mm Petri dishes). (B) Growth curves of PsJN and B. cinerea cultivated separately or both in minimal liquid medium. (C) Observations of B. cinerea mycelium 24 hpi with PsJN-gfp or not in liquid minimal medium, under fluorescence microscope. Scale bars = 100 μm.


Also, the chemotaxis of PsJN toward B. cinerea strain 630 by a quantitative capillary assay showed that B. cinerea attracts by positive chemotaxis the beneficial bacterium PsJN (Figure 5).

[image: Figure 5]

FIGURE 5
 Chemotaxis of P. phytofirmans PsJN toward B. cinerea. Data presented are means +/− SD from three biological repetitions. Different letters above each bar indicate a significant difference (p < 0.05) as determined by Student’s t test.




Resistance against Botrytis cinerea induced by direct spraying of Paraburkholderia phytofirmans PsJN on grapevine inflorescences

Considering the antifungal effect of P. phytofirmans PsJN against B. cinerea, a direct spray of P. phytofirmans PsJN on grapevine inflorescences was performed at the stage 62–63 of the BBCH scale (Figure 1B), just before fully flowering; considered as the more susceptible phenological stage to Botrytis infection (Keller et al., 2003; van Kan et al., 2014). Briefly, PsJN was sprayed directly on grapevine inflorescence (1 ml of 108 CFU ml−1) and grapevine cuttings were placed in hermetical boxes in order to maintain a high humidity. Twenty four hours after bacterial inoculation, plants were infected with B. cinerea strain 630 (1 ml of 103 conidia ml−1) and placed in hermetical boxes. In planta quantification of the B. cinerea Actin gene (Bc Actin), realized by real time PCR, showed a significant reduction in the level of the Bc Actin transcript in bacterized plants compared to the control ones at 24 and 72 hpi (Figure 6A), indicating a protective effect conferred by PsJN. In parallel, the strain PsJN-gfp was still detected by PCR 72 h after B. cinerea challenge (data not shown). We observed also that PsJN showed high metabolic activity on glucose, fructose and malic-, tartaric-, citric- and succinic acids that are major sugars and organic acids of grapevine (Figure 7), which could give it a competitive advantage on inflorescences. Four days after the infection with B. cinerea, the development of the pathogen was delayed in bacterized inflorescences compared to those treated only with PBS (Figure 6B).
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FIGURE 6
 Resistance induced by P. phytofirmans PsJN against Botrytis cinerea. (A) Detection of B. cinerea in planta by qPCR using primers targeting the Actin encoding gene, at 24 and 72 hpi. (B) Symptoms developed on inflorescences bacterized or not at 96 hpi with B. cinerea.


[image: Figure 7]

FIGURE 7
 Utilization of different carbon sources by PsJN using the Biolog (PM1 and PM2) microplate method.




Co-localization of both beneficial and pathogenic microorganisms on grapevine receptacle and stigma

3D-microscopic observations were conducted on the different parts of infected flowers in control and bacterized plants: stamens, stigma, ovary, and floral receptacles (Figure 8). Results showed that following the artificial infection by spraying, B. cinerea can colonize all parts of the flowers. The beneficial bacterium PsJN seemed to have no protective effect on stamens and ovaries (Figure 8). On the other hand, the development of B. cinerea on stigma and floral receptacles is more important in control plants than in bacterized ones. The necrosis caused by the pathogenic fungus in the receptacle area leads to abscission and the fall of the flowers in the non-bacterial inflorescences (Figure 8).

[image: Figure 8]

FIGURE 8
 Botrytis cinerea development on grapevine inflorescences inoculated or not with PsJN. The inflorescences were sprayed with PsJN (108 CFU ml−1) or with PBS as control. Twenty-four hours after, B. cinerea was sprayed (1 ml of a 103 conidia ml−1). 3D-microscopic observations were realized 72 hpi by the fungus on different parts of the flowers. Scale bars = 500 μm.


In parallel, using the fluorescence microscope, observations on the inoculated flowers showed that the PsJN-gfp bacterium is mainly found on the stamens (Figure 9I), the stigma (Figure 9J) and on the receptacle (Figures 9A,B,C,E). The bacterium was also detected in the stomata located in the flower receptacle (Figures 9D,F). According to our experiments, B. cinerea can develop on the receptacle. We can notice that the bacterium was present in large quantities at the receptacle, which may explain the less marked infection by B. cinerea. This co-localization of the beneficial bacterium and the pathogen on stigma and receptacles might explain the protective effect induced by PsJN against B. cinerea via a direct antimicrobial effect.

[image: Figure 9]

FIGURE 9
 Botrytis cinerea development and Paraburkholderia phytofirmans-gfp localization on grapevine inflorescences. The inflorescences were sprayed with PsJN-gfp (108 CFU ml−1) or with PBS as control. Twenty-four hours after, B. cinerea was sprayed (1 ml of a 103 conidia ml−1). Microscopic observations were realized 72 hpi by the fungus on flowers (A,B), receptacle (C–E), stomata (D–F), stamen (G–I) and stigmate (H–J). Scale bars = 100 μm. Green arrows: PsJN-gfp, grey arrows: B. cinerea.





Discussion

BCAs can be used as biofungicides in a range of 105–109 CFU ml−1 (Pertot et al., 2017; Abbey et al., 2019; Poveda et al., 2020) and diverse mechanisms implied in bacterial-fungi interactions are described: antibiosis, signaling and chemotaxis, physico-chemical changes after adhesion and protein secretion (Deveau et al., 2018). Miotto-Vilanova et al. (2016) highlighted that a simultaneous co-inoculation of PsJN and B. cinerea on in vitro-plantlets leaves leads to a protection against the pathogenic fungus via a direct antifungal effect. To explore this property, we deeper investigated the bacterium-fungus interaction. We thus observed an inhibition of spore germination, in accordance with previous data (Miotto-Vilanova et al., 2016). However, we showed for the first time that this inhibition effect is effective only when there was a direct contact between PsJN and B. cinerea but not when a membrane filter, which permits medium nutrients and metabolite interchange, separated the beneficial bacterium and the fungus. It is known that antagonism exerted by bacteria belonging to Burkholderia/Paraburkholderia species is largely related to the production of several antifungal compounds (Partida-Martinez and Hertweck, 2007; Vial et al., 2007; Schmidt et al., 2009) that can inhibit a broad range of phytopathogenic fungi (Quan et al., 2006; Kilani-Feki et al., 2011; Groenhagen et al., 2013). PsJN is known to produce secondary metabolites (Esmaeel et al., 2018); however, PsJN did not inhibit the mycelial growth of B. cinerea on PDA medium (Figure 4A), which may indicate that this strain does not produce antibiotic substances against the fungus. Finally, the exact mechanism by which PsJN inhibits Botrytis spore germination is not yet clear but makes PsJN a good candidate to protect against grey mold disease since it has been proposed that initial spore density regulates the amplitude of attack and defense (Veloso and van Kan, 2018).

The importance of chemotaxis and direct physical contact in bacterial-fungal interactions is well described (Nazir et al., 2010; Frey-Klett et al., 2011; Haq et al., 2016). We performed a chemotaxis test and showed that PsJN is positively attracted by the pathogenic fungus B. cinerea (Figure 5) and can form a biofilm around the fungal hyphae in liquid co-culture (Figure 4C). These latter results are in agreement with observations made in planta where PsJN was detected at the leaf surface, surrounding the fungal mycelium only in botrytized-leaves (Miotto-Vilanova et al., 2016). VOCs emitted by plant associated bacteria are described as promising antifungal agents (Bailly and Weisskopf, 2017; Bruisson et al., 2019). The potential of PsJN to inhibit the growth of B. cinerea through the emission of VOCs was also tested and we showed that PsJN cannot limit the fungal growth via this mechanism (Supplementary Figure S3) but interestingly, we observed a difference between control and PsJN conditions 15 days after inoculation. Indeed, B. cinerea can invade the whole box in the control condition, but its development remains restricted to its compartment in the presence of PsJN (Supplementary Figure S3), thus confirming the effectiveness of direct physical contact between the two microorganisms.

Many non-pathogenic microorganisms suppress the growth of plant pathogens through competition for nutrients. After B. cinerea infection, the PCR data showed the presence of the PsJN on grapevine inflorescences. The survival of PsJN on grapevine inflorescences and its ability to use nutrients are key elements since concentration and survival are the most essential factors that influence the outcome of biocontrol system (Jeger et al., 2009). We demonstrated also in this study the ability of PsJN to use major sugars (glucose, fructose) and organic acids (malic-, tartaric-, citric- and succinic acids) of grapevine (Figure 7). A high rhizosphere competence is a prerequisite for biocontrol activity when BCAs are applied on root systems (Barret et al., 2011; Ghirardi et al., 2012; Schreiter et al., 2018). In this study, we showed that after root-inoculation of grapevine fruiting cuttings, the survival of PsJN on rhizosphere and internal root tissues tend to decrease over the time (Supplementary Figure S2). These observations may be correlated with the fact that PsJN does not confer an effective and significant resistance of grapevine inflorescences against B. cinerea (Figure 2). These results are in accordance with previous data demonstrating that low level of endophytic PsJN subpopulations were detected in inflorescences of grapevine plants after root-inoculation and only in 10–60% of bacterized fruiting cuttings (Compant et al., 2008).

As the correlation between in vitro inhibition and in planta control of infection development is not always observed (Haidar et al., 2016), and based on the in vitro antifungal effect of PsJN against B. cinerea, we tested a direct spraying on grapevine inflorescences, and showed that PsJN is able, via this mode of inoculation, to significantly delay the development of B. cinerea. The bacterization by a direct spray of inflorescences with P. phytofirmans PsJN was carried out at BBCH 62–63 stage, when 20–30% of the flowers were open, before full flowering, which is considered the most susceptible phenological stage to B. cinerea infection (Keller et al., 2003; van Kan, 2006). After artificial spray infection, we observed that B. cinerea colonized the entire flower zone. The fungal grows primarily on the caps, sepals and stamens. Observations showed a higher development of B. cinerea in the caps of the control plants than in the plants bacterized with PsJN, indicating that the bacterium inhibited the development of the fungus in this area. These results are interesting since previous study showed that flower caps and other plant debris (flowers and stamens) could be colonized by the fungus which remains dormant in the developing cluster (Elmer and Michailides, 2007). At 72 hpi, the fungus was present all over the receptacle area and particularly in the space between the receptacle and the ovary. The presence of a large space between the receptacle and the ovary, after the cap has fallen off, can indeed serve as a receiving channel or channel for conidia. Conidial germ tubes located in the open space above the receptacle can penetrate the inner part of the flower by developing between the cells of the ovary and the receptacle (Figure 6). Furthermore, we showed that PsJN-gfp bacteria are mainly found on the stamens, the stigma and especially in the receptacle region. The receptacle region is the main entry point for the fungus (Viret et al., 2004) and the stigma infection route was reported (McClellan, 1973) from field experiments as the infection route responsible for early B. cinerea rot. However, it was shown that inoculation of the stigma and ovary did not generally lead to infection, although conidia germinated on these organs (Viret et al., 2004). The receptacle area thus appears to be a central entry point for the fungus. This region is important since the attack of this part by the fungus can cause abscission and flower drop. Our study shows that the presence of P. phytofirmans strain PsJN in this area can inhibit and delay the development of B. cinerea.

In conclusion, we showed that PsJN can be used, via its direct effect on spore germination, as a biofungicide to control gray mold disease in grapevine.
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Rhizosphere microbes play a vital role in plant health and defense against soil-borne diseases. Previous studies showed that maize-soybean relay strip intercropping altered the diversity and composition of pathogenic Fusarium species and biocontrol fungal communities in the soybean rhizosphere, and significantly suppressed soybean root rot. However, whether the rhizosphere bacterial community participates in the regulation of this intercropping on soybean root rot is not clear. In this study, the rhizosphere soil of soybean healthy plants was collected in the continuous cropping of maize-soybean relay strip intercropping and soybean monoculture in the fields, and the integrated methods of microbial profiling, dual culture assays in vitro, and pot experiments were employed to systematically investigate the diversity, composition, and function of rhizosphere bacteria related to soybean root rot in two cropping patterns. We found that intercropping reshaped the rhizosphere bacterial community and increased microbial community diversity, and meanwhile, it also recruited much richer and more diverse species of Pseudomonas sp., Bacillus sp., Streptomyces sp., and Microbacterium sp. in soybean rhizosphere when compared with monoculture. From the intercropping, nine species of rhizosphere bacteria displayed good antagonism against the pathogen Fusarium oxysporum B3S1 of soybean root rot, and among them, IRHB3 (Pseudomonas chlororaphis), IRHB6 (Streptomyces), and IRHB9 (Bacillus) were the dominant bacteria and extraordinarily rich. In contrast, MRHB108 (Streptomyces virginiae) and MRHB205 (Bacillus subtilis) were the only antagonistic bacteria from monoculture, which were relatively poor in abundance. Interestingly, introducing IRHB3 into the cultured substrates not only significantly promoted the growth and development of soybean roots but also improved the survival rate of seedlings that suffered from F. oxysporum infection. Thus, this study proves that maize-soybean relay strip intercropping could help the host resist soil-borne Fusarium root rot by reshaping the rhizosphere bacterial community and driving more beneficial microorganisms to accumulate in the soybean rhizosphere.
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Introduction

Faced with the explosive growth of the world population, it is estimated that the need for agriculture production is increased by 70% by 2050 (Jez et al., 2016). One of the biggest agricultural challenges in the twenty-first century is that the production of stable crops is very hard to sufficiently satisfy the globally growing demand for food (Tilman et al., 2002). The rational use of legumes and grains cultivation is among the important agricultural measures in line with the sustainable development strategy and has big advantages on the full and effective use of limited land resources and the increase of grain yield (Pradhan et al., 2015). Recently, maize-soybean relay strip intercropping has been creatively developed in Southwest China, which is typically composed of two-row maize plants intercropped with two-to-four rows of soybean rather than traditional maize-soybean intercropping (Du et al., 2018). A series of studies have shown that maize-soybean relay strip intercropping plays a vital role in the effective use of locally limited solar-thermal resources, increasing land equivalent ratio (Pradhan et al., 2015; Yang et al., 2015), improving soil quality (Tanveer et al., 2017), promoting yield stability (Du et al., 2018), and minimizing damage caused by diseases (Gao et al., 2014) and weeds (Su et al., 2018). At present, this cropping pattern has received widespread attention and is practiced widely in China and other Asian countries. Particularly, continuous cropping of maize-soybean relay strip intercropping largely has reshaped the pathogen population and weaken their pathogenicity, thus contributing to a decline of soybean root rot in the fields (Chang et al., 2018, 2020). However, the regulation mechanism of this cropping on soybean root rot is largely not elucidated.

The rhizosphere is the core area where soil-borne diseases occur, and it is also the hot spot of the interaction among microorganisms, pathogens, and plants (Raaijmakers et al., 2008). It is generally believed that the rhizosphere microbial community is closely related to plant health, and it can also be used as an ecological barrier to limit pathogen invasion (Hacquard et al., 2017). In the rhizosphere, 95% of microorganisms belong to bacteria (Timmusk et al., 2017). Rhizosphere bacteria are often capable of colonizing the ecological niches on the roots at all stages of plant growth (Antoun and Prévost, 2005). Plant growth promoting rhizosphere bacteria (PGPR) is one kind of important beneficial rhizosphere microorganism for plant health (Timmusk et al., 2017), and they generally account for 2–5% of rhizobacteria (Kumar et al., 2012). PGPR can promote plant growth by producing indole-3-acetic acid (IAA), nitrogen fixation, and dissolving soil phosphorus and various nutrients to directly serve hosts, and on the other hand, they can also inhibit or kill pathogens by producing iron carriers, cellulose, protease, antibiotics, and cyanide to indirectly protect plants (Glick, 1995). Many scientists have reported that the PGPR belongs to Bacillus sp., Pseudomonas sp., and Streptomyces sp., and some of these microorganisms have been explored as biocontrol agents to help crops, such as maize (Song et al., 2021), pepper (Hyder et al., 2020), tomato (Beris et al., 2018), soybean (Kumar et al., 2012), and banana (Tao et al., 2020), resist soil-borne diseases. Moreover, of the complex interactions within the microbial community, high diversity tends to increase the community's resistance to pathogen invasion (Wei et al., 2015). Previous studies have demonstrated that intercropping can regulate the rhizosphere microbial community, improve microbial diversity, and restrict the invasion and development of pathogens, thus effectively reducing the occurrence of soil-borne diseases (Ratnadass et al., 2012; Yang et al., 2014). Especially, long-term continuous cropping often decreases the rhizosphere microbial diversity (Tan et al., 2017), accumulates pathogen inoculum, and affects the plant health, thus leading to the reduction of crop yield (Zhao et al., 2021). However, the current data on how the maize-soybean relay strip intercropping affects the rhizosphere microbial community and especially how the abundance and diversity of beneficial rhizosphere bacteria are regulated to help soybean resist soil-borne diseases are not uncovered.

In this study, we collected the rhizosphere soil of healthy soybean plants under maize-soybean relay strip intercropping and soybean monoculture and carried out a series of experiments, including high-throughput sequencing, traditional microbial isolation, screening of antagonistic bacteria, and pot experiments. By comparing the composition and function of rhizosphere microorganisms in two cropping patterns, we make it clear (1) whether the maize-soybean intercropping changes the composition and diversity of the rhizobacteria community; (2) how this intercropping affects the beneficial bacteria genera of rhizosphere soil; and (3) how these beneficial bacteria help plants resist soil-borne diseases. We hope this study will provide some references for a better understanding of rhizosphere microbial regulation on soil-borne disease under maize-soybean relay strip intercropping which is helpful to formulate sustainable and environmentally friendly agricultural management strategies.



Materials and methods


Field experiments and collection of rhizosphere soil

Location field experiments of maize-soybean relay strip intercropping and soybean monoculture were planted in the Ya'an Experimental Farm of Sichuan Agricultural University (29°98N, 102°98E), Sichuan Province, China, according to Chang et al. (2020). The randomized complete block design was used with three replicated experimental plots for two cropping patterns. Each plot was designed for 6 m in width and 6 m in length. For soybean monoculture, 5-row soybeans were cultivated with a row distance of 0.5 m and a hole space of 0.34 m. For maize-soybean relay strip intercropping, one strip production unit contained two-row maize and two-row soybean in 2.0 m in width, and the row space distance was 0.4 m for maize rows or soybean rows and 0.6 m between maize and soybean rows. Each plot for intercropping covered three strip production units, and the hole space was 17 cm for both maize and soybean, respectively. Maize cultivar “Denghai605” was sown in late May and harvested in Mid-August, while soybean cultivar “Nandou12” was sown in Mid-June and harvested in late October. No tilling was performed before sowing every year.

Rhizosphere soil samples of healthy soybean plants were collected from both cropping patterns at the full bloom (R2) stage of soybean in August 2021 when soybean root rot frequently occurred in the fields, and the data of disease incidence and soybean growth are seen in Supplementary Figure S1. The rhizosphere soils of healthy soybean plants were obtained by gently shaking big soil blocks and collecting the soil tightly attached to the root surface about 1–5 mm. Each soil sample was derived from 40 soybean plants. All soil samples were taken to the laboratory with dry ice. One part of the samples was stored at −20°C for microbial isolation within 48 h, while other parts were stored at −80°C to perform high-throughput sequencing.



Microbiota genome DNA extraction and sequencing

Genome DNA of rhizosphere soils was extracted by the SDS method, and the quality of DNA was monitored on 1% agarose gel. DNA was diluted to 1.0 ng·μl−1 with ddH2O according to their concentration. Fragments of the 16S rDNA gene were amplified using the primer pairs 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT-3′) (Tedersoo et al., 2020). PCR products were mixed with an equal volume of 1× sample buffer (including SYB green) for electrophoretic detection. The samples with 400–450 bp bright bands were selected for further experiments. PCR products were further mixed in equal density proportion and then purified with Qiagen Gel Extraction Kit (Qiagen, Germany). TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) was employed to generate the sequencing library. The quality evaluation of the sequencing library was conducted on Qubit@ 2.0 fluorometer (Thermo Scientific, USA) and Agilent Bioanalyzer 2100 systems. Finally, the library was sequenced on the Illumina HiSeq 2500 platform to generate 250 bp double terminal readings.



Sequence processing

Based on the unique barcode, paired-end reads were assigned to samples. These reads were further modified by cutting off the barcode and primer sequence and merged using FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/). Quality filtering of the raw tags was performed to obtain the high-quality clean tags through the QIIME quality-controlled process. After comparison with the reference database (Unite Database, https://unite.ut.ee/) using the UCHIME algorithm (http://www.drive5.com/usearch/manual/uchime_algo.html), chimera sequences were detected and then removed. The sequences with effective tags similarity ≥97% were clustered into operational taxonomic units using Uparse v7.0.1001 (http://drive5.com/uparse). Each representative sequence was annotated to taxonomic information which was calculated by QIIME software (Version 1.7.0) (http://qiime.org/scripts/assign_taxonomy.html), according to the Blast algorithm of Unite Database (https://unite.ut.ee/). The abundance information of OTUs was normalized using a standard sequence number corresponding to the sample with the least sequences. Subsequently, both alpha diversity and beta diversity were analyzed using this output normalized data. Alpha diversity was used to analyze the complexity of species diversity for a sample through four indices, including observed species, Chao 1, PD whole tree, and Shannon. All these indices were calculated with QIIME (Version 1.7.0) and displayed with R software 2.15.3. Beta diversity analysis on unweighted unifrac was calculated by QIIME to evaluate sample differences in species complexity. The significance of differences between sample clusters was assessed with Analysis of Similarity (ANOSIM).



Isolation and identification of rhizosphere soil bacteria

In brief, a total of 10 g of soil was suspended in 90 ml of sterilized water and was shaken for 30 min at 150 rpm·min−1 to make a mixed suspension. After that, the suspension was placed for 30 s, and supernatants were collected and serially diluted to obtain dilutions from 10−1 to 10−5. About 100 μl of diluent was spread on Nutrient agar medium (NA, containing beef extract 3 g, tryptone 5 g, yeast extract 1 g, glucosum anhydricum 10 g, agar 15 g, sterilized water 1,000 ml, and pH 7.0) and then incubated at 28°C in an incubator (SHP-300, Sanfa Scientific Instruments, Shanghai) for 2–5 days. Colonies of bacteria were initially numbered and counted according to morphology, color, and margin. Representative types of bacterial colonies were picked from the dilute plate with the most abundant colonies and recultured on the new NA plates to obtain pure colonies. Purified bacterial strains were kept in 25% glycerol at −80°C.

For bacterial identification, colony PCR was performed to amplify 16S rDNA gene fragments using primer pair as follows: 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1426R (5′-GGTTACCTTGTTACGACTT-3′) (Gupta et al., 1994). PCR reaction contained template DNA 1.0 μl, each primer 1.0 μl (10 μM), Taq PCR Mastermix (Sangon Biotech, Shanghai, China) 12.5 μl, and DNase free water 9.5 μl, which in total 25-μl volume. PCR amplification was conducted using the parameters as follows: initial denaturation at 95°C for 5 min, 34 cycles of 95°C for 1 min, 55°C for 30 s, and 72°C for 1 min, with a final extension at 72°C for 10 min. The PCR products were analyzed on 1.2% agarose gel electrophoresis, and the purified products were sequenced (Sangon Biotech, Shanghai, China). The sequences were analyzed using Blast analysis of the NCBI database (https://www.ncbi.nlm.nih.gov/) and the Ribosomal Database Project reference database (version 19) for bacterial taxa classification. All sequences have been submitted to the NCBI database (https://www.ncbi.nlm.nih.gov/nuccore/?term=OP364493:OP364720[accn]).



Quantify cultural bacteria

Based on the colony numbers in different dilution above, the most abundant colonies in the corresponding dilution was used for bacterial quantification. The abundance of cultural bacteria was quantified according to soil water content (%) and colony units (cfu·g−1) by the formulas below.
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Antagonistic activities of bacteria against F. oxysporum in vitro

The antagonistic activities of bacterial strains against the pathogenic F. oxysporum (isolate no. B3S1) of soybean root rot were tested in vitro through dual culture assays on 1/2 Trypticase Soy Agar Medium (TSA, tryptone 15 g, peptone from soybean 5 g, agar 15 g, NaCl 5 g, distilled water 1,000 ml, and pH 7.0). Specifically, tested strains were streaked at both sides of the TSA plate when the fungal plugs with a 5-mm diameter were placed in the center. Plates that were only inoculated with F. oxysporum served as negative controls. Each bacteria strain included five plates, and there were three independent replicates. All plates were cultured in the dark at 25°C until the control plates were fully covered with pathogen mycelia. The radial growth of the pathogen was measured with a Vernier caliper. The percent inhibition of radial growth (PI) was calculated according to the equation below:

[image: image]

where R1 was the radial growth of pathogens in the controls and R2 was the radial growth of F. oxysporum in the dual culture with the antagonistic effect. Bacteria strains with antagonistic activity were screened for further assays.



Treatment of soybean seeds with IRHB3

Seeds of soybean cultivar Nandou12, the moderate susceptible cultivar to the pathogenic F. oxysproum of soybean root rot, were sequentially surface-sterilized with 10% H2O2 (V/V) for 10 min, washed three times with sterile water, and then transferred into a budding box with the size of 120 mm × 50 mm filled with sterilized vermiculite.

For bacterial treatments, the strain IRHB3 was sub-cultured in lysogenic broth (LB, tryptone 10 g, NaCl 10 g, yeast extract 5 g, distilled water 1,000 ml, and pH 7.0) liquid medium at 150 rpm·min−1 for 12 h at 28°C. After centrifuging at 5,000 rpm·min−1 for 15 min, the bacterial pellet was collected, washed two times with ddH2O, and finally resuspended in ddH2O. The OD600 value of the bacterial suspension was adjusted and then used for watering soybean seeds as treatment. The seeds were sequentially treated with IRHB3 for 3 days as follows in Figure 1: on the first day, seeds were irrigated with sterile water; on the second day, seeds were irrigated with bacterial suspension of IRHB3 with the OD600 value of 0.3; on the third day, seeds were continuously treated with bacterial suspension of IRHB3 with the OD600 value of 0.5. Each soybean seed was inoculated with 1 ml of bacterial suspension on the corresponding days. On the fourth day, all germinated seeds were transplanted into nutrient soils for pot experiments and each seed was supplemented with 10 ml of the bacterial suspension with an OD600 value of 0.8. Seeds were treated with equivalent ddH2O instead of IRHB3 for continuous 4 days as controls.


[image: Figure 1]
FIGURE 1
 Schematic diagram of inoculation of IRHB3.




Control efficiency of IRHB3 on soybean root rot

For pathogen inoculation of soybean root rot, Fusarium oxysporum B3S1 was inoculated using sorghum seed inoculation as described by Chang et al. (2020) and Yin et al. (2021) with some improvements. In brief, F. oxysporum B3S1 was cultured in potato dextrose agar medium (PDA, potato 200 g, glucosum anhydricum 10 g, agar 15 g, distilled water 1,000 ml, and pH 7.0) for 5 days. Totally 10 mycelial plugs were inoculated into sorghum seeds that had been autoclaved two times before. The infected sorghum seeds were incubated at 25°C in the dark for 7–10 days with gently shaking every day, so that they were adequately colonized. After that, colonized sorghum seeds were dried at 25°C for 6 h in an oven and then ground into colonized seed powder. The diseased soils were prepared by fully mixing the colonized seed powder with the autoclaved Pindstrup substrate, when the mixture of sorghum powder without F. oxypsorum and autoclaved nutritious substrate was used as control soils. The inoculum density of F. oxysporum B3S1 was calculated based on fungal colony counts by dilution plating on the PDA medium of different diseased soils as described above to ensure that the final concentration of 1 × 105 propagules per gram. Plastic pots were filled with either diseased soil or control soil, respectively.

For pot experiment assays of growth promotion and control efficiency, soybean seeds were pretreated with bacterial suspension and germinated as earlier, and then they were transplanted into either diseased or control soils. Five treatments were set up in the pot experiments as follows: (1) “Control,” seeds without IRHB3 pretreatment and planted in healthy control soil; (2) “IRHB3,” seeds pretreated with IRHB3 and then planted in healthy control soil; (3) “F.o,” seeds without IRHB3 treatment and planted into F.o-inoculated diseased soil; (4) “IRHB3+F.o,” seeds pretreated with IRHB3 and then planted into F.o-inoculated diseased soil, which was used to test the protective effect of IRHB3 on healthy plants when suffered to F. oxysporum invasion; (5) “F.o+IRHB3,” the seeds without IRHB3 pretreatment and planted into F.o-inoculated diseased soils for 1 day to make pathogen successfully infect, and then each seedling was irrigated with 10 ml of IRHB3 suspension at an OD600 value of 0.8, which aimed to test the therapeutic effect of bacterial strain IRHB3 on diseased plants. All pots were arranged in a randomized complete block design in an artificial climate incubator and incubated at an alternative of 16 h light and 8 h darkness at 28°C. Each treatment contained 10 pots, and each pot planted two soybean seedlings. The experiment was independently conducted three times. Each pot received 20 ml of water two times 1 week. After 2 weeks, the soybean seedlings were removed from the pots, and the roots were washed free of soil. The seedling growth parameters were tested. The disease symptoms of soybean root rot were observed, and the survival rate and disease index were calculated according to disease grade on a 0 to 4 scale (Chang et al., 2018).



Data analysis

Data analysis was performed in DPS 9.01 (Zhejiang University, Hangzhou, China) and GraphPad Prism8 (GraphPad Software, California, USA). Tests for homogeneity of variance and normal distribution were performed before analysis of variance (ANOVA), and then LSD (L) and Waller–Duncan (W) post-hoc tests were applied to determine the significant difference among means of the treatment at the significance level of 0.05 or 0.01. The phylogenetic tree was constructed by MEGA 7.0 software. Graphics were generated using GraphPad Prism8.




Results


Diversity and composition of the bacterial community in soybean rhizosphere

To clarify the differences in the bacterial community diversity of healthy soybean rhizosphere in the maize-soybean relay strip intercropping (IRHB) and soybean monoculture (MRHB), rhizosphere samples of IRHB and MRHB with five biological replicates were subjected to high-throughput 16S rDNA sequencing (seen in Supplementary Data Sheet S1). As shown in Figure 2, alpha diversity analysis showed that intercropping improved the diversity of the rhizosphere microbial community. Shannon index showed that the diversity of the bacterial community in the IRHB was significantly higher than that in the MRHB, and the distribution was more uniform (P = 0.0472). The chao1 index showed the total number of OUT detected in the IRHB was relatively less than that in the MRHB (R = 0.804, P = 0.009). The observed species index of both samples was between 5,100 and 5,200 with high species diversity, but it was not significantly different between the two cropping patterns (P = 0.917). PD whole tree index based on phylogenetic tree considering evolutionary distance had also almost no difference between IRHB and MRHB (P = 0.175). These results indicate that maize-soybean relay strip intercropping remarkably optimizes the diversity of the bacterial community in the soybean rhizosphere but fails to increase the total number of bacteria (Figure 2A).
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FIGURE 2
 Comparison of the bacterial community structure of soybean rhizosphere soil between intercropping and monoculture based on high-throughput sequencing of 16S rDNA amplicons. (A) Alpha diversity index analysis including Shannon index, Chao1 index, Observed species, and PD whole tree index. (B) Anosim similarity analysis, R > 0 indicates that the difference between groups is greater than the difference within the group; P < 0.05 indicates that the difference between groups is significant. (C) Three-dimensional principal coordinate analysis (PCoA) of unweighted-unifrac dissimilarity. IRHB and MRHB stand for the bacterial community of healthy soybean rhizosphere in the maize-soybean relay strip intercropping and soybean monoculture, respectively.


To further analyze the bacterial composition, we found that the intercropping largely changed the composition and structure of the rhizosphere bacteria community. Anosim similarity indicated that the difference between IRHB and MRHB was greater than that within groups (R = 0.804), and the composition of rhizosphere microbes had a remarkable difference between the two samples (P = 0.009) (Figure 2B). Meanwhile, there was no overlap in the spatial distribution of the two samples according to PCoA analysis, implying that there is no similarity in the predominant bacteria between IRHB and MRHB (Figure 2C, Supplementary Data Sheet S1).

In addition, by comparing the relative abundance of the top 15 rhizosphere bacteria at the phylum level (Supplementary Data Sheet S1), we found that the main contribution of the microbial community was derived from Proteobacteria, Acidobacteria, and Bacteroidetes (Figure 3A). Among them, the relative read numbers of Proteobacteria and Acidobacteria phyla were around 1.2-fold higher in the IRHB than those in MRHB. Moreover, there was also a more abundance of Firmicutes in IRHB rather than in MRHB. However, for the Bacteroidetes phylum, its relative reads in IRHB were reduced by 1.18-fold as compared to those in MRHB (Figure 3B). In short, it is clear that maize-soybean relay strip intercropping could reconstruct the bacterial community of the soybean rhizosphere to increase rhizosphere bacterial diversity.
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FIGURE 3
 Comparison of relative abundance of rhizosphere bacteria between intercropping and monoculture. (A) Relative abundance of the top 15 rhizosphere bacteria in the intercropping (IRHB) and monoculture (MRHB) samples at the phylum level. (B) Relative abundance of Proteobacteria, Acidobacteria, Bacteroidetes, and Firmicutes in the intercropping (IRHB) and monoculture (MRHB) samples.




Intercropping alters the diversity and structure of culturable bacterial communities of soybean rhizosphere as compared to monoculture

To further verify the difference in rhizosphere bacterial community between intercropping and monoculture, we isolated and identified the culturable bacteria of soybean rhizosphere from the two cropping patterns and compared the diversity of bacterial community (seen in Supplementary Data Sheet S2). We found that a total of 426 strains of bacteria were isolated, and they were identified as Proteobacteria, Actinobacteria, Bacteroidetes, Firmicutes, and other phyla, and the main four phyla were present in both IRHB and MRHB samples. However, the species contribution rates for each phylum were distinct in both samples. Among them, Firmicutes was the predominant phylum in IRHB with a species contribution rate as high as 45.38% as compared to 25.15% in MRHB (Figure 4A).
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FIGURE 4
 Comparative analysis of culturable bacteria and components in IRHB and MRHB samples. (A) The species contribution rate at the phylum level. (B) The species structure comparison at the genus level between IRHB and MRHB samples. (C) The number of bacteria isolated at the species level.


At the genus level, 34 and 36 genera were isolated from IRHB and MRHB samples, respectively. For the contribution rate of each genus, Bacillus sp. (41.18%), Streptomyces sp. (7.56%), Microbacterium sp. (6.72%), Pseudomonas sp. (5.04%), and Lysinibacillus sp. (2.52%) were the main contribution genus for rhizosphere bacterial community in IRHB, while Bacillus sp. (19.23%), Streptomyces sp. (12.50%), Microbacterium sp. (5.77%), Rhizobium sp. (4.81%), and Ensifer sp. (3.85%) contributed more than other genera in MRHB (Figure 4B).

At the species level, 119 species were isolated from IRHB when compared with 104 species from MRHB. However, it was worth noting that only eight species were shared from both samples (Figure 4C), and they were the least species isolated from Firmicutes in all four phyla. As shown in Figure 4B, it is clearly shown that Bacillus sp. genera in the Firmicutes phylum were the most dominant genus in both IRHB and MRHB samples. There were 49 species of Bacillus sp. isolated from IRHB with a species contribution rate of 41.18%, whereas 20 species of Bacillus sp. from MRHB with a species contribution rate of 19.23%. In addition, Lysinbacillus sp. was also the rich and distinct genus of Firmicutes phylum from IRHB rather than MRHB. Microbacteria sp. and Streptomyces sp., as the second-rich bacteria in the Actinobacteria phylum, were also isolated from both samples. For Microbacterium sp., the species contribution to IRHB (8 species) was higher than MRHB (6 species), but for Streptomyces sp., the species contribution to IRHB (9 species) was less than MRHB (13 species). In the Bacteroidetes phylum, Flavobacterium sp. and Paenibacillum sp. as the sharing genera had much higher species contribution in IRHB than those in MRHB. In addition, Pseudomonas sp. in the Proteobacteria phylum was a significantly different genus between IRHB and MRHB, and it was much richer in IRHB (6 species) than MRHB (1 species). In general, the culturable bacteria of soybean rhizosphere in both intercropping (IRHB) and monoculture (MRHB) samples were consistent with those based on the high-throughput sequencing analysis, and there was higher diversity of rhizosphere bacteria in intercropped soybean than that in monocultured soybean. And meanwhile, Bacillus sp., Flavobacterium sp., Microbacterium sp., Paenibacillum sp., Pseudomonas sp., and Streptomyces sp. might be preferentially recruited by intercropping or monoculture.

To find out the difference in the abundance of rhizosphere bacteria, we also compared the richness of the top nine bacterial species in both samples. As shown in Figure 5, Enterobacter sp. was the only shared species of all 9 species and was extremely abundant in both IRHB and MRHB. Pseudomonas chlororaphis IRHB3, Microbacterium hydrocarbonoxydans IRHB5, Streptomyces virginiae IRHB6, and Bacillus subtilis IRHB9 were the dominant bacterial population in IRHB with the contents of 23.32 × 105 cuf·g−1 soil, 13.18 × 105 cfu·g−1 soil, 1.18 × 105 cfu·g−1 soil, and 7.16 × 105 cfu·g−1 soil, respectively. In contrast, for MRHB, only Bacillus safensis MRHB7 and Microbacterium phyllosphaerae MRHB10 were listed in the dominant population with the content of 2.73 × 105 cfu·g−1 soil and 2.74 × 105 cfu·g−1 soil (Figure 5). Thus, since Pseudomonas sp., Streptomyces sp., Microbacterium sp., and Bacillus sp. have been well-known as potential biocontrol bacteria, the high abundance and better composition of these bacteria in IRHB might be more stable and resistant when infected by pathogens.
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FIGURE 5
 The dominant bacteria species in the rhizosphere soil of IRHB and MRHB samples (Top 9).




Antifungal capabilities of soybean rhizosphere bacteria differed from intercropping and monoculture

To confirm the biocontrol potential of isolated rhizosphere bacteria, the dual culture assays were conducted using 223 bacterial strains versus Fusarium oxysporum B3S1 (F.o) in vitro (seen in Supplementary Data Sheet S3). We found that 11 species exhibited antagonistic activities against F. oxysporum at different levels (Figure 6A), and among them, 9 strains including Pseudomonas chlororaphis IRHB3, Streptomyces lavendulae IRHB6, Bacillus subtilis IRHB9, Paenibacillus polymyxa IRHB14, Bacillus amyloliquefaciens IRHB18, Bacillus altitudinis IRHB44, Streptomyces virginiae IRHB47, Bacillus mojavensis IRHB66, and Bacillus pseudomycoides IRHB208 were isolated from IRHB sample (Figure 6C). Their inhibition rate on the mycelial growth of F. oxysporum ranged from 41.49 to 87.18% (Figure 6B). In contrast, in the MRHB sample, only Streptomyces virginiae (MRHB108) and Bacillus subtilis (MRHB205) (Figure 6C) displayed good inhibition effects on F. oxysporum with inhibition rates of 67.87 and 62.75%, respectively (Figure 6B). Thus, considering the diversity and abundance of antagonistic bacteria, intercropped soybean might tend to recruit a variety of beneficial bacteria and particularly increase their abundance when compared with soybean monoculture. Interestingly, the strain IRHB3, identified as Pseudomonas chlororaphis, was the only Pseudomonas species among 11 antagonistic bacteria and was specially isolated in the IRHB sample. The mycelial growth inhibition rate of IRHB3 to F. oxysporum was 66.50%, displaying strong antibacterial ability. Moreover, Since IRHB3 was one of the most dominant bacteria in IRHB with the abundance of 2.23×106 cfu·g−1 (Figure 5), we therefore have a strong interest in the role of IRHB3 in the maize-soybean relay strip intercropping.
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FIGURE 6
 Antagonistic bacterial strains screened by soil-borne pathogens F. oxysporum in IRHB and MRHB samples. (A) Dual culture assays of F.oxysporum verus antagonistic bacteria in vitro. (B) Inhibition rate of antagonistic bacteria to F.oxysporum mycelial growth. (C) Phylogenetic tree of 11 antagonistic bacteria based on 16S rDNA sequences. F.o means the pathogen F. oxysporum of soybean root rot. Data represent mean ± SEM. Different lowercase letters indicate significant differences (P < 0.05).




IRHB3 improved soybean resistance against F. oxysporum

We assessed the control effects of IRHB3 on soybean root rot, mainly caused by F. oxysporum. As shown in Figure 7A, compared with single F. oxysporum inoculation, IRHB3 application, no matter before or after F. oxysporum inoculation, largely alleviated the disease symptoms of soybean seedlings. To compare the survival rate with different treatments, IRHB3 had almost no influence on the survival of soybean rather than control, but it significantly improved the survival of soybean seedlings that suffered from F. oxysproum infection. Seed pretreated with IRHB3 significantly reduced F. oxysporum infection and increased the survival rate by 30% (Figure 7B). Furthermore, the disease index of soybean root rot was also affected by IRHB3 to a large extent (Figure 7C). F. oxysporum infection caused the disease index as high as 85%, whereas IRHB3 application before or after pathogen infection largely decreased the disease index by 20–40%, which was much more effective for the pretreatment with IRHB3 (Figure 7C).
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FIGURE 7
 Effects of IRHB3 treatments on soybean growth and the occurrence of soybean root rot. (A) Soybean seedlings at 14 days post-treatment. (B) The survival rate of soybean seedlings. (C) Disease index of soybean root rot. (D) Growth parameters of soybean seedlings include plant height, stem diameter, root length, leaf area, dry weight of stem and leaf, and root dry weight. Data represent mean ± SEM. Asterisks indicate significant differences (*P < 0.05, **P < 0.01). The experiments were conducted three times and showed similar results.


In addition, we also found that seeds pretreated with IRHB3 improved seedling growth that was severely inhibited by F. oxysproum invasion (Figure 7D). After 14 days of pathogen inoculation, IRHB3 dramatically increased the root length by 16%, dry weight of leaf and stem by 31%, and root dry weight by 48% when compared with controls. Meanwhile, IRHB3 application before pathogen inoculation greatly improved plant height, root length, stem diameter, leaf area, dry weight of aboveground tissues, and root dry weight, whereas IRHB3 supplement after pathogen inoculation merely increased the root dry weight (Figure 7D). These results indicate that IRHB3 might play a more important role in preventing pathogen invasion but not inhibiting its spread into the soybean tissues.




Discussion

The rotation or intercropping of cereal grains with legumes has widely been accepted as a sustainable agricultural strategy, and it plays an important role in improving soil quality and regulating the rhizosphere microbial community. In the rhizosphere, the diversity and structure of the microbial community can affect soil-borne disease and plant health to a large extent. In particular, rhizosphere-beneficial microbes often inhibit or directly kill pathogens in diverse ways thus leading to the reduction of soil-borne diseases. Our previous study demonstrated that maize-soybean relay strip intercropping clearly suppressed soybean root rot and altered the diversity and composition of the pathogenic Fusarium species rather than soybean monoculture. Furthermore, this intercropping also changed the structure and abundance of cultural Fusarium and the biocontrol Trichoderma species of soybean rhizosphere (Chang et al., 2020). Since bacteria are the key composition and regulator of the rhizosphere microbial community, it is necessary to investigate the difference in the bacterial community of soybean rhizosphere between intercropping and monoculture, and particularly explore the beneficial bacteria that interacted with the soil-borne pathogen.

Plants can provide rich carbon and energy to soil biota through root exudates, and create a unique micro-environment for bacteria to colonize in the rhizosphere soil around their roots (Bais et al., 2006). In addition, plants can also recruit the microbiome from other plants around them (Gross, 2022). From this point, the complicated and rich plant diversity is beneficial to constructing a more stable and healthy soil microbial community (Eisenhauer et al., 2010). Intercropping, which is characterized by planting two crops in the same fields, increases the plant biodiversity in the agricultural system, and it also has big potential on affecting soil microbial diversity and structure as compared to crop monoculture. For example, sugarcane and soybean intercropping changes the soil fungal community structure and increases the abundance of the main fungus Trichoderma (Lian et al., 2018); mulberry and alfalfa intercropping significantly increases microbial metabolic activity, richness index, and dominance index, and changes the carbon source types of soil microbial utilization (Zhang et al., 2015). Many studies have proved that due to the complex interaction within the microbial community, a high level of microbial diversity is often more conducive to resisting pathogen attack (Van Elsas et al., 2012). Wei et al. (2015) reported that the diversity of resident communities directly affected the spread of bacterial wilt disease in the tomato rhizosphere. In this study, the integrated results of high-throughput sequencing and the isolation of culturable bacteria demonstrated that maize-soybean relay strip intercropping significantly changed the bacterial community structure of soybean rhizosphere and increased the diversity of rhizosphere bacteria, and especially increased the abundance of beneficial bacteria Actinobacteria and Proteobacteria at phylum levels. It has been reported that Rhizosphere Actinobacteria, Proteobacteria, and Firmicutes are the key phylum of bacteria that affect crop health and contribute to disease suppression (Mendes et al., 2011; Carlstrom et al., 2019). The abundance change of Firmicutes and Actinobacteria in the tomato rhizosphere aggravates bacterial wilt disease (Lee et al., 2021). In addition, disease-resistant varieties often tend to recruit more Actinobacteria, Proteobacteria, and Firmicutes in their rhizosphere (Lazcano et al., 2021). Taken together, our results provide further evidence that intercropping can change the structure of the soil microbial community (Boudreau, 2013; Lian et al., 2018; Lv et al., 2018).

Moreover, the rich plant diversity not only has beneficial effects on the richness and activity of soil microorganisms but also enhances plant resistance to pathogens by recruiting beneficial bacterial communities (Mendes et al., 2011; Latz et al., 2012). When these beneficial microorganisms successfully colonize the plant rhizosphere, on the one hand, they can directly promote plant growth through bio-fertilization (Song et al., 2021, 2022), stimulation of root growth (Glick, 1995; Glick et al., 1995; Dhar Purkayastha et al., 2018), rhizo-remediation (Lugtenberg and Kamilova, 2009), and plant stress control (Trivedi et al., 2020), and on the other hand, rhizosphere microbes can also indirectly protect plant health by antibiosis (Gu et al., 2020; Shalev et al., 2022), induction of systemic resistance (Pieterse et al., 2014; Lee et al., 2021), and competition for nutrients and niches (Barber and Elde, 2015; Humphrey et al., 2020; Shalev et al., 2022). A lot of evidence show that Pseudomonas sp., Streptomyces sp., Bacillus sp., Microbacillus sp., and Flavobacterium sp. as common rhizosphere growth-promoting bacteria (PGPR) can promote plant growth and inhibit the occurrence of soil-borne disease (Kwak et al., 2018; Abbasi et al., 2021). Especially Pseudomonas sp., Streptomyces sp., and Bacillus sp., which were often used as the key research objects of biological control, are widely used as biological repair agents in agricultural production (Antoun and Prévost, 2005; Pieterse et al., 2014; Qin et al., 2017). Since beneficial bacteria could promote crop growth and affect health (Berendsen et al., 2012; Trivedi et al., 2020), as a countermeasure, plants usually actively recruit beneficial soil microorganisms in their rhizosphere to resist the attack of pathogens (Liu et al., 2021; Yin et al., 2021). In our study, we found 72 species of potential PGPR in the rhizosphere of intercropped soybean and 40 species in monoculture. Intercropping significantly increased the diversity of beneficial bacteria in the soybean rhizosphere, especially raising the diversity of Bacillus and Pseudomonas. Moreover, the population of PGPR recruited by intercropping was nine-fold higher than that by monoculture. Hence, the alliance of beneficial bacteria in the intercropping with higher diversity and more abundance forms powerful microbial barriers in the soybean rhizosphere to protect plant health and overcome pathogen invasion.

Researches demonstrate that most PGPR can restrict the growth and development of pathogens by the production of a variety of antibacterial compounds (Gu et al., 2020). These compounds lead to cell lysis, potassium ion leakage, destruction of membrane structural integrity, inhibition of mycelium growth, inhibition of spore germination, and protein biosynthesis (Hyder et al., 2020). For example, Bacillus strain BPR7 can produce IAA, siderophore, phytase, organic acid, ACC deaminase, cyanogens, lytic enzymes, oxalate oxidase, and so on, and these substances strongly inhibit the growth of many pathogens, such as F. oxysporum, F. solani, Sclerotinia sclerotiorum, Macrophomina phaseolina, Rhizoctonia solani, as well as Colletotricum sp. (Kumar et al., 2012). In our study, the antagonistic assay in vitro showed that 11 out of 223 isolated bacteria strains had good inhibition effects on the growth of F. oxysporum, and they were mainly identified as Pseudomonas sp., Streptomyces sp., and Bacillus sp., which have been fully demonstrated to inhibit pathogens (Weller, 2002; Van Elsas and Costa, 2007; Yin et al., 2013). However, among these antagonistic bacteria, nine strains were from intercropping and two strains from monoculture, indicating more diverse and synthetic beneficial microbial communities in the intercropped soybean rhizosphere. These diverse and synthetic antagonistic microbes might provide much stronger disease resistance and growth promotion to host plants than single species (Finkel et al., 2017; Kehe et al., 2019). This hypothesis is also supported by Lee et al. (2021) that proved a synthetic community of four strains activated a stronger immune response against R. solanacearum. Furthermore, not only for more species but also the population of antagonistic bacteria gathered in the rhizosphere of intercropping soybean was more abundant with 4.547 × 106 cfu·g−1 in this study. It is reported that the content of beneficial microorganisms greater than or equal to 105 cfu·g−1 could effectively act on plants (Pieterse et al., 2014; Liu et al., 2021). Although two strains Streptomyces virginiae (MRHB108) and Bacillus subtilis (MRHB205) in soybean monoculture had also antagonistic abilities, the population could not provide effective and multifunctional service for host plants. Therefore, we predict that maize-soybean relay strip intercropping is capable of deploying multiple antagonistic bacteria to confer much higher resistance of soybean to soil-borne diseases than monoculture with limited strains.

Some species of Pseudomonas play an important role in plant health and resistance to soil-borne diseases. Previous studies have shown that in the interaction between Pseudomonas and host plants, Pseudomonas can produce a large number of antibiotics to enhance rhizosphere competitiveness (Poritsanos et al., 2006; Gross and Loper, 2009), and successfully colonized Pseudomonas can promote the increase of bacterial community by forming biofilm (Danhorn and Fuqua, 2007). In addition, some Pseudomonas species are also proved to induce plant systemic immunity through root colonization in Arabidopsis thaliana (Pieterse et al., 2014), tobacco (Zboralski and Filion, 2020), and other plants to resist the infection of a variety of pathogens. In this study, we also screened one strain of Pseudomonas and Pseudomonas chlororaphsi IRHB3, which was the most dominant bacteria from intercropped soybean rhizosphere with the strongest antagonistic effect against F. oxysporum. We found that IRHB3 not only largely prevented F. oxysporum infection causing soybean root rot but also alleviated the disease symptoms, implying its dual function of protection and therapeutics in disease control. And meanwhile, compared with controls, IRHB3 application caused soybean seedlings much shorter and stronger, especially in the growth and development of soybean roots. This indicates that IRHB3 might be one kind of typical rhizosphere growth-promoting bacteria (Zamioudis et al., 2013). Zamioudis et al. (2013) reported that Pseudomonas Simiae WCS417 derived auxin-dependent root structural changes, promoted plant growth, and induced lateral root production and root hair formation. However, how IRHB3 colonizes in the rhizosphere or endosphere of soybean and how it regulates soybean growth and resistance need to be elucidated in future. Anyway, rhizosphere-beneficial bacteria recruited by intercropped soybean make a great contribution to resisting soil-borne diseases. This is also supported by our data on the disease incidence of soybean root rot at the full bloom (R2) stage of soybean when this disease frequently occurred which was also lower in the intercropping than in soybean monoculture. Thus, our research reveals the reason why maize-soybean relay strip intercropping can effectively inhibit soil-borne diseases, and also provides new evidence for crop intercropping to regulate microbial communities to promote plant health.

In conclusion, we demonstrated that maize-soybean relay strip intercropping increased the diversity of the rhizosphere soil bacterial community and recruited a large number of beneficial bacteria such as Pseudomonas sp., Bacillus sp., and Streptomyces sp., and Microbacterium sp. to settle in the soybean rhizosphere. These bacteria help soybean seedlings not only resist soil-borne diseases by antagonizing pathogens, mainly F. oxysporum, but also promote plant growth. In particular, Pseudomonas chlororaphsi IRHB3 was identified as the most dominant species from intercropped soybean rhizosphere and displayed the strongest antagonism against F. oxysporum. This potential biocontrol bacterial strain not only had preventive and therapeutic effects on Fusarium root rot but also significantly promoted the root growth and seedling development of soybean. However, how these beneficial bacteria are selected by the host, their colonization pathway, and the mechanism by which they act on the host are still unclear, and will be further uncovered in the following study.
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It is critical to identify and evaluate efficient phosphate-solubilizing bacteria (PSB) that enable P uptake from unavailable forms, and therefore improve the phosphorus (P) uptake efficiency of crops. The Enterobacter cloacae strain NG-33, belonging to PSB, was isolated and identified from calcareous rhizosphere soils in Nonggang National Reserve, Guangxi, China. The stain NG-33 could reduce the pH of the medium to below 5.6, and had the ability to release soluble phosphorus (P; 180.7 μg ml−1) during the culture in the National Botanical Research Institute’s Phosphate medium (NBRIP), and produced such organic acids as gluconic acid (4,881 mg L−1), acetic acid (346 mg L−1), and indole-3-acetic acid (20.4 μg ml−1). It could also convert inorganic P in AlPO4 (Al-P) and FePO4 (Fe-P) into soluble P, with conversion efficiencies of 19.2 μg ml−1 and 16.3 μg ml−1, respectively. Under pot experiments and when compared controls without inoculating NG-33, the shoot and root biomass of maize seedlings showed increases by 140% for shoot biomass and by 97% for root biomass in loamy soil (P sufficient) inoculated with NG-33. In sandy soil (P deficit) supplemented with tricalcium phosphate and inoculated with NG-33, the soluble P content was significantly higher, 58.6% in soil and 33.6% in roots, meanwhile, the biomass of shoots and roots increased by 14.9 and 24.9%, respectively. The growth-promoting effects coupled to the significant increase in leaf net photosynthetic rate and stomatal conductance of plants grown in NG-33-inoculated soil. Inoculating NG-33 could significantly improve the diversity and richness of bacterial population and altered the dominant bacterial population in soil.
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Introduction

Phosphorus (P) deficiency is a major limiting factor for crop growth and yield in most agricultural soils (Schachtman et al., 1998). However, most of P in agricultural systems are unavailable for plants because they are usually present in mineral P and/or in organic compounds. In general, plants require at least 30 μmol l−1 of P to maintain maximum productivity (Daniels et al., 2009), and the concentration of soluble P (1 ppm or less) and the rate of diffusion is very low (10−12 to 10−15 m2 s−1) in many soils (Goldstein, 1994; Schachtman et al., 1998). Therefore, phosphate fertilizer (from phosphate rock) is needed to increase growth and yield of crops.

Some microbes can not only enhance the release of immobile P from tricalcium phosphate, dicalcium phosphate, hydroxyapatite, and rock phosphate (Kim et al., 1997; Perez et al., 2007; Hameeda et al., 2008) but also immobilized P (Schachtman et al., 1998; Otieno et al., 2015), depending on species and strains. Many bacterial species have been reported to promote crop growth by increasing P availability, such as Pseudomonas sp. EAV, Arthrobacter nicotinovorans EAPAA (Pereira and Castro, 2014), P. fluorescens L321 (Otieno et al., 2015), Serratia marcescens EB 67 (Hameeda et al., 2008), P. putida CO1 and Bacillus paramycoides CO8 (Pandey and Gupta, 2020), B. sp. B17 and Burkholderia sp. B5 (Oliveira et al., 2009), and Azotobacter, Rhizobium, Azospirillum, and Alcaligenes (Rodrı́guez and Fraga, 1999; Trivedi and Sa, 2008). However, few have been isolated, and little is known about roles of Enterobacter strains with promoting plant growth by increasing phosphate solubilization (Shahid et al., 2012).

As for microbes, their mechanisms on P solubilization are involved in such enzymes as phosphatases and phytases (Yadav and Tarafdar, 2003; Aseri et al., 2009; Maougal et al., 2014) and various organic acids (e.g., gluconic, acetic, fumaric, lactic/succinic, citric, oxalic, and propionic; Rashid et al., 2004; Marciano Marra et al., 2012; Shahid et al., 2012). The biodiversity and composition of soil organisms (phosphate-solubilizing bacteria, nitrogen-fixing bacteria, etc.) are tightly associated with the soil healthy (Anggrainy et al., 2020), and can also induce changes in plant productivity (Wagg et al., 2014). The bacterial community structure are determinative with the changes of soil pH and depth in subarctic tundra soil (Kim et al., 2014). However, the changes in the bacterial community and composition in inoculated soil remain considerably unclear (Zhao et al., 2022).

In this study, we report the P solubilization and growth promoting effects on maize (Zea mays L) of E. cloacae strain NG-33 and the mechanisms.



Materials and methods


Isolation of phosphate-solubilizing bacteria

Rhizosphere soil was sampled from plants (Ophiopogon platyphyllus Merr. et Chun) grown in the Nonggang National Reserve (Guangxi, China; 106°42′28′′E, 22°13′56′′N, 500 ft. elevation) according to methods in the literature (Sun et al., 2020), where the soil is weakly alkaline (pH 7.2–7.8). In brief, sampled soil was ground in a mortar, and then suspended in sterile water. Gradient-diluted soil suspension was plated on the medium containing the National Botanical Research Institute’s Phosphate (NBRIP) and then cultured at 37°C for 72 h (Nautiyal, 1999). The isolates of bacteria from culture were subjected to pure cultivation on minimal medium following the methods described by Katznelson et al. (1962). The phosphorus-solubilizing isolates were identified through cultivation in the liquid NBRIP media with iron phosphate (Fe-P) and aluminum phosphate (Al-P) as the sole metal phosphate source instead of tricalcium phosphate.



Characterization of PSB isolates

The colony characteristics of PSB isolates on Luria-Bertani (LB) agar plates at 37°C were studied, and the growth of NG-33 strain was assessed on LB agar plate with addition of citrate, sucrose, raffinose, sorbitol as the sole energy source, respectively. Isolate NG-33 was stained using a crystal violet-iodine complex to check gram reaction (Coico, 2006). According to the instructions, the biochemical reaction of NG-33 strain was detected by using the MICRO-biochemical identification tube (Hopebio, Qingdao, China) such as the production of hydrogen sulfide, methyl red, pigment, acetylmethyl carbinol and arginine dihydrolase activity.



PCR amplification and sequencing of 16S rDNA

The DNA was extracted from fresh bacterial culture by using the TaKaRa MiniBEST Bacteria Genomic DNA Extraction Kit. The 16S rDNA was amplified by PCR with the extracted DNA and universal primers (27F: GAGTTTGATCCTGGCTCAG-30 and 1492R-ACCTTGTTACGACTT; Calheiros et al., 2010), where the PCR mix consisted of deoxynucleotides at 200 mM each, 0.25 mM of each primer, 2.5 mM MgCl2, 1 PCR buffer, and 0.2U of Taq DNA polymerase (5 Prime GmbH). The PCR products were purified and then sequenced by an external laboratory (BGI-Shenzhen, Shenzhen, China).



Identification of Enterobacter species

The identification of Enterobacter species was based on PCR amplification of 4 specific genes (dnaA, gyrB, rpIB, and acmP) with sequence-specific primers (Supplementary Table S1; Miyoshi-Akiyama et al., 2013). The PCR was performed as described above. In addition, the identification also referred to descriptions of the characteristics of mobility and the biochemical reactions of bacteria in Bergey’s Manual of Determinative Bacteriology (Buchanan and Gibbons, 1974).



Construction of phylogenetic tree

The phylogenetic tree was constructed by using the MEGA 4 program (Tamura et al., 2007) following the neighbor-joining method.



Analysis of terminal restriction fragment length polymorphisms of 16S rDNA in soil

The total microbial DNA in the rhizosphere soil was isolated by using SoilGen DNA Kit (CWBIO, Beijing, China), quantified by using NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific), and estimated for size through 1% agarose gel electrophoresis. Then, 16S rDNA in soil was amplified by PCR with fluorescence (FAM) dye labeled F-27 primer (6-FAM-AGAGTTTGATCATGGCTCAG-3′) and unlabeled R1492 primer (5′-TAGGGTTACCTTGTTACGACTT-3′). The PCR-amplified DNA was digested overnight by using Hha I (Promega, United States) at 37°C (Nithya and Pandian, 2012) in 20 μl reaction system containing 2 μl of the 10× buffer, 17 μl of the purified PCR products and 1 μl of the restriction endonuclease (10 U). The 5 μl of the Hha I-digested products were used for electrophoresis on a 1.5% agarose gel. Length of restricted DNA fragments was determined by using an automated ABI DNA sequencer (Model 3,500, Applied Biosystems, United States). The fluorescently labeled 5′-terminal restriction fragments were detected by the GeneMaker 4.0 (Applied Biosystems, United States) and with size markers ranging between 50 and 500 bp, which covered most of the major terminal restriction fragments (T-RFs). T-RFs were calculated as the peak area of the respective T-RF divided by the total peak area of all T-RFs (Sheng et al., 2012). The taxonomic analysis was carried out by using the TRiFLe program (Junier et al., 2008). The statistical analysis was conducted based on complete sample profiles. Several diversity indexes such as Species Richness index (S), Shannon-Weiner index (H) and Pielou’s evenness index (E) were calculated as the literature (Wang et al., 2009).



Assay of indole-3-acetic acid (IAA)

Indole-3-acetic acid was qualitatively assayed through colorimetry as described by Huang et al. (2013). Briefly, bacteria (NG-33 strain) was cultured at 37°C on shaking cultivation at 180 rpm in LB medium. The bacterial culture was collected at OD600 = 0.5.2 ml bacterial culture were taken into EP tube and was centrifuged at 12000 rpm for 2 min, and then 1 ml of supernatant was taken to mix with 1 ml developer Salkowski’s reagent. The mixed solution was incubated in darkness for 20 min at 25°C. The absorbance of mix was measured at 535 nm and the production of bacterial IAA was calculated against the standard curve. The non-inoculated culture was used as the control.



Assay of pH and organic acids

Bacteria were cultured for 5 days at 37°C by shaking at 150 rpm in NBRIP liquid medium. During culture, the pH of culture liquid was recorded each day with a pH meter equipped with a glass electrode. Meanwhile, the content of organic acids in culture liquid was quantitatively determined. In brief, 1 ml of the culture liquid was transferred to 2 ml tube followed by centrifugation for 5 min at 12,000 rpm. The supernatant was diluted 10 times with distilled water and filtered using 0.22-μm filter membrane. The resulting filtrate was used for assay of organic acid by using the Thermo Scientific Dionex ICS-5000 system (Chi and Huddersman, 2007), which was operated at 30°C of the column temperature in the isocratic mode. For ion exclusion, samples were injected via a 25 μl loop, and eluted at a flow rate of 1 ml min−1 and a pressure of 2.9 MPa through an IonPac AS11-SC guard column (50 mm × 4 mm) coupled to an IonPac AS11-SC analytical column (250 mm × 4 mm). Peak areas and retention times were recorded and used to calculate chromatographic parameters.

As for content of organic acids in rhizosphere soil, 10 g rhizosphere soil were transferred into a 150 ml conical flask containing 50 ml distilled water, incubated for 60 min by shaking at 200 rpm, and centrifuged at 10000 rpm for 10 min. The supernatant were freeze–dried with a vacuum freeze dryer at −20°C. The lyophilized sample were dissolved with 5 ml distilled water and filtered using 0.22-μm filter membrane. Finally, 25 μl were taken to determine organic acid contents using the Thermo Scientific Dionex ICS-5000 system (Chi and Huddersman, 2007).



Pot experiment in greenhouse

A pot experiment was conducted in a greenhouse. The pot soils were loamy soil (P sufficient) and sandy soil (P deficit), where P content was defined as high or low (Toth et al., 2014). The loamy soil was the topsoil within 10 cm from Guangxi University’s field station (Guangxi, Nanning), in which total and soluble P contents were 180.3 mg kg−1, of 1.12 mg kg−1 with a pH of 7.28, respectively. The sandy soil was collected from a sandy site at Nanning in Guangxi, with a low phosphate content (total P of 130 mg kg−1; soluble P of 0.79 mg kg−1; and pH of 4.62), and tricalcium phosphate (1.2 g kg−1 dry soil) was added before use. The pot (6 cm × 8 cm) was filled with 400 g of dry soil, and 30 pots were for each treatment that were designed as inoculation and non-inoculated control groups. During maize planting, 200 ml of 0.25 × Hoagland nutrient solution without phosphorate was added per pot every 3 days.

To prepare the inoculation, a single colony was transferred to 250 ml flasks containing 100 ml LB medium and grown aerobically in a rotating shaker at 200 rpm at 37°C for 10 h. Bacterial suspensions were centrifuged, and the pellets were re-suspended in sterile deionized water. Seeds of maize inbred line Zh58 (90) were soaked for 4 h in bacterial suspensions of 5 × 107 colony-forming units ml−1 for inoculation group and in deionized water for control group before sowing. The bacterial suspension (2 ml pot−1) was carefully added to the surface soil near the seeds at day 10 and day 20 after sowing while the same volume of deionized water was added for control group.

Growth of maize plants were measured and recoded at 24 days after inoculation, including plant height (from the soil surface to the base of the top leaf with a ruler, dry weights of roots, shoots from roots to the crown, and root–shoot ratio (Fan et al., 2015). A 0.3 g dry and grounded root material was digested in a digestion tube to assay total P concentration by colorimetry (Unicam, Helios Gamma, Cambridge, United Kingdom; Novozamsky et al., 1983; Walinga et al., 1989).



Measurement of P content in roots and soil

P content in roots were analyzed by colorimetry (Walinga et al., 1989). The soil attached to roots was collected as rhizosphere soil by strongly shaking and then sieved with 20 stainless steel mesh. P content in roots was assayed following the method described by Olsen et al. (1954).



Measurement of photosynthetic parameter

Photosynthetic rate (Pn) and stomatal conductance (gs) were measured between 9:00 and 11:00 h on clear sunny days by using a Li-6400XT Portable Photosynthetic System with a 6,400-02B LED Red/Blue Light Source (Li-Cor, Lincoln, NE, United States). The uppermost fully expanded leaves in pot plants were selected to measure Pn and gs at the 5-leaf stage.



Statistical analysis

Statistical difference of data was analyzed by using SPSS 13.0 software (SPSS, Chicago, IL, United States) according to T-test at p < 0.05 (*) or p < 0.01 (**).




Results


Phosphate-solubilizing bacteria isolates

Five bacterial isolates were observed, which exhibited a clear halo by dissolving tricalcium phosphate (TCP) on agar plate (Supplementary Table S2). Their ability to dissolve phosphate was further determined in NBRIP liquid medium, of which P production of one isolate, named NG-33, was up to P 180.7 μg ml−1 after 3 days of inoculation.

NG-33 could form colonies of a round, smooth, convex and wet surface, and light yellow and opaque on LB agar plates. Strain NG-33, however, the colonies were ivory colored on the NBRIP agar medium supplemented with 5 g l−1 TCP (Figure 1A). The 16S rDNA sequence of NG-33 was 1,420 bp in length (GenBank accession no. KU981056.1). By the phylogenetic analysis, NG-33 appeared to be distinct from those of known species of rhizobia, most closely related to E. cloacae strain 344 (GenBank accession no. JQ435862.1; Figure 1B). PCR results (Figure 1C) followed by DNA sequencing and sequence alignment (Supplementary Table S3) showed that GX-33 had four genes (dnaA, gyrB, ampC, and rplB) unique to E. cloacae subsp. The biochemical reactions of isolate NG-33 were also consistent with E. cloacae subsp. (Table 1) according to the description of Bergey’s Manual of Determinative Bacteriology (Buchanan and Gibbons, 1974). Isolate NG-33 should be E. cloacae strain NG-33 (GenBank accession no. KU981056.1).
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FIGURE 1
 Characteristics of Enterobacter cloacae NG-33. (A) Bacteria grown for 3 days at 37°C on NBRIP plate culture. (B) Neighbor-joining phylogenetic dendrogram based on 16S rDNA sequences showing relationships between the NG-33 strain and their closest taxa. The numbers at the nodes indicate the levels of bootstrap support based on data for 1,000 replicates; only values greater than 50% are presented. The scale bar represents the observed number of changes per nucleotide position. (C) The PCR products of four genes (dnaA, gyrB, ampC and rplB) of Enterobacter cloacae strain NG-33. (D) Qualitative assay of IAA production in LB liquid medium. The brown color indicates IAA production (right) after inoculating the NG-33 strain compared to that of the control (left). (E) IAA quantitative assay corresponding to the culture duration. NBRIP, National Botanical Research Institute’s Phosphate; IAA, indole-3-acetic acid; LB, Luria-Bertani’s medium (color figure available online).




TABLE 1 Biochemical characterization of the Enterobacter cloacae NG-33 strain.
[image: Table1]



Indole-3-acetic acid production and phosphate-solubilizing characterization of NG-33

NG-33 could produce IAA (Figure 1D) and showed a production of 20.4 mg L−1 (Figure 1E). During fermentation in NBRIP liquid medium under NG-33 inoculation, pH of fermentation broth decreased from initial 7.0–5.6 after 3 days of fermentation (Figure 2A), and soluble P concentration was up to 180.7 μg ml−1 after 3 days of fermentation (Figure 2B). When calcium phosphate in the NBRIP solution was replaced by aluminum phosphate or iron phosphate, of soluble P in fermentation broth was 16.3–19.2 μg ml−1 (Figure 2C).
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FIGURE 2
 Changes of pH value (A) and soluble P (B) in National Botanical Research Institute’s Phosphate medium (NBRIP) liquid broths with the extension of the fermentation time, and soluble P in the NBRIP liquid broths supplemented with the various phosphorus sources (C) after the inoculation with NG-33.




Organic acid production by NG-33

Gluconic acid, acetic acid, and an unknown acid were identified in the supernatants of the cultural broths, respectively (Figure 3A). Strain NG-33 produced a maximum gluconic acid (4,881 mg l−1) one day after culture at 37°C and then decreased to 2,392 mg l−1 after 5 days (Figure 3B). Acetic acid produced by NG-33 gradually accumulated in the culture liquid and reached 346 mg l−1 after 5 days of fermentation (Figure 3C).

[image: Figure 3]

FIGURE 3
 Separation of organic acids and inorganic anions using an IonPac AS11-SC analytical column (A), and the production of gluconic acid (B) and acetic acid (C) by inoculating the strain NG-33 on the NBRIP liquid medium.




Plant growth-promoting traits of NG-33

Net photosynthetic rate was 25.6% higher in the inoculated plants than in control plants when grown in loamy soil. Similarly, when grown in sandy soil, with additional TCP, the inoculated plants significantly increased their net photosynthetic rate by 14.2% than control plants (Figure 4A). Inoculation with NG-33 increased the gs by 135.8% in loamy soil and 58.0% in sandy soil with additional TCP compared to control plants (Figure 4B). Plant height was significantly higher in plants inoculated NG-33 than in non-inoculated plants, in both the control and with additional TCP. Compared to the control plants, the addition of TCP had higher plants, as the inoculated plants had 68.9% higher plant height in TCP and 29.5% higher plant height in control treatment (Figure 4C).
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FIGURE 4
 Effects of Enterobacter cloacae NG-33 strain inoculation on leaf net photosynthetic rate (Pn); (A) and stomatal conductance (Gs); (B), plant height (C), shoot dry weight (D), root dry weight (E), root shoot ratio (F), P content in roots of maize seedlings (Zh58) (G) and soil dissolved P content after harvest (H). Data are the mean and ± SE of four replicates for inoculated (I) and non-inoculated (NI) plants under loamy soil (subtropical) and sandy soil (phosphorus-deficient) with supplemental application of tricalcium phosphate. The difference between the means is significant at p < 0.05 (*) and p < 0.01 (**) level.


The inoculation of NG-33 had a positive and promoting effect on maize seedlings grown in both loamy and sandy soil. For the loamy soil, the NG-33 inoculation induced a 140.8% increase (p < 0.01) in shoot dry weight and 97.0% increase (p < 0.01) in root dry weight at the 5-leaf stage (Figures 4D,E). In sandy soil with the supplemental application of TCP, the NG-33 inoculation significantly increased the shoot and root dry weight by 14.9 and 24.9% (p < 0.05, p < 0.01), respectively (Figures 4D,E). Furthermore, our results showed that the NG-33 inoculation significantly increased root/shoot ratios in sandy soil but markedly decreased in loamy soil (p < 0.05; Figure 4F).

The inoculation of NG-33 had a significant effect on root P content under sandy soil with supplemental application of TCP, suggesting 33.6% higher P content in maize root compared to non-inoculated plants (p < 0.01; Figure 4G). However, under loamy soil the P content of maize root in inoculated and non-inoculated were statistically similar. After harvest, the soil dissolved P content in inoculated soil was 58.6% higher compared to non-inoculated soil in sandy soil with the supplemental application of TCP (p < 0.01; Figure 4H). In contrast, the inoculation did not significantly change soil dissolved P content in the loamy soil (Figure 4H).

NG-33 inoculation significantly increased malic acid, tartaric acid, and oxalic acid, while acetic acid and citric acid were only found in NG-33 inoculated pots in both soil types (Table 2). The malic acid content was the highest in sandy soil compared to loamy soil, and slightly increased due to NG-33 inoculation. The further demonstrated that the inoculated soil increased tartaric acid and oxalic acid by 8- and 3-fold in loamy soil, and by 10 and 11-fold in sandy soil with additional application of TCP. In inoculation soil, the content of acetic acid and citric acid were 49.3 and 7.9 mg kg−1 in the loamy soil, and 35.2 and 8.8 mg kg−1 in sandy soil with supplemental TCP application, respectively.



TABLE 2 Effect of Enterobacter cloacae NG-33 strain inoculation on organic acid composition under loamy and sandy soil with supplemental tricalcium phosphate (TCP) application.
[image: Table2]



Bacterial community structure

After maize harvest, we obtained 12 T-RFLP profiles out of soil DNAs extracted from the rhizosphere of the inoculated and non-inoculated plants under the loamy and sandy soil. At the same time, other 12 T-RFLP profiles out of soil DNAs were extracted from the inoculated pots and non-inoculated pots without growing plants. Most T-RFs were detected between 50 and 500 bp size range (Figures 5A–D). After aligning T-RFs, 119 different T-RFs were identified with Hha I enzyme, and 27 fragments showed highly repetitive.
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FIGURE 5
 Terminal restriction fragment length polymorphisms (T-RFLP) in soil bacterial 16S rDNA from the rhizosphere of maize seedlings with inoculation and non-inoculation under loamy and sandy soil with supplemental application of tricalcium phosphate (TCP). One out of 3T-RFLP profiles was shown for loamy soil with non-inoculation (A) and inoculation (B), TCP soil with non-inoculation (C) and inoculation (D).


Based on T-RFLP profiles data, total of 36 microbes were identified in the inoculated and non-inoculated treatments under two different soil types. The NG-33 inoculation in loamy soil had greater numbers of microbes (34) compared to non-inoculated soil (25), suggesting 36% higher soil microbes in inoculated soil. Similarly, 28 microbes were observed in inoculated soil and 24 in non-inoculated soil under sandy soil with a supplemental application of TCP. Different soil types and NG-33 inoculation had a different effect on dominant soil microbes. Ochrobactrum (21.1 and 24.0%), Tsukamurella (9.3 and 8.0%), and Planctomycetaceae (8.3 and 7.9%) were the most abundant soil microbes in loamy soil with and without inoculation of NG-33, respectively (Figures 6A,B). The abundances of Prolixibacteraceae and Singulisphaera increased, whereas the abundances of Bosea and Rhizobium greatly decreased in loamy soil with NG-33 inoculation compared to non-inoculated soil. In addition, the Ochrobactrum decreased by 12.1%, whereas soil inoculation increased the abundance for Tsukamurella by 16.3% and for Planctomycetaceae by 5.1% compared to those of non-inoculated soil (Figures 6A,B). In non-inoculated sandy soil, the dominant species were Prolixibacteraceae (12.9%), Ochrobactrum (12.3%), and Singulisphaera (12.1%), while Ochrobactrum (13.4%), Planctomycetaceae (12.7%), and Rhizobium (11.2%) were dominant species in NG-33 inoculated sandy soil (Figures 6C,D). Compared to non-inoculated sandy soil, NG-33 inoculation increased the abundance in Ochrobactrum by 8.94%, in Planctomycetaceae by 13.39%, and in Rhizobium by 124%, whereas, there was a decrease in the abundance of Prolixibacteraceae by 28.68% and Singulisphaera by 30.58% (Figures 6C,D).
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FIGURE 6
 Schematic representation of bacterial communities in loamy and sandy soil with and without inoculation of Enterobacter cloacae NG-33 strain. The differences of bacterial communities composition among the inoculated (A,C) and non-inoculated (B,D) in loamy and sandy soil with the supplemental application of TCP. I, inoculation; NI, non-inoculation.


As shown in Figure 7, three diversity indexes obtained from the restricted enzyme Hha I. The species richness, Shannon-Weiner index, and Pielou’s evenness index were used to signify the diversity. The species richness and Shannon-Weiner index across the NG-33 inoculation treatment were higher both in sandy soil supplemented with TCP and loamy soil (Figure 7). Furthermore, these results suggest that NG-33 inoculation significantly increased species richness and Shannon-Weiner index in both soils compared to non-inoculated soil. Whereas Pielou’s evenness index showed no significant differences between inoculated and non-inoculated soil. The regressions analysis showed that the aboveground plant productivity was not significantly affected by soil bacterial composition (R2 = 0.125, p > 0.05; Figure 8A), but there was a significant positive correlation between the aboveground plant productivity and bacterial OTU richness (R2 = 0.191, p < 0.05; Figure 8B).
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FIGURE 7
 Diversity indexes obtained from the restriction enzyme Hha I in loamy and sandy soil with and without inoculation of Enterobacter cloacae NG-33 strain. (A) Species richness, (B) Shannon-Weiner index, (C) Pielou’s evenness index. The difference between the means is significant at p < 0.05 (*) and p < 0.01 (**) level.


[image: Figure 8]

FIGURE 8
 Relationship between plant biomass and soil bacterial composition (A) and bacterial OTU richness (B) in soil. Filled triangle (▲) and Triangle (∆) indicated the inoculation with NG-33 and non-inoculation in the sand soil with supplement of TCP, and filled cycle (●) and cycle (○) indicated the inoculation with NG-33 and non-culation in the loamy soil.





Discussion


Phosphate-solubilizing capacity of NG-33

NG-33 strain showed a great potential for converting insoluble TCP to soluble phosphate (180.7 μg ml−1) with a decrease in the pH of the medium (5.6) after 3 days of inoculation, and released soluble P from metal inorganic sources Al-P and Fe-P by 19.2 and 16.3 μg ml−1, respectively. This suggested a strong capacity of strain NG-33 to solubilize P from inorganic pools. This ability is superior to those of previous study (Shahid et al., 2012), which demonstrated that the inoculation of E. cloacae Fs-11 had the ability to solubilize 43.5 μg ml−1 of TCP in to soluble P. Although E. cloacae LCR1 and LCR2 exhibited a high level of phosphate solubilization (568–642 μg ml−1) capacity in the NBRIP medium (Kumar et al., 2010), its role in plant growth-promoting is still unknown. The current study found that the E. cloacae NG-33 can produce indole acetic acid in addition to release soluble P from the insoluble inorganic pools, likely TCP, Fe-P and Al-P. These finding are consistent with those of Shankar et al. (2011), which discovered that the E. cloacae GS1 inoculation promoted rice growth and produced indole acetic acid, however not related to phosphate solubilization.



Correlation of organic acid production with phosphate solubilization by NG-33

Most mechanisms of phosphate solubilization are related to the production of organic acids by PSB, which lowers the pH in the surrounding soil (Wei et al., 2010). Two important metabolites produced by E. cloacae NG-33 strain identified in the current study were gluconic and acetic acids. A third unknown acid was also discovered in the NBRIP medium broths. Yahya et al. (2021) showed that P-solubilizing activity was predominantly associated with the production of gluconic acid and acetic acid, causing a decrease in pH (up to 3.5). There was a positive and strong relationship between solubilizing phosphate capacity and gluconic and acetic acid concentrations. The relationship is supported by other PSB strains, i.e., Enterobacter sp. ZW32 and Ochrobactrum sp. SSR, which shows a strong P-solubilizing capabilities by the production of organic acids (Yahya et al., 2021). The E. cloacae Fs-11 could also secrete gluconic acid by 16.64–117 μg ml−1 and increase total phosphorus contents in inoculated plants (Shahid et al., 2012), while E. cloacae NG-33 could secrete more gluconic and acetic acids, suggesting a potential capacity of promoting plant growth under soil inoculation.



Plant growth-promoting effects by NG-33

PSB inoculation has positive effects on P availability of rhizosphere soil, and improves plant growth (Wu et al., 2019). The NG-33 strain inoculation have a remarkable effect on leaf photosynthetic rate and markedly increase plant height by 30–69%, shoot by 15–141%, and root biomass by 25–97% both in loamy and sandy soil, which is better in promoting effect of maize than other results reported by Ateş et al. (2022). Likely because the inoculation NG-33 increased plant nutrition availability by converting insoluble P sources. Furthermore, the results demonstrated that the increase in shoot and root biomass were associated with an increase in Pn and gs. This is supported by other PSB strains where the application of bacterial consortium and phosphate-solubilizing fungus augmented plant photosynthetic ability and gs in both normal and salt stress (Khanghahi et al., 2021; Zai et al., 2021). This suggest that the E. cloacae NG-33 strain had the potential to be developed as a bio-fertilizer in the subtropical zone and phosphorate limited soils. In addition, the inoculation of E. cloacae NG-33 strain into sandy soils dramatically increased the soluble phosphate could be mainly attributed to the more production of organic acids (i.e., tartaric acid, oxalic acid, acetic acid, and citric acid) into the rhizosphere to solubilize and release the available P from insoluble P pools. Microbes can solubilize inorganic phosphate compounds in the rhizosphere by releasing a variety of organic compounds into the environment (Scervino et al., 2010; Xie et al., 2021). However, the inoculation of NG-33 strain also increased leaf Pn and plant biomass in loamy soil without the supplemental TCP, likely due to the high production of IAA (20.4 μg ml−1) by NG-33. This was consistent with the IAA (15 μg ml−1) produced by inoculation of E. cloacae GS1 to promote rice growth (Shankar et al., 2011). Thus, plant development is boosted by NG-33 inoculation because it can produce significant concentrations of indole acetic acid in the soil and liberate soluble P from the dissoluble phosphate pools.



Increases in P content in roots and dissolved P in sandy soil by the inoculated NG-33

Bashan et al. (2013) reported that an isolate must be further evaluated to test whether it directly contributes to plant P before it can be declared as PSB. The NG-33 strain obviously contributes greatly to the accumulation of P content nourishment in roots, but can also enhance the dissolved P content in sandy soil with supplemental TCP, which could directly result in higher plant growth and photosynthetic production. However, the inoculation of the NG-33 strain had no significant effect on root P content and dissolved P in loamy soil, even though the plant biomass increased significantly after inoculation. The plant growth promoting compounds, such as IAA and ACC-deaminase activity are likely to the key sources and responsible for the plant growth and development (Pereira and Castro, 2014; Fan et al., 2015). These findings suggest that the NG-33 strain has a unique mechanism for promoting plant development in different soils.



Optimization of soil bacterial community richness by NG-33

Bacteria are the most abundant and diverse, and they play multiple indispensable roles in soil. Any modifications in the microbial community caused by land use change might contribute to changes in ecosystem function and maintenance of soil quality (Konopka, 2009). The inoculation of E. cloacae NG-33 strain significantly increased the diversities of soil microbial communities (Figure 7), which affects the variations of dominant microbes and the composition of microbial communities. Several studies showed that microbial inoculation improved plant growth and crop production, probably because of increasing plant nutrients uptake, sustaining environmental health and soil productivity, and improving plant hormones level (cytokinin and IAA; Liu et al., 2013; Fan et al., 2015; Anzuay et al., 2017). The present study showed that soil inoculation with NG-33 strain altered microbial community composition, resulting in a significantly higher soil microbial species richness and Shannon-Weiner index, but the inoculation did not change pielous evenness index. The addition of appropriate fertilization can also increase microbial activity and species richness, but slightly decrease in species evenness (Ali Hassan and Saud, 2020). However, the inoculated soil caused the rebalance of the microbial community and a novel community structure produced more organic acids (i.e., tartaric acid, acetic acid, citric acid, and chlorogenic acid) owing to the enhancement of bacterial community richness. Soil bacterial diversity are closely associated with soil nutrient levels and soil productivity (Wu et al., 2015). In addition, the regression analysis showed that the aboveground biomass was significantly positively correlated with bacterial OTU richness independent of soil inoculation.




Conclusion

Novel PSB E. cloacae NG-33 strain possessed a strong phosphate-solubilizing ability associated mainly with a high production of gluconic and acetic acid. Soil inoculated with E. cloacae NG-33 strain increased maize biomass production in loamy soil and sandy soil with supplemental TCP application, which were related to the improvement of soil quality (soil P content) caused by its phosphate-solubilizing ability, and its increasing diversity of soil microbe community in inoculated soil.
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Salinity is among the most significant abiotic stresses that negatively affects plant growth and agricultural productivity worldwide. One ecofriendly tool for broadly improving plant tolerance to salt stress is the use of bio-inoculum with plant growth-promoting rhizobacteria (PGPR). In this study, a bacterium strain CNUC9, which was isolated from maize rhizosphere, showed several plant growth-promoting characteristics including the production of 1-aminocyclopropane-1-carboxylate deaminase, indole acetic acid, siderophore, and phosphate solubilization. Based on 16S rRNA and recA gene sequence analysis, we identified strain CNUC9 as Burkholderia pyrrocinia. Out of bacterial determinants to elicit plant physiological changes, we investigated the effects of volatile organic compounds (VOCs) produced by B. pyrrocinia CNUC9 on growth promotion and salinity tolerance in Arabidopsis thaliana. Higher germination and survival rates were observed after CNUC9 VOCs exposure under 100 mM NaCl stress. CNUC9 VOCs altered the root system architecture and total leaf area of A. thaliana compared to the control. A. thaliana exposed to VOCs induced salt tolerance by increasing its total soluble sugar and chlorophyll content. In addition, lower levels of reactive oxygen species, proline, and malondialdehyde were detected in CNUC9 VOCs-treated A. thaliana seedlings under stress conditions, indicating that VOCs emitted by CNUC9 protected the plant from oxidative damage induced by salt stress. VOC profiles were obtained through solid-phase microextraction and analyzed by gas chromatography coupled with mass spectrometry. Dimethyl disulfide (DMDS), methyl thioacetate, and 2-undecanone were identified as products of CNUC9. Our results indicate that optimal concentrations of DMDS and 2-undecanone promoted growth in A. thaliana seedlings. Our findings provide greater insight into the salt stress alleviation of VOCs produced by B. pyrrocinia CNUC9, as well as potential sustainable agriculture applications.
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Introduction

Soil salinity is one of the most significant environmental constraints restricting seed germination, plant growth, and productivity worldwide, posing a serious threat to global food security (Mukhopadhyay et al., 2021). Globally, approximately 20% of agricultural areas and 33% of irrigated lands are negatively affected by soil salinity, and the salinization of irrigated land is predicted to increase by 50% by 2050 (Shrivastava and Kumar, 2015). Salinity adversely affects plant physiology, biochemistry, and metabolism that induces cellular osmotic imbalance, inhibited root growth, and alters root architecture, impairing the ability of plants to acquire water and nutrients (Nawaz et al., 2020). High salinity also induces the accumulation of reactive oxygen species (ROS), which are detrimental to cell viability, photosynthetic pigments, membrane lipid integrity, and phytohormone imbalance (Cappellari et al., 2020; Ali et al., 2022). Various strategies have been developed to mitigate the effects of soil salinity on crops, including the reclamation of saline soil and breeding salt-tolerant plant varieties through genetic engineering (Nawaz et al., 2020). However, these methods have not been widely accepted due to time and resource costs, as well as potential environmental risks (Hu et al., 2012). Therefore, the application of microorganisms that are beneficial to plants [e.g., plant growth-promoting rhizobacteria (PGPR)] has gained attention as an alternative sustainable agricultural approach to alleviating salt stress in crops.

PGPR are plant root-associated bacteria that improve plant growth and increase tolerance to various abiotic and biotic stresses (Ha Tran et al., 2021). The main mechanisms of growth and yield improvement are the production of growth regulators such as indole acetic acid (IAA), gibberellic acid, and cytokinins; processes increasing nutrient availability such as nitrogen fixation, phosphorous solubilization, and siderophore production; synthesis of 1-amino cyclopropane-1-carboxylic acid (ACC) deaminase; and secretion of exopolysaccharides (EPS) and antimicrobial secondary metabolites (Bhattacharyya and Jha, 2012; Gouda et al., 2018; Basu et al., 2021). In addition, volatile organic compounds (VOCs) produced by PGPR have been shown to enhance plant biomass, disease resistance, and abiotic stress tolerance (Farag et al., 2013; Fincheira and Quiroz, 2018; Fincheira et al., 2021).

VOCs emitted by plant-associated microorganisms are low-molecular-weight (<300 g mol−1) lipophilic compounds with a low boiling point and high vapor pressure. These characteristics allow them to act as signals via short-and long-distance dispersal in the rhizosphere, allowing indirect interactions between plants and microorganisms (Cordovez et al., 2018). Since the production of VOCs by rhizobacteria was first reported to trigger growth promotion in A. thaliana (Ryu et al., 2003), several studies have demonstrated that VOCs released from rhizobacteria such as Bacillus, Burkholderia, Enterobacter, Pseudomonas, Streptomyces, and Stenotrophomonas species can stimulate plant growth and induced systemic tolerance (IST) against abiotic stresses (Yang et al., 2009; Fincheira and Quiroz, 2018; Veselova et al., 2019; Cellini et al., 2021). Some studies reported that bacterial VOCs promote plant growth by influencing root architecture and growth, resulting in increased surface area for nutrient and water acquisition as well as other rhizosphere effects (Gutiérrez-Luna et al., 2010; Grover et al., 2021). The number of chloroplasts and chlorophyll content increase following exposure to Bacillus subtilis GB03 VOCs to A. thaliana, resulting in higher quantum efficiency, complex II photosynthetic efficiency, and effective quantum yield (Zhang et al., 2008). VOCs also regulate growth hormone redistribution, induce key defense mechanisms, and increase antioxidant enzyme accumulation (Kwon et al., 2010).

The Burkholderia cepacia complex (Bcc) is the primary cluster in the Burkholderia genus, and is found in diverse environmental niches (Meier-Kolthoff et al., 2022). Some Bcc species have been used as agricultural biocontrol agents or in toxin bioremediation (LiPuma and Mahenthiralingam, 1999). Bibi et al. (2022) reported that the application of B. cenocepacia as a bio-organic fertilizer increased the maize germination index, promptness index, and seedling vigor index by 32, 34, and 21%, respectively, compared to controls. B. phytofirmans strain PsJN enhances A. thaliana growth and salt tolerance throughout its life cycle, modifying ion transporters necessary for salt-stress tolerance (Pinedo et al., 2015). Sarkar et al. (2018) reported that Burkholderia sp. MTCC 12259 was tolerant to treatment with 1.2 M NaCl and produced IAA, EPS, and proline essential for rice seedling growth under salt stress. Subsequent studies have mainly focused on the antagonistic effects of B. pyrrocinia (Vandamme et al., 2002; Ren et al., 2011; de los Santos-Villalobos et al., 2012; Depoorter et al., 2016). However, the mechanisms of its VOCs-mediated growth promotion and IST in plants against abiotic stresses, particularly salt stress are currently limited.

In this study, we screened 24 bacterial isolates from maize rhizosphere, and selected one isolate that identified as B. pyrrocinia (strain CNUC9) has various plant growth promoting traits. Considering the potential role of bacterial VOCs in growth promotion and plant stress tolerance, we investigated the role of CNUC9 VOCs on plant biomass (vigor and morphological characteristics of leaf and root), and the mitigation of salt stress in A. thaliana. In addition, we evaluated stress-related biochemical changes in cellular solutes and ROS generation in A. thaliana under salt stress.



Materials and methods


Sample collection and rhizobacterium isolation

Rhizosphere soil samples were collected from roots of maize (Zea mays L.) grown in Gongju, South Korea (36°21′34.6”N 127°09′48.4″E), in 2020. Roots and adhered soil were manually separated from the surrounding bulk soil and collected into sterile polyethylene bags. To isolate rhizobacteria, roots were gently washed with tap water, and 5 g root tips were transferred to 50 ml 0.8% NaCl (w/v) solution. Bacteria were removed from root tips by vortexing and sonication three times each for 30 s. The suspension was serially diluted and each dilution was separately spread on nutrient agar (NA) plates. After 3 days of incubation at 28°C, bacterial colonies with different phenotypes were purified. Purified bacterial isolates were stored in 40% glycerol at −80°C and used for further study.



Screening of bacterial isolates for plant growth-promoting traits

To screen for phosphate solubilization, 10 μl each bacterial isolate was inoculated onto Pikovaskya’s agar medium containing tri-calcium phosphate as the mineral P (Pikovskaya, 1948) and incubated at 28°C for 4 days. Halo zone formation by the colonies was considered to indicate phosphate-solubilizing capacity. IAA production by bacterial strains was estimated in LB broth supplemented with L-tryptophan (100 mg/l) using the Salkowski reagent, which consisted of 0.5 M of FeCl3 in 70% HClO4 (Bric et al., 1991). The IAA concentration was determined from a standard curve of purified IAA (Daejung Chemicals and Metals Co. Ltd., Siheung, Korea). To screen for siderophore production, 10 μl each bacterial isolate was inoculated onto Chrome Azurol Sulphonate over-laid onto NA medium (Alexander and Zuberer, 1991). A color change observed on the overlaid medium after 3 days was considered to indicate siderophore production. Proteolytic activity was determined by streaking isolates on skim milk agar, and the formation of clear zones surrounding the colonies was considered to indicate casein hydrolyzation and the formation of soluble nitrogenous compounds. ACC deaminase production was screened by culturing bacteria in Dwarkin and Foster (DF) medium using ACC (Thermo Fisher Scientific, Waltham, MA, United States) as the sole nitrogen source (Dworkin and Foster, 1958). Quantification of ACC deaminase activity was performed spectrophotometrically by measuring the production of α-ketobutyrate at 540 nm by comparing it with the standard curve of different concentrations of purified α-ketobutyrate (Sigma, United States; Penrose and Glick, 2003).



Molecular identification of rhizobacteria

For taxonomical identification of the bacterial isolates, 16S rRNA and recA genes were amplified and sequenced using the primers 27 F and 1492 R (Pitcher et al., 1989), and BCR1 and BCR2 (Mahenthiralingam et al., 2000), respectively. Multiple sequence alignments were generated with the 16S rRNA and recA sequences of strain CNUC9, and available sequences of related species were downloaded from the National Center for Biotechnology Information (NCBI) databank. A phylogenetic tree was constructed using the MEGA v7.0 software (Kumar et al., 2018) based on maximum likelihood (ML) analysis. The best-fit model of molecular evolution with 1,000 bootstrap replicates was computed, and bootstrap values >80% were considered highly supported.



Screening of water-and salt-stress tolerant strains

To screen drought stress-tolerant bacteria, isolates (20 μl) were grown in 20 ml LB broth containing 15 and 30% PEG 6000 at 28°C with rapid shaking. We also screened for salinity tolerance by growing bacterial strains in 20 ml LB broth with different salt concentrations (0, 400, 600, 800, or 1,000 mM NaCl). Samples were collected periodically and optical density at 620 nm (OD620) was measured using a spectrophotometer. A bacterial OD620 ≥ 0.1 was considered to indicate tolerance. Distilled water (DW)-inoculated LB medium was used as a control.



Plant materials and growth conditions

Arabidopsis thaliana Col-0 seeds were surface-sterilized with 70% ethyl alcohol for 2 min and 1% sodium hypochlorite solution for 1 min, and then rinsed five times with sterile water. Five A. thaliana seeds were sown in one half of a two-section I-plate containing 1/2-strength Murashige and Skoog medium (1/2 MS) with 1% agar, and a 20 μl bacterial aliquot was spotted onto the other half of the I-plate containing NA medium. Four treatment combinations were prepared as follows: DW inoculation/0 mM NaCl, CNUC9 inoculation/0 mM NaCl, DW inoculation/100 mM NaCl, and CNUC9 inoculation/100 mM NaCl. Plates were sealed with parafilm and placed vertically in a growth chamber at 22°C with a 16 h/8 h light/dark photoperiod. After 10 days, plant growth parameters were recorded.



Seedling physiological traits

To determine seed germination and seedling survival rates, sterilized A. thaliana seeds were sown as described above. A total of 200 seeds for each treatment were used, each with three replicates. Root lengths >0.5 cm were considered to indicate survival. The germination and survival rates of different treatments were counted 10 days after sowing.

To analyze root architecture and leaf proliferation, A. thaliana seedlings in Petri dishes were directly scanned using a scanner (Perfection V850 Pro, Epson, Nagano, Japan), and scanned images were analyzed using the WinRHIZO image analysis system for A. thaliana (Regent Instruments, Inc., Quebec City, QC, Canada). Link and color analyses were used to detect total root length, root surface area, lateral root number, and leaf area. Microscopic differences in root architectures under salt stress among treatments were observed by microscopy (BX41, Olympus, Tokyo, Japan).



Plant biochemical analyses

Chlorophyll a (Chl a) and b (Chl b) and total chlorophyll content were determined by spectrophotometric analysis as described previously (Inskeep and Bloom, 1985). Briefly, 0.1 g seedling tissues were ground with liquid nitrogen, then transferred to a tube containing 1 ml 80% acetone. The mixtures were vortexed to homogenize the leaf tissues and centrifuged at 13,000 ×g for 10 min at 4°C. The supernatant was measured at OD of 663.6 and 646.6 nm. Chl a, Chl b, and total chlorophyll concentrations were calculated as follows (Porra, 2002):

[Chl a] = 13.71 × A663.6–2.85 × A646.6,

[Chl b] = 22.39 × A646.6–5.42 × A663.6,

[Total chlorophyll] = [Chl a] + [Chl b],

where A is absorbance at the indicated wavelength.

To determine the total sugar content, seedlings were ground using liquid nitrogen, and 0.1 g powder was homogenized with 10 ml sterile distilled water. Samples were vortexed and boiled for 1 h. To remove chlorophyll, 0.1 g activated charcoal was added and the mixture was boiled again for 30 min. Homogenized samples were centrifuged at 13,000 ×g for 10 min. Then, 200 μl supernatant was transferred to a new tube and 1 ml 0.2% anthrone was added. After boiling again for 30 min, the samples were transferred in an ice bath to stop the reaction. We recorded OD620 and standard curves were drawn for different sucrose concentrations as described previously (Ikram et al., 2018).

The proline content of A. thaliana seedlings was quantified as described previously (Bates et al., 1973). Briefly, 0.1 g ground tissues were homogenized with 1 ml 3% aqueous sulfosalicylic acid by vortexing, and then the samples were centrifuged at 13,000 ×g for 10 min. The 200 μl supernatant was mixed with 500 μl glacial acetic acid and 500 μl acidic ninhydrin. After boiling for 30 min, samples were transferred to an ice bath to stop the reaction. OD520 was recorded, and different concentrations of L-proline were used as standards.

Lipid peroxidation in A. thaliana seedlings was estimated to be malondialdehyde (MDA) content by calculating the amount of MDA extracted from 0.5% (w/v) thiobarbituric acid and 1% (w/v) trichloroacetic acid as described previously (Du and Bramlage, 1992). The OD of the supernatant was measured at 450, 532, and 600 nm by spectrophotometry, and MDA concentrations (μmol/g) were calculated as follows: [MDA] = 6.45 (A532–A600)–0.56 A450, where A is absorbance at the indicated wavelength.

Hydrogen peroxide (H2O2) content was detected by 3,3′-diaminobenzidine (DAB) staining as described previously (Asselbergh et al., 2007), and quantified as described previously (Mukherjee and Choudhuri, 1983). Different concentrations of H2O2 obtained from Sigma-Aldrich (St. Louis, MO, United States) were used as standards.



VOC analysis by solid-phase microextraction with gas chromatography–mass spectrometry (SPME–GC–MS)

Bacterial VOCs were collected using a solid-phase microextraction (SPME) fiber with 50/30 μm divinyl benzene/carboxen/polydimethylsiloxane (Supelco, Bellefonte, PA, United States) and an autosampler (CombiPAL, CTC Analytics, Zwingen, Switzerland). For VOCs sample preparation, a bacterial aliquot (20 μl) was inoculated into NA medium and the plates were incubated under the same conditions described for the plant growth assay. Fibers were introduced and held for 15 min in the bottle’s headspace at 50°C. For GC–MS analysis, we employed an Agilent 7890A series gas chromatograph (Agilent Technologies, Santa Clara, CA, United States) equipped with an HP-5MS capillary column (30 m length, 0.25 mm inner diameter, 0.25 μm film thickness) coupled with a Triple-Axis Detector (Agilent Technologies). The equipment was operated under the following conditions: automatic sample desorption with the injector port at 250°C, oven programmed with an initial temperature of 40°C to be held for 3 min, and then increased at a rate of 10°C min−1 to 220°C. Helium was used as the carrier gas (flow rate: 1.0 ml/min). Electron impact ionization at 200°C was conducted to analyze mass fragments in a scan range of 40–500 m/z. GC–MS analysis was performed independently for bacteria grown alone and for the culture media. Data analysis and compound identification were performed using the National Institute of Standards and Technology Mass Spectral Database (NIST 11.L).



Plant growth promotion assay using selected synthetic VOCs

To determine the effect of each identified VOC, synthetic dimethyl disulfide (Sigma-Aldrich), methyl thioacetate (TCI, Tokyo, Japan), and 2-undecanone (Sigma-Aldrich) were dissolved in dimethyl sulfoxide (DMSO). Different concentrations of each compound (0.2 μM, 2 μM, and 20 μM) and controls (50 μl DMSO and DW) were applied to a sterile paper disk (diameter: 1.85 mm), and placed on one half of an I-plate. A. thaliana seeds were sown on the opposite side of the I-plate containing 1/2 MS medium. The sealed plates were incubated as described above. After 10 days, the effects of individual synthetic compounds on plant growth were recorded.



Data analysis

All data presented in bar graphs are means ± standard errors of the mean (SEMs). Means were compared using analysis of variance (ANOVA), followed by Tukey’s post hoc test for multiple comparisons. All tests were performed using the GraphPad Prism 9 (GraphPad Software, San Diego, CA, United States). Group differences were considered significant at p < 0.05. Principal component analysis (PCA) graphs were created using the R software (R Core Team, Vienna, Austria) with the FactoMineR and factoextra packages. Heatmaps were created using the Bioinfo Intelligent Cloud online tool (Chen et al., 2022).




Results


Identification and growth-promoting characteristics of isolate CNUC9

To discover bacteria that promote plant growth and salt tolerance, we isolated bacteria from the maize rhizosphere. Total of 24 isolates out of 139 isolates were selected according to their morphological characteristics and examined for plant growth-promoting traits. Among these bacteria, isolate CNUC9 showed the highest ACC deaminase production (292.5 nM). This isolate also produced IAA (9.8 μg/ml) and siderophore and exhibited substrate solubilization of casein and tricalcium phosphate (Supplementary Figure S1). These results suggest that CNUC9 has potential as a PGPR, providing nutrients to plants. CNUC9 also showed tolerance of up to 400 mM NaCl salt stress and 30% PEG6000 osmotic stress in LB medium (Figures 1A,B), indicating that it may perform efficiently in saline or drought environments.
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FIGURE 1
 Growth curve and phylogenetic analysis of B. pyrrocinia CNUC9. Data for B. pyrrocinia CNUC9 growth curves were measured in liquid LB medium supplemented with (A) different NaCl concentrations (0, 400, 600, 800, or 1,000 mM), or (B) PEG 6000 concentrations (0, 15%, or 30%) incubated at 28°C for 48 h with rapid agitation. Error bars represent standard error (SE, n = 9). (C) Maximum likelihood tree inferred from analysis of recA gene sequences of Burkholderia species. Bootstrap values ≥70% based on 1,000 replicates are shown at the nodes. Xanthomonas axonopodis pv. citri str. 306 was used as an outgroup. Evolutionary distances were computed using the Kimura 2-parameter method and were expressed in numbers of base substitutions per site. Evolutionary analyses were conducted using the MEGA v6 software.


Based on a BLASTN search of the 16S rRNA gene sequence, CNUC9 shared 100% homology with Bcc, including B. cepacia, B. ambifaria, and B. pyrrocinia. To further identify this strain, we performed recA gene sequence analysis. BLAST analysis indicated that the recA gene sequences of CNUC9 shared 100% identity with B. pyrrocinia strain JK-SH007 (accession no. CP094459). In a phylogenetic tree, CNUC9 clustered within the Bcc group and with its nearest neighbor as B. pyrrocinia A12 (JQ658434) and B. pyrrocinia JK-SH007, which has growth-promoting effects on tobacco seedlings (Han et al., 2012) and has biocontrol potential on polar canker (Ren et al., 2011), respectively (Figure 1C). Therefore, CNUC9 was identified as B. pyrrocinia based on 16S rRNA (accession no: ON076876) and recA (accession no: ON086316) gene sequences, which have multiple plant growth-promoting traits. Among bacterial determinants on plant growth promotion, bacterial VOCs displayed many advantages to apply crop plant under field compared to previous agrochemicals and chemical fertilizers (Fincheira et al., 2021).



CNUC9 VOCs increase germination and survival rates and biomass under salt stress condition

To investigate the effects of VOCs emitted by CNUC9 on plant growth and abiotic stress tolerance, A. thaliana Col-0 seeds were sown on 1/2 MS medium with and without 100 mM salt and co-cultured with CNUC9 on I-plates (Figure 2). Under no salt stress (0 mM NaCl), there were no significant differences in A. thaliana seed germination or survival rates with or without bacterial VOCs exposure (p > 0.05). However, salt stress caused significant reductions in germination (25.9%) and survival rates (48.7%) among seedlings not exposed to VOCs, compared to control seedlings grown without salt stress. Interestingly, VOCs-exposed seedlings under salt stress had 22.6 and 37.3% higher germination and survival rates than non-exposed seedlings.
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FIGURE 2
 Effects of volatile organic compounds (VOCs) of B. pyrrocinia CNUC9 on Arabidopsis seed germination and survival rates under non-stress and salt stress conditions. (A) Germination rates and (B) survival rates were measured after 10  days. Error bars represent standard error of the mean (SEM) of three independent biological replicates (n = 200 seedlings per replicate). Asterisks on bars of the same parameter indicate statistical differences among treatments according to two-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test (**p ≤ 0.01; ***p ≤ 0.001; n = 600). ns, non significant.


VOCs produced by CNUC9 triggered a number of physiological changes in A. thaliana. Following exposure to VOCs from CNUC9 in I-plate culture (0 or 100 mM NaCl) for 10 days, A. thaliana seedlings displayed increased biomass, in terms of lateral root numbers and extensive leaf area (Figures 3A–H). The growth parameters were further quantified using the WinRHIZO software (Figures 3I–L). Under non-stress conditions, VOCs-exposed seedlings showed significantly increased root length (64.7%), root surface area (93.0%), and lateral root numbers (41.3%) compared to non-exposed seedlings. Similar results were obtained for seedlings grown under salt stress. Seedlings treated with 100 mM NaCl that exposed to VOCs were exhibited significantly increased root length (54.9%), root surface area (42.8%), and lateral root numbers (80.9%) compared to non-exposed seedlings. These data demonstrate that VOCs from CNUC9 altered root architecture and enhanced root growth in A. thaliana seedlings with or without salt stress. Salt stress significantly reduced seedling root length, root surface area, and lateral root numbers, by 34.2, 24.9, and 46.5%, respectively, whereas VOCs-exposed seedlings showed similar root parameter levels to the controls without salt stress. Interestingly, A. thaliana seedlings exposed to VOCs had markedly larger leaf area (no salt stress, 129.6%; salt stress, 174.5%) than non-exposed control seedlings. Together, these results suggest that VOCs from CNUC9 greatly promoted plant growth and ameliorated salinity stress in A. thaliana seedlings by altering physicochemical properties in cellular solutes.
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FIGURE 3
 Effects of B. pyrrocinia CNUC9 VOCs on growth of A. thaliana seedlings under non-stress (0 mM NaCl) and salt stress (100 mM NaCl) conditions for 10  days. (A–D) CNUC9 VOCs promoted the growth of A. thaliana seedlings. (A) No VOCs exposure; 0 mM NaCl. (B) CNUC9 VOCs exposure; 0 mM NaCl. (C) No VOCs exposure; 100 mM NaCl. (D) CNUC9 VOCs exposure; 100 mM NaCl. (E,F) Root tips under salt stress under (E) no VOCs exposure or (F) CNUC9 VOCs exposure. (G,H) Lateral roots under salt stress under (G) no VOCs exposure or (H) CNUC9 VOCs exposure. (I–L) Quantitative analysis of A. thaliana biomass after 10  days of exposure to CNUC9 VOCs under no-stress and salt stress conditions. (I) Root length. (J) Root surface area. (K) Lateral root numbers. (L) Total leaf area. Error bars represent SEM of three independent biological replicates (n = 20 seedlings per replicate). Asterisks on bars of the same parameter indicate statistical differences among treatments (two-way ANOVA followed by Tukey’s test; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; n = 60). ns, non significant.




CNUC9 VOCs increase leaf chlorophyll content

To examine the impact of VOCs exposure on plant photosynthetic efficiency, the contents of leaf chlorophyll were measured. Under non-stress conditions, the levels of leaf Chl a, Chl b, and total chlorophyll were significantly increased in VOCs-exposed seedlings (p < 0.001), by 63.6, 66.4, and 64.2%, respectively, compared to non-exposed seedlings (Figures 4A–C). Similarly, seedlings exposed to VOCs for 10 days under salt stress conditions had 100.5, 29.0, and 69.0% higher leaf Chl a, Chl b, and total chlorophyll content, respectively, than non-exposed seedlings. Chl a, Chl b, and total chlorophyll content significantly decreased by 43.6, 23.0, and 34.9%, respectively, in non-exposed seedlings grown at 100 mM NaCl, whereas VOCs-exposed seedlings maintained leaf chlorophyll levels that were similar to those under non-stress conditions. These results indicate that exposure to VOCs from CNUC9 maintained photosynthetic pigments in A. thaliana seedlings, particularly under salt stress. These findings were consistent with the greater leaf area expansion as well as darker green leaves observed in A. thaliana seedlings exposed to CNUC9 VOCs than in non-exposed plants (Figure 3).
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FIGURE 4
 Effects of B. pyrrocinia CNUC9 VOCs on changes in (A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll, (D) total soluble sugar, (E) proline, and (F) malondialdehyde (MDA) content under no-stress (0 mM NaCl) and salt stress (100 mM NaCl) conditions for 10 days. Error bars represent SEM of three independent biological replicates (n = 20 seedlings per replicate). Asterisks on bars of the same parameters indicate statistical differences among treatments (two-way ANOVA followed by Tukey’s test; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; n = 60). ns, non significant.




CNUC9 VOCs modulate total soluble sugar, proline, and MDA content

Salt stress can damage the cellular membranes of plants and alter the production of osmoprotectants (Hasanuzzaman et al., 2013). To investigate whether CNUC9 VOCs affect physiological responses to osmoprotectants, endogenous levels of total soluble sugar, proline, and MDA were measured. The VOCs significantly enhanced the total soluble sugar content of seedlings compared to non-exposed seedlings grown under non-stress (38.0%) and salt stress (26.0%) conditions (p < 0.01; Figure 4D). Salt stress significantly reduced the total soluble sugar content by 39.3 and 44.6%, respectively, in non-exposed and VOCs-exposed A. thaliana seedlings.

Altered proline levels in plants are characteristic of salt stress. Plants without salt stress showed no significant difference in proline content with or without CNUC9 VOCs exposure (p > 0.05; Figure 4E). Under salt stress, proline content was dramatically increased by 293.7% in non-exposed seedlings compared to non-exposed seedlings without salt stress. The proline content of A. thaliana seedlings exposed to CNUC9 VOCs under salt stress increased by 97.78%, but was 34.8% lower than that of non-exposed seedlings.

Malondialdehyde (MDA) is one of the end products of lipid peroxidation and has been used as oxidative stress indicator in plant tissues during ROS damage (Gutteridge, 1995). Under salt stress, MDA content was significantly higher (77.6%) in non-exposed seedlings than in non-stressed control seedlings (p < 0.001; Figure 4F), whereas seedlings exposed to VOCs had 24.5% lower MDA content. Interestingly, seedlings under no salt stress exposed to CNUC9 VOCs had similar MDA content to non-exposed controls. Together, these results indicate that CNUC9 VOCs are involved in cellular membrane modulation and osmolyte protection in A. thaliana seedlings under salinity stress.



CNUC9 VOCs modulate ROS accumulation

DAB polymerization was not observed in either VOCs-exposed or non-exposed seedlings under non-stress conditions, whereas extra brown precipitates indicating the presence of H2O2 were detected in non-exposed leaves under 100 mM NaCl stress (Figures 5A-C). Light brown precipitates were also observed in VOCs-exposed seedlings under 100 mM NaCl salt stress, indicating decreased H2O2 levels (Figure 5D). Interestingly, there was significantly less accumulation of brown precipitate in younger leaves than in older leaves. These results were further supported by an H2O2 accumulation assay. Under 100 mM NaCl stress, H2O2 levels were significantly higher (40.5%) in non-VOCs-exposed seedlings than in non-stressed control seedlings (p < 0.001), whereas in VOCs-exposed A. thaliana seedlings, H2O2 levels were significantly decreased by 10.7% compared to non-exposed seedlings (p < 0.01; Figure 5E). DAB staining and ROS accumulation assay results revealed that CNUC9 VOCs exposure reduced H2O2 accumulation in salt-stressed A. thaliana seedlings.

[image: Figure 5]

FIGURE 5
 Effects of B. pyrrocinia CNUC9 VOCs on hydrogen peroxide (H2O2) modulation in A. thaliana seedlings. (A–D) A. thaliana leaves stained with 3,3′-diaminobenzidine (DAB) after seedling exposure to CNUC9 VOCs under no-stress and salt stress conditions for 10  days. (A) No VOCs exposure; 0 mM NaCl. (B) CNUC9 VOCs exposure; 0 mM NaCl. (C) No VOCs exposure; 100 mM NaCl. (D) CNUC9 VOCs exposure; 100 mM NaCl. Bar = 1 mm. (E) Quantification of H2O2 production in A. thaliana seedlings after exposure to CNUC9 VOCs under no-stress and salt stress conditions. Error bars represent SEM of three independent biological replicates (n = 20 seedlings per replicate). Asterisks on bars of the same parameters indicate statistical differences among treatments (two-way ANOVA followed by Tukey’s test; **p ≤ 0.01; ***p ≤ 0.001; n = 60). ns, non significant.




CNUC9 VOC profiling

To identify the VOCs emitted by CNUC9, we conducted SPME–GC–MS analysis on CNUC9 at 72 h post-inoculation (Figure 6). Three peaks were identified from CNUC9, among which the major peak areas were DMDS (ca. 87.71% of the total peak area; retention time [RT], 5.01 min) and methyl thioacetate (ca. 11.67%; RT, 4.04 min). The compound 2-undecanone (ca. 0.61%; RT, 14.85 min) was present in relatively low amounts; other detected compounds did not differ significantly from the uninoculated medium (control).

[image: Figure 6]

FIGURE 6
 Gas chromatography–mass spectrometry (GC–MS) analysis of VOCs of B. pyrrocinia CNUC9 grown on nutrient agar (NA) medium for 3  days. (A) NA medium control. (B) B. pyrrocinia CNUC9.




Effects of pharmaceutical application of VOCs on plant growth

To determine the effects of identified VOCs on plant growth, we tested three concentrations of DMDS, methyl thioacetate, and 2-undecanone using I-plates. We found that only 2-undecanone and DMDS promoted aerial and root growth in A. thaliana seedlings (Figure 7). Among the three concentrations, 2 μM 2-undecanone-exposed seedlings had increased root surface area (65.6%), root length (63.3%), lateral root numbers (222.6%), and leaf area (57.6%) compared to control groups (Figure 7; Supplementary Figure S2). In addition, seedlings exposed to 0.2 μM DMDS showed significantly increased root surface area (44.3%), root length (45.9%), lateral root numbers (200.2%), and leaf area (42.7%) compared to control groups; however, these levels were decreased compared to seedlings treated with 2 μM methyl thioacetate. Interestingly, higher VOCs concentrations had negative effects on seedling growth. Notably, significant growth inhibition occurred under treatment with 20 μM 2-undecanone, in terms of decreased root length (86.4%), root surface area (90.9%), lateral root numbers (59.2%), and leaf area (78.6%) compared to the control groups (Supplementary Figure S2). These results suggest that 2-undecanone and DMDS are major CNUC9 VOCs promoting seedling growth in a dose-dependent manner.

[image: Figure 7]

FIGURE 7
 Effect of pure synthetic compounds on A. thaliana seedling growth after 10  days under no-stress conditions. Representative photographs of (A) control seedlings and seedlings treated with (B) 2  μM 2-undecanone, (C) 0.2  μM dimethyl disulfide, (D) 2  μM methyl thioacetate. (E–H) Growth parameters of representative A. thaliana seedlings including (E) root length, (F) root surface area, (G) lateral root numbers, and (H) total leaf area. Error bars represent SEM of three independent biological replicates (n = 20 seedlings per replicate). Different letters indicate significant differences between treatments (one-way ANOVA followed by Tukey’s test; p < 0.05).




Principal component analysis and heatmap analysis

We investigated possible relationships between different plant growth parameters and CNUC9 VOCs exposure effects under non-stress and salt stress conditions using Principal Component Analysis (PCA) based on the mean values of all variables. A bi-plot was inferred from the PCA-separated plant responses of the first two components, with overall 97.1% variability (PC1: 83.3%; PC2: 13.8%; Figure 8A). All treatments showed comparable morphological, biochemical, and physiological effects under CNUC9 VOCs exposure and salt stress. PCA results revealed that seedlings exposed to CNUC9 VOCs had significantly enhanced plant organ development (leaf area, root tips, and surface area), photosynthetic efficiency (Chl a, Chl b, and total chlorophyll content), and osmoprotectant accumulation (soluble sugar) compared to control inoculation under non-stress conditions. Similarly, CNUC9 VOCs treatment of stressed A. thaliana seedlings induced different H2O2, MDA, and proline content responses from the non-inoculation control.
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FIGURE 8
 (A) Principal component analysis and (B) heat map responses of Pearson’s correlation coefficient for all growth variables of A. thaliana treated with B. pyrrocinia CNUC9 VOCs grown under salinity stress. Correlations are indicated in blue (positive) or red (negative).


Heatmap analysis showed that plant growth variables exhibited differential responses under different treatments (Figure 8B). Multivariate heatmap analysis suggested that salinity stress had positive effects on MDA, proline, and H2O2 accumulations in A. thaliana seedlings, but was negatively correlated with germination and survival rates, root proliferation, chlorophyll content, and sugar content in seedlings. By contrast, plants treated with CNUC9 VOCs positively influenced the vegetative, physiological, and photosynthetic pigments of A. thaliana seedlings under non-stress conditions, promoting plant growth. Heatmap results also indicated that CNUC9 VOCs maintained plant growth indices to non-stress levels under salt stress.




Discussion

Present study, we newly isolated and characterized the PGPR strain B. pyrrocinia CNUC9 from maize rhizosphere. This isolate exhibited the ability to produce ACC deaminase, siderophore, protease, IAA, and able to solubilize calcium phosphate. Previously, endophytic B. pyrrocinia JK-SH007 was reported to promote plant growth and suppress poplar stem canker disease (Ren et al., 2011). Burkholderia pyrrocinia P10 has also been shown to significantly enhance peanut seedling growth under saline conditions (100 and 170 mmol/l NaCl) by secreting IAA, solubilizing phosphorus compounds, and producing siderophores and ACC deaminase (Han et al., 2021). Thus, B. pyrrocinia shows potential as a PGPR or biocontrol candidate via direct interaction with plants. However, our results clearly indicate that VOCs produced by B. pyrrocinia CNUC9 enhance salt tolerance in A. thaliana seedlings, showing significant increases in germination and survival rates, plant development, photosynthetic component regulation, antioxidant activity, and osmoprotectant responses in the absence of any direct contact with plants.

Recent studies have demonstrated that VOCs emitted by PGPR have the ability to improve plant growth and biomass without physical contact, potentially enhancing plant resistance against biotic and abiotic stresses (Ryu et al., 2003; Park et al., 2015; Raza et al., 2016; Cordovez et al., 2018; Liu et al., 2020a). We also observed that A. thaliana seedlings exposed to B. pyrrocinia CNUC9 VOCs showed significantly enhanced growth compared to non-VOCs-exposed plants under both normal and salt stress conditions. As shown in Figure 3, representative A. thaliana seedlings treated with CNUC9 VOCs reached the 5-leaf stage (non-stress) and 4-leaf stage (salt stress) after 10 days of co-cultivation, whereas control plantlets had 4 leaves (non-stress) and 3 leaves (salt stress). VOCs-exposed A. thaliana seedlings also showed 2.3-fold (non-stress) and 2.7-fold (salt-stress) increases in total leaf area compared to non-exposed controls. Similarly, Tahir et al. (2017) and Zhang et al. (2007) reported that bacterial volatiles had a significant increase leaf area and leaf expansion by modulating expressions of cell division and auxin related genes.

The root system is responsible for water and nutrient acquisition from the soil; thus, a larger root system architecture increases plant resilience and survival under various stresses. Root system architecture is coordinated by plant growth hormones including auxin and cytokinin (Wang et al., 2021; Rivas et al., 2022); previous studies reported that beneficial soil microbes directly regulate the accumulation of these hormones in plant roots (Wu et al., 2012; Wang et al., 2021). Interestingly, volatiles released by PGPR also significantly improve root architecture through modulating the root hormonal networks that contribute to water and nutrient uptake capacity (Wang et al., 2006; Sharifi et al., 2021). We observed adverse effects of salt stress on A. thaliana root system architecture in terms of significantly reduced lateral root numbers and root hair development, as well as decreased root length and surface area (Figure 3). However, exposure to CNUC9 VOCs markedly alleviated the negative effects of salt stress, and all root development parameters recovered to levels similar to the control group under no salt stress (Figure 3). Recently, Li et al. (2021) demonstrated that VOCs produced by Bacillus species participated in regulating lateral root development in A. thaliana seedlings via an auxin-dependent mechanism. By contrast, B. subtilis GB03 volatiles triggered growth promotion through cytokinin–ethylene signaling, whereas B. amyloliquefaciens IN937a volatiles appeared to act independently of both cytokinin and ethylene (Ryu et al., 2003; Farag et al., 2006). These findings suggest that different types of volatile compounds emitted by PGPR may differentially regulate plant hormones via different signaling pathways. We demonstrated that VOCs produced by CNUC9 significantly promoted root system architecture formation in A. thaliana seedlings; the specific mechanisms of VOCs-mediated phytohormone responses are currently being investigated.

Under salt stress, plants experience physiological and biochemical changes that lead to the accumulation of an array of metabolites such as chlorophyll contents, total soluble sugar, and proline in cells (Kumar et al., 2017). PGPR stimulates plants to activate different physiological and biochemical mechanisms to cope with stress by accumulating osmotic regulator solutes to maintain osmotic pressure homeostasis and structural stability (Acosta-Motos et al., 2017). Chlorophyll is a green pigment that has a vital role in photosynthesis. Maintaining endogenous chlorophyll levels is important for photosynthetic efficiency to acquire energy for growth and development. Under salt stress, however, chloroplast enzyme activity is increased, followed by the acceleration of chlorophyll degradation and decreased photosynthesis efficiency (Megdiche et al., 2008). Our results showed that salt stress adversely affected Chl a, Chl b, and total chlorophyll content; however, CNUC9 VOCs exposure significantly increased chlorophyll content compared to non-exposed controls under non-salt-stress conditions and successfully protected photosynthetic pigment levels under 100 mM salt stress (Figures 4A–C). Our results are consistent with those of a previous report that exposure to B. subtilis GBO3 VOCs stimulated photosynthetic activity by increasing chlorophyll content and upregulating chloroplast gene expression (Zhang et al., 2008). Additionally, VOCs of B. subtilis SYST2 and B. amyloliquefaciens FZB42 increase chlorophyll synthesis, which helps mitigate the negative effects of saline stress on photosynthesis and enhancing plant growth (Tahir et al., 2017).

Total soluble sugar and proline are often used as indicators of potential stress reactions in plants. Total soluble sugar is a main product of photosynthesis and a fundamental component of energy supply to cells for carbohydrate metabolism. However, in plants under stress, soluble sugar acts as a major osmoregulation substance (Zang et al., 2019). Proline is another metabolite that acts as an osmoprotectant and antioxidant defense molecule (e.g., scavenging hydroxyl free radicals) that helps maintain osmotic balance and lower ROS concentrations under stress (Kumar et al., 2017). The application of PGPR is beneficial for total sugar and proline accumulation in plants against osmotic stress caused by salinity (Abbas et al., 2019). For example, inoculation of B. subtilis SU47 and Arthrobacter sp. SU18 enhanced the total soluble sugar and proline content of wheat under salt stress compared to non-inoculated control plants (Upadhyay et al., 2012). The PGPR strain Kocuria rhizophila Y1 also increased soluble sugar and proline content in maize under salt stress (Li et al., 2020a). Similar results were obtained in the current study, as total sugar content increased significantly in plants under CNUC9 VOCs exposure and either non-stress or salt stress conditions (Figure 4D). By contrast, proline content was significantly lower in plants exposed to VOCs than in non-exposed plants under salt stress (Figure 4E). This finding is consistent with previous studies that have reported that PGPR treatment decreases proline content but increases total sugar content (Hmaeid et al., 2019; Li et al., 2020a; Liu et al., 2020b). Such studies suggested that proline accumulation is lower in the presence of PGPR because plants treated with PGPR do not experience high salt stress.

ROS play important roles as signaling molecules in the regulation of plant adaptive defense responses against biotic and abiotic stresses (Kumar et al., 2017). Under stress, plants overproduce ROS, resulting in chlorophyll degradation, cell membrane damage through lipid peroxidation, and electrolyte leakage (Kumar and Singh, 2016). Lipid peroxidation is a ROS-mediated cellular damage reaction that targets polyunsaturated fatty acids in the cell membrane and generates MDA as a final metabolite (Kumar et al., 2017; Alexander et al., 2020). Thus, MDA content reflects ROS production in plant tissues during stress and is responsible for cellular membrane instability (Gutteridge, 1995). Under salt stress, we observed marked reductions in H2O2 and MDA concentrations in CNUC9 VOCs-exposed A. thaliana seedlings compared to non-exposed seedlings (Figures 4, 5). Those results suggest that CNUC9 VOCs alleviated oxidative damage in plants due to salt stress and boost the membrane stability.

We detected three VOCs produced by B. pyrrocinia CNUC9; among these, we concluded that DMDS was the major VOC influencing stress responses in A. thaliana in this study, which is consistent with the findings of a previous study on strain B. pyrrocinia JK-SH007 (Liu et al., 2020a). DMDS is common to most of bacterial species, e.g., Pseudomonas, Serratia, Bacillus, and Stenotrophomonas, which show antifungal activity, influence mosquito behavior, enhance plant growth, and reduce potential fungal toxin production (Meldau et al., 2012; Popova et al., 2014; Tyagi et al., 2019). DMDS also accelerated the growth of tobacco plants by increasing sulfur content in the environment (Meldau et al., 2013), and induced an auxin response in lateral root primordia in A. thaliana Tyagi et al. (2019). However, Cordovez et al. (2018) reported that DMDS had no impact on shoot growth in A. thaliana and only a slight effect on root growth. In our study, the plant-promotion efficiency of DMDS was concentration-dependent. The 2-undecanone belongs to medium-chain methyl ketones family which exhibit low water solubility and high volatility (Yan et al., 2020). This volatile is a major VOC of Pseudomonas spp. and Bacillus spp. (Gu et al., 2007; Timm et al., 2018), which can stimulate seed germination in Lactuca sativa (Fincheira et al., 2017) and display nematocidal and antifungal activities (Gu et al., 2007; Li et al., 2020b). We also found that an optimal dose of 2-undecanone had strong growth-promotion ability, whereas higher concentrations led to growth inhibition (Supplementary Figure S2).

In addition to those VOCs, bacterial inorganic volatiles are also reported to affect plant growth: ammonia and hydrogen cyanide are considered harmful (Blom et al., 2011b; Weise et al., 2013), while CO2, nitric oxide and hydrogen sulfide are reported beneficial to plant growth and abiotic stress tolerance (Kai and Piechulla, 2009; Christou et al., 2013; Sharma et al., 2021). Therefore, in the sealed Petri dish, the accumulation of the former volatiles can induce growth inhibition whereas accumulation of the latter can promote plant growth. For example, as an essential substrate for photosynthesis, CO2 has been suggested as a plant growth promoting compound. Kai and Piechulla (2009) demonstrated that the growth promoting effect of Serratia odorifera 4Rx13 was specific to the sealed Petri dish environment, not to the open cultivations, indicating the enhanced effect of bacteria-produced CO2 on plant growth. Zhang et al. (2021) compared the plant growth in the tightly sealed (high CO2) or open (ambient CO2) systems and elucidated the role of CO2 as a key contributor to the plant growth-promoting volatiles emitted by bacteria in a sealed system. However, others provided evidence for a lack of role for CO2 in plant growth promotion. Lee et al. (2012) presented that co-cultured PGPR strains induced a significantly enhanced growth promotion of A. thaliana by growing plants in the presence of Ba(OH)2, a chemical eliminator of CO2. Ledger et al. (2016) also assessed the effects of Paraburkholderia phytofirmans PsJN on plant growth in sealed-and non-sealed systems, and clarified that plant growth promotion was predominated by volatile-mediated effects, not by CO2 produced by PsJN. We showed that optimal doses of synthetic VOCs (DMDS and 2-undecanone) significantly promoted A. thaliana growth in the sealed Petri dish (Figure 7). However, we also noticed that the effects of growth promotion and salt stress tolerance were much greater when A. thaliana was co-cultured with CNUC9 compared with synthetic compounds (Figure 3; Supplementary Figure S2). These results suggest that plant growth promotion and salt stress tolerance may be induced in part by other volatile compounds such as CO2, nitric oxide and hydrogen sulfide produced by CNUC9 in addition to DMDS and 2-undecanone. Although further studies are still required, these data support the important roles of DMDS and 2-undecanone in plant growth promotion and resistance to salt stress.

Volatile mixtures depend strongly on the growth medium (Rath et al., 2018) and vary considerably among closely related species (Nawrath et al., 2012), among individuals of the same species from different origins (Groenhagen et al., 2013), and among inoculation doses (Blom et al., 2011a). Benzothiazole, dimethylthiomethane, and 11 other VOCs have been detected from B. pyrrocinia JK-SH007 cultured on LB medium. These compounds (excluding DMDS) were not found in our strain B. pyrrocinia CNUC9 grown on NA medium, indicating that VOCs production is highly cultivation medium-dependent. Blom et al. (2011a) showed that VOCs of B. pyrrocinia Bcc171 grown on Methyl Red and Voges–Proskauer (MR-VP) medium show greater growth promotion in A. thialiana, whereas VOCs of B. pyrrocinia Bcc171 grown on LB medium inhibit A. thialiana growth. Although in that study both strains were cultured on LB medium, strain B. pyrrocinia Bcc171 isolated from soil in the United States produced trans-2-dodecenal, 2-nonanone, 2-decanone, 2-undecanone, undecanal, tetrahydro-3-furanmethanol, 1-butoxy-2-propanol, phenol, and 3-methyl-1-butanol, none of which were detected on strain B. pyrrocinia JK-SH007 from poplar stems in China, which corresponds with results of Groenhagen et al. (2013). To date, VOCs biosynthesis pathway data are insufficient to understand these phenomena; further in-depth study of the metabolic processes involved in VOC biosynthesis and genetic regulation are required, and the mechanism of their action on various biological substances must be investigated.



Conclusion

Our findings have shown that co-culture with B. pyrrocinia CNUC9 VOCs stimulated the development of the root system architecture, leaf proliferation, and induction of salt tolerance in A. thaliana seedlings. Based on VOC profiling analysis using SPME–GC–MS, we found that CNUC9 emitted three VOCs under our experimental conditions: DMDS, methyl thioacetate, and 2-undecanone. Among these three VOCs, optimal concentrations of dimethyl disulfide and 2-undecanone promoted A. thaliana growth and alleviated salt stress. Our findings provide a potential insight on the agricultural application of VOCs for salt-stress tolerance. Further study is required to elucidate the molecular mechanisms of VOCs-mediated systemic salt tolerance in plants.
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Phosphorus (as phosphate, Pi) and iron (Fe) are critical nutrients in plants that are often poorly available in the soil and can be microbially affected. This work aimed to evaluate how plant-rhizobacteria interaction changes due to different Pi or Fe nutritional scenarios and to study the underlying molecular mechanisms of the microbial modulation of these nutrients in plants. Thus, three proteobacteria (Paraburkholderia phytofirmans PsJN, Azospirillum brasilense Sp7, and Pseudomonas putida KT2440) were used to inoculate Arabidopsis seeds. Additionally, the seeds were exposed to a nutritional factor with the following levels for each nutrient: sufficient (control) or low concentrations of a highly soluble source or sufficient concentrations of a low solubility source. Then, the effects of the combinatorial factors were assessed in plant growth, nutrition, and genetic regulation. Interestingly, some bacterial effects in plants depended on the nutrient source (e.g., increased aerial zones induced by the strains), and others (e.g., decreased primary roots induced by Sp7 or KT2440) occurred regardless of the nutritional treatment. In the short-term, PsJN had detrimental effects on plant growth in the presence of the low-solubility Fe compound, but this was not observed in later stages of plant development. A thorough regulation of the phosphorus content was detected in plants independent of the nutritional treatment. Nevertheless, inoculation with KT2440 increased P content by 29% Pi-deficiency exposed plants. Conversely, the inoculation tended to decrease the Fe content in plants, suggesting a competition for this nutrient in the rhizosphere. The P-source also affected the effects of the PsJN strain in a double mutant of the phosphate starvation response (PSR). Furthermore, depending on the nutrient source, PsJN and Sp7 strains differentially regulated PSR and IAA- associated genes, indicating a role of these pathways in the observed differential phenotypical responses. In the case of iron, PsJN and SP7 regulated iron uptake-related genes regardless of the iron source, which may explain the lower Fe content in inoculated plants. Overall, the plant responses to these proteobacteria were not only influenced by the nutrient concentrations but also by their availabilities, the elapsed time of the interaction, and the specific identities of the beneficial bacteria.
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GRAPHICAL ABSTRACT
 The effects of the different nutritional and inoculation treatments are indicated for plant growth parameters (A), gene regulation (B) and phosphorus and iron content (C). Figures created with BioRender.com with an academic license.


KEYWORDS
 plant-growth promoting bacteria, phosphate, iron, PSR, beneficial bacteria, plant nutrition, plant microbiome, nutrient deficiency


Introduction

Nutrient deficiency in most terrestrial ecosystems constrains global primary productivity in both natural and agricultural environments, threatening food security for a growing population and the achievement of the Sustainable Development Goals (SDGs). An optimum supply of nutrients is essential for the normal growth, yield, and quality of crops (Ceasar et al., 2022). Although nutrients could be present in sufficient amounts in some soils, they usually have low bioavailability due to diverse biological and physical processes that impair their uptake by plants (Raghothama and Karthikeyan, 2005; Rengel and Marschner, 2005). Thus, it is important to understand how these processes operate and if they can be optimized, especially in a context of a changing climate.

Phosphorus (P) is an essential macronutrient for plants that plays a crucial role in photosynthesis, as a backbone of nucleic acids, in membranes as a component of phospholipids, and by participating in countless energy-dependent metabolic processes (Barragán-Rosillo et al., 2021; Poirier et al., 2022). Plants mainly acquire this element as orthophosphate (Pi) in its predominant form, H2PO4 (Ullrich-Eberius et al., 1984; Schachtman et al., 1998; Hammond et al., 2003). It is estimated that Pi deficiency is a major abiotic stress that limits crop productivity on 30%–40% of the world’s arable land (von Uexküll and Mutert, 1995; Vance et al., 2003; Wissuwa et al., 2005). In addition to areas of low absolute soil-P content, its deficiency is exacerbated because the element is strongly incorporated into insoluble soil particles, becoming less available to plants, or converted by microbial activity into organic forms not readily taken up by the plant (López-Arredondo et al., 2014; Barragán-Rosillo et al., 2021). Thus, P can be eroded and lost in run-off, causing eutrophication and pollution (Zak et al., 2018; Han et al., 2022). Nonmycorrhizal plants have sophisticated mechanisms to cope with Pi scarcity and to regulate its uptake and homeostasis in a group of responses known as the phosphate starvation response (PSR), which collectively increase their capacities to survive and reproduce in soils with low Pi availability (Raghothama, 1999; Abel et al., 2002). PSR includes changes in root system architecture (root/shoot ratio and proliferation of long root hairs); the upregulation of high-affinity Pi transporters; recycling of internal phosphate; root exudation, and the expression of genes encoding enzymes that facilitate the uptake of organic sources of Pi (Williamson et al., 2001; Wu et al., 2003; López-Arredondo et al., 2014; Crombez et al., 2019; Barragán-Rosillo et al., 2021). In Arabidopsis, Pi deficiency response is regulated by two transcription factors (TF) belonging to the MYB family, PHOSPHATE STARVATION RESPONSE1 (PHR1) and PHR1-like1 (PHL1). Those TF have an important role in phosphate sensing and regulate the transport and re-mobilization coding genes (Bustos et al., 2010).

Iron (Fe) is an essential micronutrient for plants and animals and participates in vital cellular functions requiring redox reactions such as photosynthesis and respiration. This is given to its ability to cycle between its two oxidation states: Fe2+ and Fe3+ (Riaz and Guerinot, 2021). Perturbations of Fe uptake, transport, or storage influence plant growth and crop yield (Connorton et al., 2017). Although Fe is one of the most abundant elements found on earth, its availability is limited in the soil by pH and oxygen (Guerinot and Yi, 1994). In soils, it is found predominantly in the form of Fe3+, mainly as insoluble ferric hydroxides, with extremely low solubility (Brumbarova et al., 2008; Colombo et al., 2014; Vélez-Bermúdez and Schmidt, 2022). Fe bioavailability is further reduced in alkaline soil, which comprises one-third of the world’s arable land (Guerinot and Yi, 1994; Riaz and Guerinot, 2021). Depending on its abundance, Fe quantities can shift from inadequate to toxic for plants. For instance, a Fe deficiency generates leaf chlorosis, arrested growth, and decreased fitness (Briat et al., 1995; Kim and Guerinot, 2007). Thus, plants have complex regulatory mechanisms to adjust the uptake and distribution of iron to maintain Fe homeostasis (Kobayashi and Nishizawa, 2012; Liang, 2022; Vélez-Bermúdez and Schmidt, 2022). As among other macro and micronutrients, crosstalk between Pi and Fe has been reported, indicating that Pi could negatively regulate the accumulation of Fe (Hirsch et al., 2006; Zheng et al., 2009; Bouain et al., 2019; Bechtaoui et al., 2021; Zheng and Liu, 2021).

Nutrients have special cycling and dynamics in the rhizosphere product of the plant-microbial interactions occurring there (Carvalhais et al., 2013; Kuzyakov and Blagodatskaya, 2015). Thus, the use of mineral solubilizing and mobilizing microorganisms as single strains or synthetic communities has been suggested as an environmentally friendly approach to improving the nutritional status of plants (Schütz et al., 2018; Oleńska et al., 2020; Marín et al., 2021; Chaudhary et al., 2022; Devi et al., 2022). Nevertheless, little is known about how plant-microbial interaction changes due to chemical compounds with different solubilities or bioavailability. In addition, the molecular mechanisms underlying the microbial modulation of Pi or Fe homeostasis in plants are scarcely understood. With the aim of tackling these issues, three rhizobacteria (Paraburkholderia phytofirmans PsJN, Pseudomonas putida KT2440, and Azospirillum brasilense Sp7) representing genera with different P and Fe solubilization capacities and plant growth-promoting traits were evaluated in plants. These strains were used to inoculate Arabidopsis thaliana as a model of nonmycorrhizal plants. Several Pi and Fe status scenarios were used, combining compounds with different solubilities and bioavailability. Plant growth, stress parameters, transcriptional responses, and Arabidopsis phr1 and phl1 mutant genotypes (related to the Pi starvation responses) were analyzed in order to evaluate plants growing under specific nutritional scenarios concomitantly with the inoculation with single strains. Thus, a possible interaction between the nutrient source/availability and the different strains was assessed to understand the bacterial modulation of Arabidopsis phenotypical and molecular responses to different P and Fe contexts.



Materials and methods


Plant growth conditions and nutritional treatments

The proteobacteria Paraburkholderia phytofirmans PsJN, Azospirillum brasilense Sp7, and Pseudomonas putida KT2440 were routinely grown in minimal saline Dorn medium (Dorn et al., 1974), containing 10 mM fructose, in an orbital shaker (150 rpm) at 30°C. Seeds of A. thaliana Col-0, or the mutants when corresponded, were surface sterilized with ethanol 70% for 1 min and then for 7 min with 50% sodium hypochlorite (100% commercial laundry bleach). Afterward, the seeds were rinsed three times with sterile water and kept at 4°C for 4 days to synchronize germination (Poupin et al., 2013). Then, seeds were sown on square Petri dishes with Johnson media (MJ; Cappellari et al., 2019; Finkel et al., 2019) and adjusted at pH 5.7, with agar 1% and supplemented with sucrose 0.5%. Plates were placed vertically in a growth chamber at 22°C with a photoperiod of 16 h of light and 8 h of dark. On day 4 after sowing (4 DAS), seedlings were transplanted to different treatments consisting of the same MJ media (without sucrose) and with or without the inoculation with the respective strain combined with a particular nutritional treatment.

For the phosphate-related treatments, KH2PO4 (Monobasic potassium phosphate) was used as a source with high solubility (HS-Pi), and Ca3(PO4)2 (Calcium phosphate) as a sparingly soluble source (LS-Pi) that has been used in solubilization experiments (Narang et al., 2000; Poirier and Bucher, 2001; Alzate Zuluaga et al., 2021). In the case of iron, FeSO4 (iron(II) sulfate or ferrous sulfate) was used as a highly soluble source (HS-Fe) that contains Fe2+. This form is easily absorbed by plants, and Fe2(SO4)3 (iron(III) sulfate or ferric sulfate) as a source with lower solubility (LS-Fe) that contains Fe3+ (Morrissey and Guerinot, 2009). This form must be reduced to Fe2+ to be uptake by plants (Vert et al., 2003). The different sources of P and Fe were mixed up to reach different concentrations depending on the experiment. Control was considered with 1 mM KH2PO4 and the low Pi with 0.05 mM KH2PO4. Control-Fe media had 100 μM FeSO4 and deficient media 0.25 μM FeSO4. To prepare the inoculated plates, the initial inoculum (108 CFU/ml) was homogenously diluted in the MJ agar just before gelling to reach a final concentration of 104 CFU per ml of medium. For the long-term in-vitro experiment, similar conditions of nutritional deficiency of phosphorus and iron were generated. Seedlings at 4 DAS were transplanted to 200 ml sterile glass jars containing MJ media without inoculation (WB) or inoculated with Sp7 or PsJN strains. Also, the nutritional factor was included with the following levels: 1 mM KH2PO4/100 μM FeSO4 (Control), 1 mM Ca3(PO4)2, 0.1 mM Ca3(PO4)2, 25 μM FeSO4, 25 μM Fe2(SO4)3 and 0.25 μM Fe2(SO4)3. Data were collected 30 days after transplantation.



Rhizospheric colonization determination

Eight plants (replicates) per treatment were collected individually in 1.5 ml Eppendorf tubes and vortexed in phosphate buffer for 2 min. Serial dilutions were plated in R2A medium in Petri dishes. Bacteria were counted as colony-forming units (CFU), and data were normalized for each plant using its root area. Contamination was discarded using the non-inoculated plants as control.



Characterization of the phr1 and phl1 mutant genotypes

Arabidopsis thaliana Columbia-0 (Col-0) was used as the wild-type genotype in all experiments. Homozygous lines for PHR1 (AT4G28610, SALK_067629 or phr1-1) and for PHL1 (AT5G29000, SAIL_B731_B09 or phl1-1; and SALK_079505 or phl1-2) were isolated. Confirmation by PCR of T-DNA insertion in the target genes was performed using an insertion-specific LB primer in addition to one gene-specific primer. Primers used to genotype the mutant lines were: PHL1-F: TCCCACAATCC AAATTCAGAG, PHL1-R: GTGGAGACGTTT CTGCACTTC, PHR1-F: GACCATTAGGACAAACCTACCA, PHR1-R: TGCATTAGCAGGGAACTAAAGAA, LBb1.3: ATTTTGCCG ATTTCGGAAC, and LB1: GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC.



Nutrient analysis in plants

For the nutritional analyses, seeds were sown in MJ media with or without the inoculation of the respective strain in combination with a particular nutritional treatment. Plates were placed horizontally, and the same growth conditions described above were used. At 21 DAS, 210 plants per treatment were collected, pooled, and dried for 48 h at 60°C. The metal content was analyzed in the dried tissues by HNO3/HCl block digestion and analysis by inductively coupled plasma optical emission spectrometry (ICP-OES) using the instrument Thermo Scientific iCAP 6,300 Duo (Wheal et al., 2011). Nitrogen was analyzed by the Dumas combustion method using the Leco CN628 instrument.



Phenotypical and statistical analyses

At the end of each experiment, Petri dishes were scanned (Epson Perfection V600 Photo Scanner), and the images were analyzed using image analysis. The primary root length and rosette areas were calculated using the Image J software (Poupin et al., 2016). The root area and the non-green rosette area were calculated using the Adobe Photoshop software as described in Pinedo et al. (2015). When the experiments considered two factors (bacteria and nutrients), two-way ANOVA was used, followed by a multiple comparisons test. When data was not parametric, Kruskal-Wallis or Mann-Whitney tests were performed to compare subgroups of each data (i.e., comparing bacterial treatments and the non-inoculated group under the same nutritional treatment). The replicate number is indicated in each experiment.



RNA extraction, cDNA synthesis, and qRT-PCR analyses

Seedlings at 4DAS were transplanted to inoculated plates with the Sp7 or PsJN strains (as described before) or without bacteria (WB). Additionally, plates contained different levels of the nutritional treatment. For P: 1 mM KH2PO4/0 mM KH2PO4 or 0.1 mM KH2PO4/0.99 mM Ca3(PO4)2. For Fe: 25 μM FeSO4/0 μM Fe2(SO4)3 or 0.25 μM FeSO4/24.75 μM Fe2(SO4)3. Seedlings were collected before being transplanted to the different treatments (control at 0 h) and after 2 h, 24 h, and 7 days (7d) in each treatment. Then, the samples were frozen in liquid nitrogen. RNA was obtained using the Trizol (Invitrogen™, United States) method following the manufacturer’s instructions. For cDNA synthesis, 1 μg of total RNA treated with DNAse I (RQ1, Promega, United States) was reverse transcribed with random hexameric primers using the ImProm II reverse transcriptase (Promega, United States), according to the manufacturer’s instructions. Real-time (RT)-PCR was performed using the Brilliant SYBR Green QPCR Master Reagent Kit (Agilent Technologies, United States) and the Eco RT PCR detection system (Illumina, United States) as described by Poupin et al. (2016). The PCR mixture (10 μl) contained 2.0 μl of template cDNA (diluted 1:10) and 140 nM of each primer. Amplification was performed under the following conditions: 95° C for 10 min, followed by 40 cycles of 94°C, 20 s; 53–64°C, 20 s; and 72°C, 20 s, followed by a melting cycle from 55 to 95°C. Gene expression levels were calibrated using the average value in the samples of non-inoculated plants (WB) in the full P or Fe media (t0). An accurate ratio between the expression of the gene of interest (GOI) and the housekeeping (HK) gene was calculated according to the following equation (Timmermann et al., 2019):
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Efficiency values for each primer set were close to 1, and R2 values were over 99% (Bustin et al., 2009). All experiments were performed in three biological replicates (2 to 5 plants each) and two technical replicates. The expression of three HK genes was analyzed for treatments AtSAND (At2g28390), PP2A (At1g13320), and TIP41-like (At4g34270), using previously described PCR primers (Poupin et al., 2016). In all cases, the expression of HK genes was highly stable, and similar results were obtained using them as normalization genes (Czechowski et al., 2005). Data presented here represent normalization using AtSAND amplification. The PCR primer list is presented in Supplementary Table 1.




Results


Plant growth-promoting effects of beneficial proteobacteria in Arabidopsis depend on the interaction between the nutrient source and the strain identity

To evaluate the effects of different Plant Growth-Promoting Bacteria (PGPB) in the growth of Arabidopsis plants exposed to different P and Fe nutritional contexts, three PGPB were used, all belonging to the proteobacteria class. Paraburkholderia phytofirmans PsJN (β-proteobacteria), Azospirillum brasilense Sp7 (α-proteobacteria) and Pseudomonas putida KT2440 (γ-proteobacteria), which represent genera with different described growth-promoting traits (Poupin et al., 2013, 2016; An and Moe, 2016; Cruz-Hernández et al., 2022; Sun et al., 2022). Briefly, Azospirillum brasilense Sp7 fixes nitrogen and produces Indol-3-acetic acid (IAA; Compant et al., 2010; Hong et al., 2019). Among other capacities, Paraburkholderia phytofirmans PsJN produces siderophores (Esmaeel et al., 2018), synthetizes and degrades IAA (Zúñiga et al., 2013; Naveed et al., 2015; Donoso et al., 2017), and protects plants to different biotic and abiotic stresses (e.g., Pinedo et al., 2015; Ledger et al., 2016; Miotto-Vilanova et al., 2016; Timmermann et al., 2017). Pseudomonas putida KT2440 produces IAA (Chea et al., 2021), siderophores (Joshi et al., 2014) and solubilizes phosphate (An and Moe, 2016; Bator et al., 2020; Roslan et al., 2020).

First, the effects of these strains were evaluated in plants exposed to Pi or Fe deficiency. Control plants were grown in 1 mM KH2PO4 and 100 μM FeSO4 (control), low-Pi was assessed at 0.05 mM KH2PO4 and low-Fe at 0.25 μM FeSO4. PsJN strain increased the rosette area in all the treatments (Figure 1A). The other strains affected the rosette area depending on the nutritional treatment. For instance, in Fe deficiency, KT2440 doubled the rosette area compared to the non-inoculated plants in the same treatment (Figure 1A). This strain also increased the rosette area in low-Pi, but not in the control group. Sp7 and KT2440 strains decreased the primary root length (around 39% to 65% less) regardless of the treatment, while PsJN had minor effects (Figure 1B). All strains were able to colonize roots regardless of the nutritional treatments. Nevertheless, the PsJN strain had higher colonization levels with a mean of around 108 CFU/cm2 of root compared to Sp7 and KT2440, which reached levels from 106 to 107 CFU/cm2 of root irrespective of the nutritional treatment (Figure 1C).
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FIGURE 1
 Effects of different phosphate and iron concentrations in plant growth in Arabidopsis thaliana inoculated with beneficial rhizobacteria. Rosette area (A), primary root length (B), and root colonization (C) in plants 15 days after sowing in control medium (1 mM KH2PO4/100 μM FeSO4), low-P (0.05 mM KH2PO4/100 μM FeSO4), or low-Fe (1 mM KH2PO4/0.25 μM FeSO4). Non-inoculated plants are noted as WB, and inoculations with Paraburkholderia phytofirmans PsJN, Azospirillum brasilense Sp7, or Pseudomonas putida KT2440 are noted as PsJN, Sp7, and KT2440, respectively. Data are means ± SE of 18 replicates per treatment. Asterisks indicate significant differences between each treatment and the control group according to a Two-way ANOVA with multiple comparisons test (*p < 0.05; **p < 0.01; ***p< 0.001; and ****p < 0.0001).


Some soils present sufficient quantities of phosphate, but the element is present in chemical sources with low bioavailability. Then, two phosphate sources with different solubilities were evaluated in the plant-beneficial bacteria interaction. KH2PO4 (monobasic potassium phosphate) was used as a source with high solubility (HS-Pi), and Ca3(PO4)2 (calcium phosphate) as a sparingly soluble source (LS-Pi; Narang et al., 2000; Poirier and Bucher, 2001). Both sources were mixed up considering the control situation at a final concentration of 1 mM, and the same PGPB strains described above were used as the inoculation factor. No significant changes were observed in the non-inoculated (WB) plants in the rosette area (Figure 2A) or primary root length (Figure 2B), but a significant increase (16.5%) in the non-green area was observed when plants were grown in 1 mM LS-Pi compared to 1 mM HS-PI (Figure 2D). PsJN-inoculated plants grown in LS-Pi and inoculated with PsJN showed the largest rosettes, which were significantly different from the non-inoculated plants in the same P treatment. Also, these plants showed an increase of 78% compared to those grown in 1 mM HS-Pi and inoculated with the same strain (Figure 2A). KT2440 strain induced a minor increase in rosette areas irrespective of the P source. Remarkably, the Sp7 strain lost its promoting effect when P was supplied in a low solubility source (Figure 2A). KT2440 and PsJN strains had none or modest effects in the primary root length, independently on the P source (Figure 2B). On the other hand, Sp7 strain inoculation reduced the length of the primary roots independently on the P source (Figure 2B). PsJN increased the root area in a range of 75 to 104% compared with to the non-inoculated plants independently on the P source (Figure 2C), while the Sp7 strain induced the highest effect in this parameter when plants were grown in HS-Pi. Interestingly, both Sp7 and KT2440 strains lost their effects in the root area when plants were grown in LS-Pi as the sole P source but no when a small amount of HS-Pi (0.05 mM) was added to the media (Figure 2C). Regarding the non-green area in plants growing in low solubility P, all strains significantly reduced this stress parameter compared with non-inoculated plants, with the highest reduction (63%) induced by PsJN strain inoculation (Figure 2D).
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FIGURE 2
 Effects of different sources of phosphorus in plant growth and stress parameters in Arabidopsis thaliana inoculated with beneficial rhizobacteria. Rosette area (A), primary root length (B), root area (C), and non-green rosette area (D) in plants 15 days after sowing in media with different concentrations of KH2PO4 or Ca3(PO4) as a phosphate source with high or low solubility, respectively (Factor 1). A second factor corresponds to the inoculation, where non-inoculated plants are noted as WB, and inoculations with Paraburkholderia phytofirmans PsJN, Azospirillum brasilense Sp7, or Pseudomonas putida KT2440 are noted as PsJN, Sp7, and KT2440, respectively. Data are means ± SE of 30 replicates per treatment. In the case of A and B panels, asterisks indicate significant differences between each treatment and their respective WB treatment (Kruskal–Wallis test, *p < 0.05; **p < 0.01; ***p< 0.001; and ****p < 0.0001). For panel C, only some significant differences are indicated with lines as asterisks, according to a Two-Way ANOVA with multiple comparisons *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.


In terms of the source of Fe, a similar experiment was performed, using FeSO4 (iron(II) sulfate or ferrous sulfate) as a highly soluble source (HS-Fe) that contains Fe2+, the form that is absorbed by non-grasses plants (Morrissey and Guerinot, 2009), and Fe2(SO4)3 (iron(III) sulfate or ferric sulfate) as a source with lower solubility (LS-Fe) that contains Fe3+ a form that has to be reduced to be uptake as Fe2+ (Vert et al., 2003). In this case, no significant differences were observed in the rosette area (Figure 3A), primary root length (Figure 3B), root area (Figure 3C), or non-green area (Figure 3D) in the non-inoculated plants independent of the Fe source used. Interestingly, contrary to Sp7 or KT2440 strains, which increased the rosette areas independent of the Fe treatment, PsJN showed positive effects only when FeSO4 was present but had negative effects when Fe was delivered exclusively as Fe2(SO4)3, reducing the rosette area in a 44% compared to the non-inoculated plants in the same treatment (Figure 3A; p < 0.0001). Similar to what was observed in the phosphate experiments, KT2440 or PsJN produced little or no change in the primary root length independent of the Fe treatment. However, Sp7-inoculated plants showed a reduction in the primary root length independently of the iron source (Figure 3B). In the case of the root area, an interaction effect was detected between the inoculation and Fe-source (Two-way ANOVA, 12.21% of the total variance, p < 0.0001). The inoculation also had a significant difference, accounting for 32.94% of the total variance (Two-way ANOVA, p < 0.0001). Specifically, the Sp7 strain increased the root area in all the treatments, and PsJN lost its effect when Fe was delivered exclusively as LS-Fe. The KT2440 strain only had a significant effect in the latter condition (Figure 3C). Moreover, the rosette areas of PsJN inoculated plants showed higher proportions of non-green areas (up to 4 times) in 1 μM or 0 μM FeSO4 (Figure 3D).
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FIGURE 3
 Effects of different sources of iron in plant growth and stress parameters in Arabidopsis thaliana inoculated with beneficial rhizobacteria. Rosette area (A), primary root length (B), root area (C), and non-green rosette area (D) in plants 15 days after sowing in media with different concentrations of FeSO4 or Fe2(SO4)3, as an iron source with high or low solubility, respectively (Factor 1). A second factor corresponds to the inoculation, where non-inoculated plants are noted as WB, and inoculations with Paraburkholderia phytofirmans PsJN, Azospirillum brasilense Sp7, or Pseudomonas putida KT2440 are noted as PsJN, Sp7, and KT2440, respectively. Data are means ± SE of 30 replicates per treatment. Asterisks indicate significant differences between each treatment and their respective WB treatment (Kruskal–Wallis test, *p < 0.05; **p < 0.01; ***p< 0.001; and ****p < 0.0001).


To evaluate the long-term effects over time of different sources of P and Fe, together with the inoculation with beneficial bacteria, plants were grown with 1 mM HS-Pi, 1 mM LS-Pi, or 0.1 mM LS-Pi (Figures 4A,C,E). Also, with 25 μM HS-Fe, 25 μM LS-Fe, and 0.25 μM LS-Fe (Figures 4B,D,F). Inoculation was performed with PsJN or Sp7 strains as they showed contrasting effects in the previous experiments. After 34 days, no significant differences were observed in the inoculated plants grown in HS-Pi (1 mM KH2PO4, Figure 4A) or low concentrations of LS-Pi (0.1 mM Ca3PO4). Instead, larger rosettes were promoted by inoculation with any of the strains at 1 mM LS-Pi (Figure 4A). When the levels and sources of Fe were changed, the plants showed smaller rosettes areas than in the control treatment (Figure 4A). Nevertheless, both strains promoted larger rosette areas compared to the non-inoculated plants regardless of the nutritional factor (Figure 4B). The non-green rosette areas were bigger in the treatments with LS-Fe (Figure 4D) than those with different sources of P (Figure 4C). Both strains were able to reduce this stress proxy in almost all the nutritional conditions (Figures 4C,D).
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FIGURE 4
 Long-term effects of different sources of phosphorus and iron in plant growth and flowering in Arabidopsis thaliana inoculated with beneficial rhizobacteria. Rosette area (A,B), non-green rosette area (C,D), and the number of flowers per plant (E,F) in plants 34 days after sowing. Factor 1 consisted of different concentrations of KH2PO4/Ca3PO4 (as phosphate sources with different solubilities; A,C,E) or FeSO4/Fe2(SO4)3 (as iron sources with different solubilities; B,D,F). Factor 2 consisted of non-inoculated plants (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Data are means ± SE of 20 replicates per treatment. Asterisks indicate significant differences between each treatment and their respective WB treatment (Two-way ANOVA and Tukey multiple comparisons, *p < 0.05; **p < 0.01; ***p< 0.001, and ****p < 0.0001).


The PsJN strain accelerated flowering only when 1 mM LS-Pi was used (Figure 4E; Two-way ANOVA, Tukey’s multiple comparisons; p < 0.0001). Interestingly, Sp7 did not induce changes in flowering time in the different P treatments (Figure 4E). When the Fe supply was altered, PsJN maintained its ability to induce flowering independently on the Fe treatment (Figure 4F; Two-way ANOVA, Tukey’s multiple comparisons; p < 0.0005) and Sp7 only accelerated flowering in the low-Fe treatment (Figure 4F).

The nutrient content of plants at 21 DAS (as an intermediate time between the short and long-term experiments) was analyzed in dried aerial and root tissues of plants exposed to the different treatments (inoculation x nutrition combinations; Figure 5). For phosphorus, changes in content depended on the nutritional state and inoculation factors. Compared to the non-inoculated plants, KT2440 induced the most notorious increases in this element, independent of the treatment (up to 36%), and was the only strain that increased this nutrient in the low-Pi treated plants (29% more than the non-inoculated plants in the same treatment; Figure 5). Regarding the iron content, the nutritional treatment had severe effects. Plants grown under low iron concentrations (25 μM of Fe or less) presented ~1% of the iron in the control plants. In most cases, inoculated plants presented less iron content than the non-inoculated plants in the same nutritional treatments. However, in the 0.25 μM FeSO4 treatment, the inoculated plants presented no significant differences from the non-inoculated ones (Figure 5). An interaction between Pi and Fe was detected, where plants treated with low P presented ~10% more Fe than the control plants (excepting the KT2440-inoculated plants that presented a 47% less). Regarding other nutrients, in some cases the inoculation factor seems to have a higher effect than the nutritional factor (i.e., manganese and zinc), regardless of the strain (Figure 5). In other cases, such as nitrogen, potassium, and calcium, the inoculation effect changed depending on the nutritional treatment (Figure 5). In magnesium, sulfur, copper, and sodium there was no clear effect of either of the two factors or their interaction (Figure 5). Interestingly, in the low-Fe treatment the non-inoculated plants presented 57% of the nitrogen compared to control non-inoculated plants (Figure 5). In the same scenario, PsJN and Sp7-inoculated plants presented 98 and 93% compared to the same control treatment, respectively (Figure 5). However, in the low-Pi treatment the non-inoculated plants had similar amounts to the control (99%), but the PsJN and Sp7-inoculated plants had 64% and 65%, respectively (Figure 5). As was observed in the case of iron, boron contents changed drastically depending on the nutritional treatments, being increased in the treatment with low-Fe (Figure 5).
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FIGURE 5
 Effects on the nutrient content of Arabidopsis thaliana plants of different sources of phosphorus and iron and the inoculation with beneficial rhizobacteria. The nutritional treatments are indicated in the X-axis of the figures, being (C) the full culture media, 1 mM KH2PO4 and 100 μM FeSO4; (1) 0.05 mM KH2PO4/0.95 mM Ca3PO4; (2) 0.05 mM KH2PO4; (3) 25 μM FeSO4; (4) 0.25 μM FeSO4/24.75 μM, and (5) 0.25 μM FeSO4. The Y-axis represents the inoculation treatments, with (WB) without bacteria; (PsJN) Paraburkholderia phytofirmans PsJN; (Sp7) Azospirillum brasilense Sp7 (Sp7), and (KT2440) Pseudomonas putida KT2440. Each square represents data relative to the C/WB treatment (100%). The color from yellow to blue indicates high to low nutrient levels.




The nutritional context influences the rhizobacterial modulation of different genetic pathways in Arabidopsis

Under phosphate starvation, two partially redundant transcription factors regulate the physiological responses in Arabidopsis, PHOSPHATE STARVATION RESPONSE 1 (PHR1) and PHR1-LIKE (PHL1; Bustos et al., 2010). Concordantly, the double mutant phr1 phl1 has an impaired PSR and accumulates a low level of Pi (Finkel et al., 2019). Here we tested the effects of the interaction between different sources of Pi and the strain PsJN in the single mutants phl1-1 and phr1-1, as also in the double mutant. Regarding the aerial zone, different results were obtained depending on the Pi source (Figure 6A). When only HS-Pi was supplied, the PsJN strain significantly induced the rosette growth in the wild-type plants and the phl1-1 mutant, but not in the phr1-1 or the double mutant (Figure 6A). Instead, when Pi was delivered mostly as LS-Pi, PsJN had greater effects in the three mutant genotypes (Figure 6A). Even more drastic differences were observed in the root area (Figure 6B), where PsJN strain did not induce any change in the mutants when the Pi source was highly soluble. On the other hand, PsJN induced significant increases in the root area both in the wild-type and mutant ecotypes when the Pi was mainly LS-Pi (Figure 6B). To discard that the effects were related to different colonization capacities of the strain in the different ecotypes, the colonization was monitored by plate counting as described in the material and method section. Colonization was detected in the roots of plants in all the treatments and genotypes in ratios from 107ufc/cm to 108ufc/cm2 of root.
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FIGURE 6
 Effects of different sources of phosphorus and inoculation with beneficial rhizobacteria in the growth of phr1 and phl1 Arabidopsis thaliana mutants in phosphate starvation response. Rosette (A) and root area (B) in plants 15 days after sowing. Factor 1 consists of different concentrations of KH2PO4/Ca3PO4 (as phosphate sources with different solubilities). Factor 2 consists of non-inoculated plants (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN). Factor 3 consists of the genotype of Arabidopsis plants (Col-0; the single mutants phl1-1 or phr1-1 and the double mutant phl1/phr1-1). Asterisks indicate significant differences in paired comparison for each genotype (WB versus PsJN inoculation) according to a non-parametric Mann-Whitney test (*p < 0.05).


The transcriptional profile of several genes related to PSR or different hormonal pathways was analyzed in plants exposed to the same experimental Pi schemes used before. RNA was extracted at 0, 2, 24 h, and 7d after the concomitant exposure to different Pi sources and the PsJN and Sp7 strains. No significant differences were observed in PHR1-1 or PHL1-2 regarding the Pi source or the inoculation with both rhizobacteria (Supplementary Figure 1). In all the treatments, the transcripts presented the highest upregulation at 7d (Supplementary Figure 1). The PSR is also regulated by the microRNA miR399, which is upregulated in low-Pi conditions and downregulates PHO2 (Bari et al., 2006). PHO2 is an E2-UBC that negatively affects shoot phosphate content mediating the degradation of PHF1 (PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR1) which is required for membrane localization of high-affinity phosphate transporters, allowing Pi transport into roots (González et al., 2005). miR399 transcript was differentially regulated by Pi-source, its highest accumulation was induced by the Sp7 strain after 24 h in 0.1 mm HS-Pi/0.99 mM LS-Pi (Figure 7). Compared to the non-inoculated plants, the PsJN strain upregulated miR399 2 h in 1 mM HS-Pi, but downregulated it 2 and 24H in 1 mm HS-Pi/0.99 mM LS-Pi (Figure 7). On the other hand, PHO2 did not show a significant regulation by the P treatment or the inoculation (Supplementary Figure 1). Interestingly, an upregulation of PHF1 was detected by PsJN and Sp7 strains, but only after 7 days in the highly soluble Pi source (Figure 7, left panel). The phosphate transporter PHO1 (ARABIDOPSIS PHOSPHATE 1) and PHT1;9 (PHOSPHATE TRANSPORTER 1;9) are both involved in P translocation from the roots to the shoots (Pegler et al., 2020; Wang et al., 2021). In the case of PHO1 transcript, the effect of the inoculation changed depending on the Pi source, with its highest upregulation by Sp7 after 7d in 0.1 mm HS-Pi/0.99 mM LS-Pi (Figure 7). Similarly, PHT1;9 was highly upregulated by the Sp7 strain after 24 h, regardless of P treatment (Figure 7). Other P transporters coding genes, such as PHT1;1 and PHT1;4 were not significantly regulated by the treatments (Supplementary Figure 1).
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FIGURE 7
 Effects of beneficial bacteria on phosphate response-related genes in Arabidopsis thaliana grown in different phosphate sources. Quantitative RT-PCR determinations of relative expression levels of the genes: PHR1-1 (PHOSPHATE STARVATION RESPONSE 1); PHL (PHR1-LIKE 1); PHF1-2 (PHOSPHATE TRANSPORTER TRAFFIC FACILITATOR 1). Plants were exposed to 1 mm KH2PO4/0 mM Ca3PO4 (Left panel) or 0.1 mm KH2PO4/0.99 mM Ca3PO4 (right panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-inoculated (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was performed with the housekeeping SAND family gene (AT2G28390). Asterisks indicate statistical significance among treatments in a particular time compared to the WB group (Two-way ANOVA and multiple comparisons, p < 0.05).


Rhizobacteria can also promote growth by producing different phytohormones or by modulating their signaling pathways, as in the case of the PsJN strain (Poupin et al., 2013, 2016). Then, the gene regulation of several genes related to auxin (Figure 8) and ethylene/jasmonic acid (Supplementary Figure 2) was analyzed. ASA1 (ANTHRANILATE SYNTHASE ALPHA SUBUNIT 1) catalyzes the first step of tryptophan (Trp) biosynthesis, which is a precursor of auxin biosynthesis (Mano and Nemoto, 2012). According to a Two-Way ANOVA Analysis, in both Pi treatments, there was an interaction effect (inoculation x time, p < 0.005), with an increased transcript accumulation at 7d. Also, the inoculation had a significant effect, where both strains upregulated the gene at 7d, compared to their respective non-inoculated treatment (Figure 8). The Sp7 strain induced the highest effects and the PsJN effects were increased in LS-Pi. Still, this difference was not observed with the PsJN strain when 0.1 mM Pi (soluble source) was used (Figure 8, right panel). PILS3 (AT1G76520) is an auxin efflux carrier putatively involved in auxin transport (Barbez et al., 2012), which downregulation in Arabidopsis by PsJN strain was previously reported (Poupin et al., 2013, 2016). Here, different patterns of regulation were observed depending on the Pi source. Changes induced by the strains were only significant when 1 mM HS-Pi was used (p < 0.0001), with a downregulation induced by PsJN 24 h that was maintained at 7d (Figure 8, left panel). In addition, as an example of an auxin-response gene, the regulation of DRM2/ARP, DORMANCY ASSOCIATED GENE-1/AUXIN-REPRESSED PROTEIN was analyzed as this gene was reported as upregulated by strain PsJN (Poupin et al., 2016). Interestingly, this upregulation was only observed after 7d of treatment with the LS-Pi source (Figure 8, right panel; p < 0.0001).
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FIGURE 8
 Effects of beneficial bacteria on auxin-related genes in Arabidopsis thaliana grown in different phosphate sources. Quantitative RT-PCR determinations of relative expression levels of the genes related to auxin synthesis ASA1 (ANTHRANILATE SYNTHASE ALPHA SUBUNIT 1); transport PILS3 (PIN-LIKES 3), and response DRM2/ARP1 (DORMANCY ASSOCIATED GENE-1/AUXIN-REPRESSED PROTEIN). Plants were exposed to 1 mm KH2PO4/0 mM Ca3PO4 (Left panel) or 0.1 mm KH2PO4/0.99 mM Ca3PO4 (right panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-inoculated (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was performed with the housekeeping SAND family gene (AT2G28390). Asterisks indicate statistical significance among treatments in a particular time compared to the WB group (Two-way ANOVA and multiple comparisons, p < 0.05).


In the case of ethylene (PDF1.2) and jasmonic acid (LOX2) related genes, an upregulation was observed in both genes 7d after the treatment with Sp7 and PsJN strains, regardless of the treatment with different Pi sources (Supplementary Figure 2).

Finally, the transcriptional profiles of 3 genes related to iron uptake and uptake regulation were evaluated. In this case, the nutrient factor was affected by exposing the plants to 25 μM HS-Fe/0 μM LS-Fe as a highly soluble iron source (Figure 9, left panel) or 0.25 μM HS-Fe/0 μM 24.75 LS-Fe as an iron source with low solubility. FIT1 (ARABIDOPSIS FE-DEFICIENCY INDUCED TRANSCRIPTION FACTOR) was downregulated by Sp7 at 24 h in the highly soluble Fe form, coincidently with the downregulation of FRO2.2 and IRT1 at the same time and treatment (Figure 9). Interestingly, IRT1 (IRON-REGULATED TRANSPORTER 1) was downregulated by both bacteria at 7d, irrespective of the iron treatment (Two-way ANOVA, multiple comparisons, p < 0.0001).
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FIGURE 9
 Effects of beneficial bacteria on iron uptake-related genes in Arabidopsis thaliana grown in different phosphate sources. Quantitative RT-PCR determinations of relative expression levels of the genes related to iron uptake regulation FIT1 (ARABIDOPSIS FE-DEFICIENCY INDUCED TRANSCRIPTION FACTOR 1); and uptake FRO2.2 (FERRIC REDUCTASE OXIDASE 2.2) and IRT1 (IRON-REGULATED TRANSPORTER 1). Plants were exposed to 25 μM FeSO4/0 μM Fe2(SO4)3 as a highly soluble iron source (left panel) or 0.25 μM FeSO4/24.75 μM Fe2(SO4)3 as an iron source with low solubility (right panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-inoculated (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was performed with the housekeeping SAND family gene (AT2G28390). Asterisks indicate statistical significance among treatments in a particular time compared to the WB group (Two-way ANOVA and multiple comparisons, p < 0.05).





Discussion

Rhizosphere nutrient availability directly regulates plant growth and, in turn, is influenced by many interacting factors such as the physicochemical soil properties, climate, and the microorganisms thriving there (Liu et al., 2022). Rhizospheric microorganisms can modulate the nutrient uptake rate by plants, as also their mobilization/immobilization, release from organic sources, and availability (Darrah, 1993; Liu et al., 2022). In addition, rhizobacteria can promote growth by producing different phytohormones or by modulating their signaling pathways, as in the case of the PsJN strain (Poupin et al., 2013, 2016). In other cases, strains such as Azospirillum brasilense Sp7 can produce auxin by themselves (Somers et al., 2005). The last is relevant, considering that the nutritional status of plants has also been linked to different hormonal pathways (Bhosale et al., 2018; López-Ruiz et al., 2020; Yi et al., 2021). The effects of different rhizobacteria on the nutritional status of plants have been reported (Israr et al., 2016; Naqqash et al., 2016; Korir et al., 2017). For instance, Alzate Zuluaga et al. (2021) studied the effects of an Enterobacter strain in Maize and Cucumber plants growing in different sources of Pi and found a differential response depending on the plant species. Under low-Pi, the bacterium in combination with Ca3(PO4)2 induced a more remarkable effect on the root architecture of cucumber than in maize (Alzate Zuluaga et al., 2021). Chea et al. (2021) reported the effects of a synthetic community of five PGPR, including Azospirillum sp. and Pseudomonas putida KT2440, in potato plants under different P levels. They found that under Pi deficiency, the inoculated plants showed root and shoot biomass increase compared to the non-inoculated plants (Chea et al., 2021). Interestingly, these changes were not observed when Pi was present in normal amounts (Chea et al., 2021). Here, the influence on the rosette area of the three strains was affected by the Pi concentration and the solubility of the chemical sources (refer Graphical abstract). For instance, PsJN and KT2440 induced the highest effects in P deficiency (Figure 1A; refer Graphical abstract, A). Comparing different P sources, PsJN induced the highest effects in the treatment with low solubility P (Figure 2A; refer Graphical abstract, A). This correlates with an increase of 23% in P in PsJN-inoculated plants grown in 1 mM LS-Pi compared to the control plants (Figure 5; refer Graphical abstract, C). In the case of Fe, all the strains increased the rosette areas in Fe deficiency with soluble Fe (Figure 1A; refer Graphical abstract, A). Nonetheless, the PsJN strain did not increase this parameter when Fe was delivered only as LS-Fe (Figure 3A). Then, in the short-term, the effects of PsJN strain in the aerial zone depended on the Fe source. Interestingly, this relation was not detected in a long-term experiment, which might indicate an adaptation that requires time to be established.

Liu et al. (2022) found that the increase in microbial nitrogen fixation and N-cycling-related enzyme activities in the rhizosphere led to a 10% increase in available N relative to bulk soil (Liu et al., 2022). However, N fixation has large P requirements, and the need is satisfied only at higher levels of this nutrient (Graham and Vance, 2000; Schütz et al., 2018). Azospirillum brasilense is a free-living nitrogen-fixing bacterium, and different strains of this genus have been used to replace N-fertilizers when associated with a variety of crops worldwide (reviewed in Fukami et al., 2018). Nevertheless, the real contribution of nitrogen transfer from this strain to plants is still under debate. Other bacterial traits, such as auxin production, have been related to its growth promotion effects in plants (Spaepen et al., 2014). Here, Sp7 induced an increase in the rosette areas of plants grown in control conditions (Figures 2A, 3A) and in Fe deficiency (Figure 1A). However, this pattern was lost in P deficiency (Figure 1A; refer Graphical abstract, A) or when the Pi was delivered in a low solubility source (Figure 2A; refer Graphical abstract, C). These results could be related to a minor capacity to fix nitrogen under P deficiency. Furthermore, N levels in Sp7 inoculated plants were similar to non-inoculated plants in the control treatment but were reduced to 65% in the low-Pi treatment (Figure 5). As a note of caution to this interpretation, PsJN strain, which does not fix nitrogen, also reduced the levels of N in plants under P deficiency (Figure 5).

Regarding the root system, a limitation or even increased growth has been described under Pi scarcity (Tiziani et al., 2020). KT2440 and Sp7 have been described as auxin producers, a capacity related to the shortening of the primary root in the interacting plants (Spaepen et al., 2014; Schütz et al., 2018). Here, both KT2440 and Sp7 strains decreased the primary root length independently of the P or Fe source and quantity. Then, this capacity seems unrelated to the P and Fe nutritional context (refer Graphical abstract). A larger root surface is related to a better capacity to explore greater soil volume and better nutrient uptake in plants (Wissuwa et al., 2005). Sp7 and KT2440 strains lost their positive effects increasing the root surface in LS-Pi, and PsJN lost its effects in LS-Fe. Thus, the effects of these bacteria in the aerial and root zone are highly dependent on the nutritional context in a species-specific manner. PsJN strain has been described as a strain able to accelerate flowering in Arabidopsis (Poupin et al., 2013). Here, this pattern was also observed, especially in LS-Pi and when the Fe concentrations were diminished (Figures 4E,F).

Complex interactions have been described among nutrients in plants (Lay-Pruitt et al., 2022). Interesting results were obtained in the nutritional analysis of plants. For instance, P content was relatively similar among treatments which is in accordance with the highly regulated mechanisms of P homeostasis that have been reported in plants (Gransee and Merbach, 2000). Still, some differences were induced by the nutritional treatment (P and Fe) and the inoculation factor, where KT2440-inoculated plants presented the highest P levels (Figure 5; refer Graphical abstract, C). Boron contents also changed in response to the nutritional treatment, with the lowest levels in the treatments with reduced quantities or low solubility Fe. Calcium levels increased in the treatment with 0.95 mM of Ca3(PO4)2 (LS-Pi), but this might be related to the calcium in the compound (Figure 5). Then, a partial effect of this ion in some of the observed results in the treatments with low solubility P cannot be discarded under this experimental design. The content of Fe was highly susceptible to the Fe in the media, with the plants treated with 25 μM HS-Fe or the LS-Fe source presenting 1% of the iron of the control plants (Figure 5; refer Graphical abstract, C). In most cases, the inoculation reduced the Fe content in plants, which might indicate a plant-bacteria competition for this resource (refer Graphical abstract, C). Additionally, as described in the literature (Hirsch et al., 2006; Bouain et al., 2019; Bechtaoui et al., 2021; Fan et al., 2021; Zheng and Liu, 2021), an interaction was observed between P and Fe, where the plants grown in P-deficiency presented up to 13% more of Fe than those in the P-control treatment (excepting the KT2440-inoculated plants that presented 47% less; Figure 5; refer Graphical abstract, C In turn, non-inoculated plants exposed to low-Fe presented a 13% less P than the control plants (refer Graphical abstract, C). Also, compared to the control plants, the N levels were lower in the non-inoculated plants treated with Fe deficiency (Figure 5). The PsJN and Sp7 strains reverted this effect, as the PsJN strain does not fix N, this phenomenon should not be related bacterial N-fixation.

In general, soils have less than 10 μM of Pi (as orthophosphate) available to plants (Wang et al., 2017; Luan et al., 2017). Inorganic forms of phosphorus account for 35%–70% of total phosphorus in soil (Guignard et al., 2017). Rhizospheric bacteria are the main ones responsible for solubilizing dicalcium phosphate, tricalcium phosphate, hydroxyl apatite, or organic P (Oleńska et al., 2020). Then, plants have adapted to thrive in P-starving conditions developing highly regulated mechanisms to regulate P levels under different nutritional conditions. Compared to the bulk soil, a decrease of 12% of available phosphorus has been suggested in the rhizosphere, with a corresponding increase in phosphatase activities, which indicates a hotspot with a high demand of P and plant-microorganisms competition for this nutrient (Liu et al., 2022). In this regard, using a synthetic community, Finkel et al. (2019) found that a deficiency in Pi changed the rhizospheric microbial community with the enrichment of Burkholderia, which correlates with a decreased Pi shoot content. Contrasting results were obtained here, where PsJN inoculated plants increased or maintained the P content in plants exposed to low solubility P o P deficiency (Figure 5).

Castrillo et al. (2017) found that the Arabidopsis microbiota was altered in phr1/phl1 and phf1 mutants in experiments using both natural and synthetic microbial communities. Finkel et al. (2019) found that Burkholderia sequences were enriched in low Pi in these mutants and in the wild-type plants, suggesting that this shift in their recruitment to the root under low Pi is independent of PSR activation. In the present study, the PsJN effects in Arabidopsis changed in the double mutant phl1/phr1 depending on the P source. The PsJN strain significantly increased the rosette and root areas only when P was delivered mainly as LS-Pi (Figure 6). This might indicate that the effects of PsJN in plants growing in the low solubility P source would be independent of the PSR pathway. On the other hand, its effects on plants growing in HS-Pi would be dependent on this pathway (Figure 6). Interestingly, different genes related to PSR or P transport were differentially regulated by the inoculation with Sp7 or PsJN (i.e., PHO1, PHT1;9; Figure 7; refer Graphical abstract, B), and in some cases, the regulation was also affected by the P source (i.e., miR399; PHF1-2; Figure 7; refer Graphical abstract, B). An upregulation of miR399 was previously reported by Sun et al. (2022) in A. thaliana plants under low P (using NaH2PO4 as a P source) and inoculated with A. brasilense.

As mentioned above, a connection between phytohormones and the mineral nutrient status in plants has been reported (e.g., Kuiper et al., 1989; Lamont et al., 2015). Then, the effects of inoculation and P source were analyzed in different genes related to auxin, ethylene, and JA. In the case of auxin, some genes were affected by the inoculation in an interaction with the P source, which might indicate a role for auxin in the differential observed phenotypical responses (i.e., PILS3 and DRM2/ARP; Figure 8; refer Graphical abstract, B). In the case of JA and ethylene, the tested genes presented an upregulation induced by the inoculation, either with PsJN or Sp7, indicating that these hormonal pathways might be involved in general responses to these strains that do not depend on the P source (Supplementary Figure 2).

Many of the genes involved in Fe acquisition strategies are transcriptionally upregulated in response to Fe deficiency. In this scenario, Arabidopsis uses a reduction strategy where protons are released into the rhizosphere, resulting in local rhizosphere acidification (Satbhai et al., 2017). After acidification, Fe3+ is reduced to Fe2+ by FRO2 (FERRIC REDUCTASE OXIDASE 2). Then, Fe2+ is taken up into root epidermal cell layers by the specialized transporter IRT1 (IRON-REGULATED TRANSPORTER 1), which is essential for plant iron uptake from the soil (Vert et al., 2002). This process is regulated by FIT1 (ARABIDOPSIS FE-DEFICIENCY INDUCED TRANSCRIPTION FACTOR), which regulates FRO2 and IRT at the transcription level (Riaz and Guerinot, 2021). The results here confirm this regulation pattern. FIT1 (ARABIDOPSIS FE-DEFICIENCY INDUCED TRANSCRIPTION FACTOR) was downregulated by Sp7 at 24 h in the highly soluble Fe form, coincidently with the downregulation of FRO2.2 and IRT1 at the same time and treatment (Figure 9). Interestingly, IRT1 (IRON-REGULATED TRANSPORTER 1) was downregulated by both bacteria at 7d, irrespective of the iron treatment which might explain the lower Fe content that was detected in the inoculated plants in most of the treatments.

Carvalhais et al. (2013) used root exudates collected from maize plants grown under nitrogen (N), phosphate (P), iron (Fe), and potassium (K) deficiencies on the transcriptome of the PGPB Bacillus amyloliquefaciens FZB42. The largest shifts in gene expression patterns were observed in cells exposed to exudates from N-, followed by P-deficient plants. Exudates from P-deficient plants induced bacterial genes involved in chemotaxis and motility. This suggests that complex responses are induced in both partners in a plant-PGPB interaction in response to the nutritional context. The results presented here indicate that these complex responses are not only influenced by the nutrient concentrations but also by their availabilities, the elapsed time of the interaction, and the specific identities of the beneficial bacteria.

Altogether, the results presented here indicate that the plant responses to these proteobacteria are not only influenced by the nutrient (P and Fe) concentrations but also by their availabilities, the elapsed time of the interaction, and the specific identities of the beneficial bacteria. This provides valuable information to evaluate the interaction of plants with other beneficial strains and for applying beneficial bacteria in more complex contexts, such as in the field.
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SUPPLEMENTARY TABLE 1 | List and sequences of used primers.

SUPPLEMENTARY FIGURE 1 | Effects of beneficial bacteria on phosphate homeostasis-related genes in Arabidopsis thaliana grown in different phosphate sources. Quantitative RT-PCR determinations of relative expression levels of the genes related to phosphate homeostasis PHR1-1 (PHOSPHATE STARVATION RESPONSE 1); PHL (PHR1-LIKE 1); PHT1;1 (PHOSPHATE TRANSPORTER 1;1); PHT1;4. (PHOSPHATE TRANSPORTER 1;4), and PHO2 (PHOSPHATE 2). Plants were exposed to 1mm KH2PO4 and 0mM Ca3PO4 (Left panel) or 0.1mm KH2PO4/0.99mM Ca3PO4 (right panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-inoculated (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was performed with the housekeeping SAND family gene (AT2G28390). Asterisks indicate statistical significance among treatments in a particular time compared to the WB group (Two-way ANOVA and multiple comparisons, p < 0.05).

SUPPLEMENTARY FIGURE 2 | Effects of beneficial bacteria on jasmonic acid and ethylene-related genes in Arabidopsis thaliana grown in different phosphate sources. Quantitative RT-PCR determinations of relative expression levels of the genes related to auxin synthesis LOX2 (LIPOXYGENASE 2) and PDF1.2 (PLANT DEFENSIN 1.2. Plants were exposed to 1mm KH2PO4 and 0mM Ca3PO4; Left panel) or 0.1mm KH2PO4/0.99mM Ca3PO4 (right panel) for 0, 2, 24 h or 7 days (d). Simultaneously, plants were non-inoculated (WB) or inoculated with Paraburkholderia phytofirmans PsJN (PsJN) or Azospirillum brasilense Sp7 (Sp7). Normalization was performed with the housekeeping SAND family gene (AT2G28390). Asterisks indicate statistical significance among treatments in a particular time compared to the WB group (Two-way ANOVA and multiple comparisons, p < 0.05).
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Genetic and functional characteristics of rice leaf endophytic actinobacterial member, Microbacterium are described. Morphotyping, multilocus sequence analysis and transmission electron microscopy indicated the species identity of the endophytic bacterium, OsEnb-ALM-D18, as Microbacterium testaceum. The endophytic Microbacterium showed probiotic solubilization of plant nutrients/minerals, produced hydrolytic enzyme/phytohormones, and showed endophytism in rice seedlings. Further, the endophytic colonization by M. testaceum OsEnb-ALM-D18 was confirmed using reporter gene coding for green fluorescence protein. Microbacterium OsEnb-ALM-D18 showed volatilome-mediated antibiosis (95.5% mycelial inhibition) on Magnaporthe oryzae. Chemical profiling of M. testaceum OsEnb-ALM-D18 volatilome revealed the abundance of 9-Octadecenoic acid, Hexadecanoic acid, 4-Methyl-2-pentanol, and 2,5-Dihydro-thiophene. Upon endobacterization of rice seedlings, M. testaceum altered shoot and root phenotype suggestive of activated defense. Over 80.0% blast disease severity reduction was observed on the susceptible rice cultivar Pusa Basmati-1 upon foliar spray with M. testaceum. qPCR-based gene expression analysis showed induction of OsCERK1, OsPAD4, OsNPR1.3, and OsFMO1 suggestive of endophytic immunocompetence against blast disease. Moreover, M. testaceum OsEnb-ALM-D18 conferred immunocompetence, and antifungal antibiosis can be the future integrated blast management strategy.
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GRAPHICAL ABSTRACT




Introduction

Rice (Oryza sativa L.; Family Poaceae) is the cereal staple that serves as the primary source of sustenance for more than half of the world’s population (Shah et al., 2021). Rice cultivation is constrained by several biotic and abiotic stresses causing yield and economic losses worldwide (Fahad et al., 2019; Savary et al., 2019). Among the biotic stresses, diseases incited by phytopathogenic fungi and bacteria have resulted in a significant production loss impacting the global food supply chain (Miah et al., 2013; Godfray et al., 2016; Jiehua et al., 2019; Neupane and Bhusal, 2021). Notably, rice blast disease incited by the hemibiotrophic ascomycete Magnaporthe is responsible for pre-harvest losses of about 10–30% (Rossman et al., 1990; Howard and Valent, 1996; Shan et al., 2013; Kirtphaiboon et al., 2021). The disease symptoms are elliptical-necrotic lesions on the leaf with diamond-shaped gray centers and a reddish-brown margin which is noticed on the vegetative leaf and reproductive panicle (Asibi et al., 2019). Traditionally, the blast mitigation strategies depend on the deployment of host resistance and the application of fungicide (Mehta et al., 2021). However, both approaches are inadequate to sustain rice production. The use of fungicides led to the persistence of harmful residues on grain, which prompted several nations to reject shipments of rice and resulted in financial losses for both traders and farmers (Zhang, 2007). The host resistance is not durable and often ineffective in many regions owing to the high genetic and pathogenic diversity of Magnaporthe (Hubballi et al., 2022). As a result, developing effective and sustainable strategies to combat blast disease assumes significance. In recent years, there is a demand for eco-friendly biocontrol methods for rice blast disease management (Skamnioti and Gurr, 2009; Chaiharn et al., 2020; Sahu et al., 2021a).

Biological control system exploiting naturally occurring endophytic microbes is one of the choices due to their innate ability to interact with the susceptible host niches and the suppression of pathogenic agents by direct antibiosis and indirect defense activation (Liu et al., 2007; Mano and Morisaki, 2008). In addition to probiotic effects on host plants, several endophytic bacteria have been reported to induce systemic response against pathogens in many dicots and monocot crops including rice (Sheoran et al., 2015, 2016; Agisha et al., 2017; Hirakue and Sugiyama, 2018; Li et al., 2019; Sarkar et al., 2019; Ashajyothi et al., 2020; Matsumoto et al., 2021; Patel et al., 2021). Recently, we published the antagonistic and host defense elicitation potential of rice-endophytic flavobacterial isolate Chryseobacterium endophyticum against rice blast (Kumar et al., 2021a). It is known that plant ecological functions including its defense against the pathogen are carried out by the synergistic effects of the plant microbiome, there are ample chances that other rice endophytic bacteria can have blasticidal potential. Considering this point, we focused on isolating other endophytes from rice foliage and evaluated their antifungal potential against Magnaporthe oryzae.

Among the rice endophytic bacterial communities, the genus Microbacterium belonging to the class, Actinobacteria is characterized by small, irregular, short, slender, rod-shaped Gram-positive bacterium (Komagata et al., 1964; Yamada and Komagata, 1972; Collins et al., 1983; Takeuchi and Hatano, 1998). In the past, a series of research publications have highlighted the Microbacterium as a promising microbial inoculant in agriculture that displays biostimulant activity on crops and antibiosis against pathogens. Microbacterium is also prolific for the production of volatile organic compounds that contributed to growth promotion and development (Barnett et al., 2006; Cordovez et al., 2018). Moreover, Microbacterium sp. isolated from rice as well as other plants has been used as an effective biocontrol agent against various plant pathogens by the production of a pectinolytic enzyme, antimicrobial substances, insoluble and soluble exopolysaccharides or degradation of toxic substances (Ueno et al., 1983; Matsuyama et al., 1999; Dikin et al., 2007; Cottyn et al., 2009; Silva et al., 2012; Walitang et al., 2017). The interaction of three different taxonomic groups of bacteria such as Pantoea, Exiguobacterium, and Microbacterium could reduce the disease severity caused by Rhizoctonia solani AG-8 (Barnett et al., 2006). Along with Bacillus amyloliquefaciens, Microbacterium reduced Fusarium verticillioides and the mycotoxin fumonisin B1 and B2 in maize grains (Sartori et al., 2012). Before the present study, leaf epiphytic Microbacterium testaceum was reported to elicit defense responses leading to blast disease suppression upon phyllo bacterization of rice cultivar Pusa Basmati-1 (Sahu et al., 2021b). However, published literature on the biocontrol potential of M. testaceum against blast disease is scanty. Therefore, an in-depth genetic and functional characterization of rice endophytic M. testaceum was carried out to develop a biostimulant for sustainable rice production. We further attempted to elucidate the mode of action of M. testaceum so that it can be incorporated into eco-friendly rice blast disease management options in the future.



Materials and methods


Bacterial strain

The bacterial strain OsEnb-ALM-D18 used in the present study was isolated from the leaf endosphere of rice (O. sativa L.) cultivar HPR2143 grown at Almora (Uttarakhand) as a natural endophyte (Kumar, 2021). 16S rRNA gene sequence was used for identification as M. testaceum and the sequence was submitted to NCBI GenBank with accession number MN889362.1 For routine lab work, culture was preserved at −80°C as glycerol stock was retrieved by streaking on plates of nutrient agar medium [NA, gL–1 Beef extract 3.0; Peptone 5.0; NaCl 5.0; Agar 15.0; pH 7.0 ± 0.2] and incubated at 28°C for 48 h.



Confirmation of the identity of endophytic bacterium


Transmission electron microscopy

Using the negative-staining method (Tranum-Jensen, 1988), the bacterium M. testaceum OsEnb-ALM-D18 (hereinafter M. testaceum D18) was visualized and imaged in the transmission electron microscope (TEM) at magnifications of more than 60K X (Joel, Tokyo, Japan).



Genomic characterization by sequence analysis of multiple genes


Genomic DNA isolation

Briefly, M. testaceum D18 was grown in nutrient broth with constant agitation (100 rpm). Bacterial culture at mid-log phase (1.5 mL; 1.0 ODA600 nm) was centrifuged at 12,000 rpm for 3.0 min. Pelleted bacterial cells were washed with sterile saline and used for extracting genomic DNA. CTAB-method with slight modification was used to isolate bacterial genomic DNA (Sheoran et al., 2015; Munjal et al., 2016; Eke et al., 2019; Sahu et al., 2021b). Before PCR amplification, the integrity, purity, and yield of genomic DNA were tested spectrophotometrically (Biophotometer, Eppendorf, Hamburg, Germany) and electrophoretically. Finally, a 100 ng μL–1 concentration of the genomic DNA was prepared and used as an amplification template.



Multigene sequencing and identification

A total of eight Microbacterium-specific housekeeping genes were taken for this study. The primers were designed using Primer3plus, and the same were synthesized and used.2 Supplementary Table 1 lists the oligo primers that were used in the PCR amplification. PCR reaction mixture contains-Promega PCR buffer 1X; MgCl2 1.5 mM; dNTPs 200 mM; Taq polymerase 1.0 U; forward and reverse primers 10-pmol each; genomic DNA 100 ng; and mQ water to bring the total volume to 50 μL. The following temperature conditions parameters were used for PCR amplification in a thermal cycler (MasterCycler ProS, Eppendorf, Hamburg, Germany): initial denaturation at 95°C for 5 min, followed by 35 cycles of 94°C for 1.0 min; annealing temperature as per Supplementary Table 1 for 1.0 min; extension at 72°C for 1.0 min, followed by one-cycle of 72°C for 5.0 min; and final cooling at 4.0°C.

Then, the respective PCR products were resolved in 1.0% agarose gel followed by excision and elution using a gel elution kit according to the manufacturer’s instructions (Promega Corporation, Madison, WI, USA). The PCR products were subjected to bidirectional sequencing using Sanger’s dideoxy chain termination technique to obtain the maximum gene sequence coverage. Contigs were assembled with DNA-Baser v5,3 followed by curation with Finch TV,4 and BLAST analysis was used to compare them to GenBank sequences.5 All the gene sequences were assigned accession numbers and deposited in the NCBI GenBank database.



Molecular phylogenetic analysis

Using Mega X with 1000 bootstrap replications the Maximum Likelihood algorithm and Hasegawa-Kishino-Yano model were used to perform multi-gene sequence-based phylogenetic analysis (Felsenstein, 1985; Hasegawa et al., 1985; Kumar et al., 2018). The gene sequences of Microbacterium sp. isolated from the diverse natural environments were retrieved from NCBI databases (see text footnote 1). CLC Sequence Viewer was used to normalize the nucleotide sequences to a constant length of 767 to 959 base positions (CLC Sequence Viewer 8).





Studies on endophytic colonization of Microbacterium testaceum D18 in rice plant


Genetic transformation of Microbacterium testaceum D18 with a reporter gene (green fluorescent protein)

A stable green fluorescent protein (GFP) gene was inserted into the genome of the M. testaceum D18 strain by the tri-parental mating method. Before the transformation, spontaneous rifamycin-resistant M. testaceum D18 was selected by plating on to nutrient agar medium amended with rifamycin (50 μg mL–1) and incubated for 48–72 h at 28°C. The rifamycin-resistant colony was subsequently used in the transformation experiment essentially to counter-select against Escherichia coli XL1 Blue in the conjugation experiment. We used a Tn7-based GFP construct “pBKminiTn7gfp2Gm10” maintained in E. coli XL1 Blue (Gentamycin 20 g mL–1) and a helper plasmid “pUXBF13Amp100” maintained in E. coli XL1 Blue (Ampicillin 100 g mL–1) to tag the bacteria. The tri-parental-mating was conducted to insert the GFP gene into the bacterial genome (Sheoran et al., 2015). The transformed colonies were selected on NA plates amended with Gentamycin (20 μg mL–1) and Rifamycin (50 μg mL–1) incubated at 28°C for 48–72 h.

Putatively transformed colonies that appeared on the antibiotic-amended selection plates were sub-cultured on fresh NA plates amended with the same antibiotics. The colonies that appeared were then subjected to PCR confirmation for the insertion using GFP-specific forward and reverse primers (Ashajyothi et al., 2020). Briefly, primer pairs gfp-Rt-F-5′GGCCGATGCAAAGTGCCGATAAA3′ and gfp-Rt-R-5′AGGGCGAAGAATCTCGTGCTTTCA3′ were used in PCR reaction using GoTaq PCR kit of Promega (GoTaq Buffer–1X, DMSO–6%, dNTPs–200 mM, MgCl2–1.5 mM, forward/reverse primers–10 picomoles each, Taq polymerase–1 U) at an initial denaturation at 95°C for 5 min, 35 cycles of denaturation at 95°C for 1 min, annealing at 53°C for 30 s and extension at 72°C for 30 s followed by a final extension at 72°C for 5 min. In a 2% agarose gel, a 142-bp PCR amplicon was observed and documented (Quantity One Image Analysis system, Bio-Rad, CA, USA). The colonies that yielded expected amplicons in PCR-reaction were image analyzed under a confocal microscope [confocal laser scanning microscopy (CLSM) DM6000, Leica Microsystems, Wetzlar, Germany] for checking the stable expression of the green fluorescent protein. Further, the transformed bacterial strain with stable expression of gfp was preserved as glycerol stock for downstream activities and designated as M. testaceum D18::gfp.



Assay for endophytism

Endophytic colonization was studied using genetically tagged M. testaceum D18::gfp in the rice cv. Pusa Basmati-1. M. testaceum D18::gfp was cultured on double antibiotic-amended NA plates as described earlier. Surface-sterilized seeds of rice were soaked in a bacterial suspension of 108 CFU mL–1 (1.0 OD at A600) for 24 h and allowed to germinate and grow in Petri dishes incubated under greenhouse conditions (RH > 90% and temperature 28–30°C) for 7-days. Seeds soaked in sterile double distilled water served as mock. The saplings were, then, transplanted into small pots with sterilized farm soil and grown under greenhouse conditions.



Confirmation of endophytism using confocal laser scanning microscopy

Microbacterium testaceum D18::gfp inoculated 1-month-old rice plantlets were taken, and thin slices of various plant parts were fixed in p-formaldehyde (4.0%) for 12 h at 4°C. Leaf, stem, and root cross-sections were scanned, and imaged at multiple sites using CLSM (DM6000, Leica Microsystems, Wetzlar, Germany). The images were processed and examined to determine bacterial localization inside the plant tissue.



Detection by PCR using green fluorescent protein-specific PCR markers

PCR-based test of the endophytic bacteria M. testaceum D18::gfp was performed using gfp-specific primers (Rt F-5′GGCCGATGCAAAGTGCCGATAAA3′ and Rt R-5′ AGGGCGAAGAATCTCGTGCTTTCA3′). For the tissue colonization study, the root, shoot, and leaves of the treated plants were crushed separately and 1 mL water extract of each tissue was centrifuged to get the pellet. The resulting pellet was used for the isolation of total genomic DNA using the protocol of bacterial DNA isolation as described earlier. The composition of the reaction mixture, as well as reaction conditions, was the same as that used for the selection of gfp transformants. The PCR amplicon was separated on agarose gel amended with ethidium bromide and visualized with a UV trans-illuminator (BioRad Laboratories, CA, USA).




Characterization of plant probiotic features assay


Mineral solubilization assay

Microbacterium testaceum D18 was investigated for a range of plant probiotic characteristics. All experiments were done in triplicates with 10 μL bacterial suspension in sterile water as treatment and with appropriate control (10 μL sterile water without bacteria). Phosphate solubilization activity was accessed using an agar medium containing tricalcium phosphate (CaP; 3 gL–1), as the method described by Chen et al. (2006). The method described by Aleksandrov et al. (1967) was used to determine the potassium (K) solubilizing activity by using an agar medium containing inorganic potassium source Potassium Aluminosilicate (AlKO6Si2). Similarly, the solubilization of mineral zinc was detected in a modified Pikovskaya agar medium according to Pikovskaya (1948) containing insoluble zinc sourced from ZnO. The ability to produce siderophore was assayed by adopting the method described by Louden et al. (2011) using CAS agar medium as substrate.



Indole-3-acetic acid and ammonia production

The technique described by Patten and Glick (1996) was used to test indole-3-acetic acid (IAA) production using L-tryptophan in DF salt minimal medium and Salkowski et al.’s (1996) reagent. The ability to produce ammonia was assayed in Nutrient Broth after adding Nessler’s reagent as described by Zhou and Boyd (2016).



Enzymes assays

Microbacterium testaceum D18 was also analyzed for its ability to produce a range of defense-related enzymes under in vitro conditions. By using the agar well diffusion method, the bacterium M. testaceum D18 was inoculated on casein agar, carboxymethyl cellulose (CMC) agar, starch agar, pectin agar, and xylan agar medium to evaluate the production of protease, cellulase, amylase, pectinase, and xylanase, respectively (Ruiz et al., 2009).

Briefly, in the nutrient agar medium, 1.0% of each substrate was used to make substrate media plates. On the solidified media, a well with a diameter of 5.0-mm was made with a cork borer, and the bacterial cell suspension (10 μl of 0.5 ODA600) was added. The plates were then incubated for 48 h at 28°C. A zone of clearing around the wells was measured, and a minimum diameter of 15 mm was considered a positive result. For analysis of enzyme activity such as pectinase and amylase, plates were flooded with iodine–potassium iodide solution for 15 min and then treated for 10 min with sodium chloride (1.0 mol L–1) for de-staining.

By flooding the plates with Congo Red solution (1.0%) for 15 min and then de-staining with sodium chloride (1 mol L–1) for 10 min, cellulase and xylanase enzyme activity were identified. In casein agar, the formation of clear zones around the wells was utilized to measure the protease production. To assess the production of chitinase enzyme nutrient agar media amended with 1% (v/v) colloidal chitin was used and inoculated with bacterial suspension (5 μL) and incubated for 1 week. Later, the plates were flooded with Congo red (1%). The formation of an orange zone surrounding the colony was marked as positive.




Antagonistic activity of Microbacterium testaceum D18 on Magnaporthe oryzae in vitro


Secreted metabolite-mediated antagonism

To assess the antagonistic activity of secretory metabolites released by M. testaceum D18 against the mycelial growth of Magnaporthe oryzae (hereafter M. oryzae), a dual culture confrontation assay was conducted in small Petri plates (40.0 mm). A modified TSA-PDA medium [Tryptic soy agar (SRL, Mumbai, India) Potato dextrose agar (HiMedia Laboratories, Mumbai, India)] was poured onto Petri plates and freshly grown mycelial disk (0.5 cm diameter) of the fungus was inoculated at one corner of the plate. The bacterial inoculum on the agar surface was streaked parallel to the mycelial disk and incubated at 28°C for 5–7 days. The mycelial growth was measured and compared against the mock plate to calculate the % inhibition zone. The experiment was performed twice with three replications each. For calculating the mycelial inhibition, the following formula was used.
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where, C = Colony diameter in control, and T = Colony diameter in treatment.



Volatile compound mediated antagonism

In vitro antagonistic activity of bacterial volatile organic compounds released by M. testaceum D18 isolate was investigated on M. oryzae-1637 using the Sheoran et al. (2015) methodology. In the center of a PDA plate, a mycelial disk from a freshly grown fungal culture was placed. Similarly, another Petri plate poured with a Tryptic soy agar plate (HiMedia Laoratories, Mumbai, India) was inoculated with 20 μL of 108 CFU mL–1 mid-log phase bacterial culture. To allow the fungus to be directly exposed to bacterial volatile, the lids of both plates were separated and the inoculated plates were placed face-to-face and fastened with parafilm, Petri seal tape, and klin film so that no volatile should escape from inside during the experiment. Three replications per treatment with proper control were incubated at 28°C for 5–7 days. Further, colony diameter was measured and % mycelial inhibition was calculated using the same formula.




Chemo-profiling of bacterial volatile organic compounds


Analysis of bacterial volatile compounds by solvent extraction method

Under in vitro conditions, the volatiles generated by M. testaceum D18 were able to block fungal growth. This observation led to the investigation of the bacterial isolate’s volatile profile. Bacterial volatile organic compounds were extracted in HPLC grade hexane using the solvent extraction method (Joana Gil-Chávez et al., 2013) from a 72-h-old bacterial culture for this study. Hexane, which was used as a solvent and dissolved with bacterial organic compounds, was also analyzed using gas chromatography-mass spectroscopic (GC-MS).



Gas chromatography and mass spectroscopic conditions

An HP-5MS column (60 m 0.25 mm; /0.25 m, Thermo Co., USA) coupled to a triple-axis mass spectrometer (ThermoFisher Scientific, MA, USA) was used for GC-MS analysis. The injection volume was kept at 1.0 L with flow mode in split control. The flow rate of helium carrier gas was set at 1.0 mL min–1, with a head pressure of 10 psi. GC-MS was performed with the following condition; the oven temperature was maintained at 40°C for the first minute. The temperature was then raised to 120°C at an increasing rate of 3°C min–1 and then maintained for 2 min.

Finally, the temperature rose by 4°C min–1, reaching its maximum at 280°C. The movie lasted a total of 65 min. Electron ionization 70 eV, Ion source 180°C, full scan mode (50–550 mass units), E.M voltage 1376, transfer line temperature 280°C, and solvent delay 3.0 min, were the MS acquisition parameters. At a scanning time of 1.0 s and in the mass range of 50–550 AMU, the ionization energy was 70 eV. By comparing mass spectra, compounds were identified. The Mass Spectra Library of the National Institute of Standards and Technologies (NIST) was utilized as a reference for determining the fundamental components.




Assessment of plant pathogenic nature of Microbacterium testaceum D18


Hypersensitive reaction on Nicotiana tabacum

Tobacco (Nicotiana tabacum) plants were grown in aclimate-controlled greenhouse. Two to 3-month-old plants with fully expanded 7–8 leaves were used in the experiment. Pre-inoculation conditioning was given to the plants under greenhouse conditions at a temperature of 20°C and 50–60% relative humidity and a 12 h light/dark period for 2.0-days. Fully expanded leaves that were attached to the plants were used in all experiments.

Most of the phytopathogenic bacteria are known to cause hypersensitive reactions (HR) on tobacco leaves which are visible as water-soaked necrotic lesions upon leaf infiltration (Klement, 1963). Similarly, most non-pathogenic bacteria will not cause any hypersensitive reaction. M. testaceum D18 on Nutrient agar and suspension of 1 × 108 CFU/mL (1.0 OD at A600 nm) were prepared in sterile distilled water. It was infiltrated on potted N. tabacum leaves using a sterile hypodermal syringe. The plants were kept for incubation at 25–30°C under glasshouse conditions (12 h of dark/light photoperiods). Likewise, for negative control sterile double distilled water was infiltrated on leaves. Leaf infiltrated with plant pathogenic bacterium, Ralstonia solanacearum, served as a positive control. Induced responses of tobacco leaves were recorded after 24 h post-inoculation (hpi).




Effect of Microbacterium testaceum D18 colonization on the growth of rice seedlings

Firstly, the seed priming assay was conducted using M. testaceum D18 to test the effect on germination %, root/shoot length, fresh weight, and dry weight in the rice, cv. Pusa Basmati-1 and BPT5404. The bacterium M. testaceum D18 was cultured on NA mixed with the two antibiotics described earlier. Rice seeds were surface sterilized and soaked in sterile distilled water for 24 h. Bacterial suspension of cell concentrations at 108 and 107 cells mL–1 were prepared using mid-log phase culture and seeds were allowed to grow on it for 7 days under green-house conditions (RH > 90% and temperature 28–30°C). The observations were taken for germination %, shoot length, root length, number of roots, fresh weight, and dry weight at 7 days post-inoculation. For mock, seeds were incubated only on sterile deionized water. The experiment was performed in three replications with 20 seeds each and repeated twice.



Evaluation of Microbacterium testaceum D18 for blast disease suppression

Blast susceptible varieties, Pusa Basmati-1 and BPT5204 were seed bacterized with two cell densities 107 and 108 CFU mL–1 (0.1 OD and 1.0 OD at A600, respectively) of bacterial suspension and allowed to germinate for 5 days. After germination, the seedlings were transplanted into small two-inch pots with sterile farm soil and grown for 18–21 days till they attained 3-leaf stage under greenhouse conditions (28 ± 2°C with 85 ± 10% relative humidity and 14/12 h of light/dark cycle). M. oryzae was cultured on rice straw extract sucrose agar medium at 25°C for 7–8 days and was used for foliar inoculation in the experiment. 48 h before pathogen inoculation, a prophylactic spray of bacterial cell suspension was given above the foliage using a glass atomizer.

The conidial suspension (∼2 × 105 conidia mL–1) amended with Tween 20 (0.05%) was prepared and sprayed over the foliage of 3-week-old seedlings (Rajashekara et al., 2017). Seedlings kept for positive control were not sprayed with bacteria while plants sprayed with tricyclazole (0.1%) served as a positive control. Further, plants were incubated for conditioning in the dark for 24 h at 22°C ± 2°C with 90% RH in a climate-controlled greenhouse. After that plants were kept for 7–10 days under greenhouse conditions with a 12 h dark/light cycle, temperature 22°C ± 2°C, 90% RH with leaf wetness maintained by spraying water three times a day.

The severity of the blast was measured 7–10 days post-inoculation using a 0–5 disease rating scale as described by Mackill and Bonman (1992). The disease scores were used for the calculation of disease severity using the following formula.
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Likewise, the % reduction in disease severity against control was calculated using the following formula.
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where C = Disease Severity in control, and T = Disease Severity in treatment.



Transcriptional analysis of immunocompetence induced by bacteria

Following confirmation of the blast suppression capacity, qPCR tests were carried out to determine the influence of bacterial supplementation on the expression of genes implicated in rice defense pathways.

Briefly, germinated seeds of Pusa Basmati-1 as well as BPT5204, each bacterized with 107 and 108 CFU mL–1 bacterial suspension separately were sampled after 7 days post bacterization at the seedling stage. Further, the seedlings were planted in small pots with sterile soil. At the three-leaf stage, a booster dose of respective bacterial suspension (same concentration as seed treatment) was given and sampling was done after 24 h (before challenge inoculation by a pathogen). Samples were quickly snap-frozen in liquid nitrogen to cease all cellular metabolic activity and then kept at −80°C until needed. The SV Tool RNA isolation system was used to isolate total RNA according to the manufacturer’s instructions (Promega Corporation, Madison, WI, USA). NanoDrop 2000 (Thermo Scientific, MA, USA) and agarose gel electrophoresis were used to determine the quantity and quality of RNA.

Rice genes associated with defense-related pathways such as OsCERK1 (Kouzai et al., 2014), OsFMO1 (Koch et al., 2006; Mishina and Zeier, 2006), OsCEBiP (Akamatsu et al., 2013), OsNPR1 (Sugano et al., 2010), OsPAD4 (Ke et al., 2014) and OsEDS1 (Ke et al., 2019), playing a key role in rice innate immunity were selected (Supplementary Table 2). qPCR primers for the above defense genes are given in Supplementary Table 3. qPCR was performed using GoTaq® 1-Step RT-qPCR System (Promega Corporation, Madison, WI, USA) in Real-Time Thermal Cycler (Light Cycler 96, Roche Life Science, Penzberg, Germany).

The following were qPCR reaction conditions; one step of reverse transcription at 37°C for 15 min followed by reverse transcriptase inactivation step of 95°C for 10 min followed by 30 cycles of 95°C for 10 s, annealing at 58°C for 30 s, and extension at 72°C for 30 s followed by three-step melting of 95°C for 10 s, 63°C for 60 s, and 97°C for 1.0 s and then final cooling at 37°C for 30 s. Later, cyclic threshold data points were analyzed for the determination of gene expression relative to reference housekeeping OsActin gene using the software LightCycler®96 Roche. The mean Ct values were considered for the calculation of 2–ΔΔCT to estimate the fold changes in gene expression.



Statistical analysis

Using the statistical tool GraphPad Prism 9,6 all of the experimental data with good biological and technical replications were pooled and analyzed for the one-way analysis of variance (ANOVA) and two-way ANOVA at p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***) levels of significance with Post-hoc analysis. Furthermore, the statistical analyses for qRT-PCR data were performed using WASP-Web Agri Stat Package 2.0 to group the significant results into different clusters. The data sets with the same alphabet were significantly similar to each other while significantly non-similar data sets were designated with different alphabets. The ns denotes non-significant.




Results


Characterization of bacterial isolate OsEnb-ALM-D18

Rice endophytic bacterial isolate OsEnb-ALM-D18 which was identified as M. testaceum D18 by 16S rRNA gene sequencing was used in the present study. Firstly, the identity of the isolate was reconfirmed by using multiple approaches to support the 16S rRNA gene sequencing data. On nutrient agar media M. testaceum D18 appeared as typical small round, convex, on-fluid yellow colonies while in NA added with 2,3,5-triphenyl tetrazolium chloride (TTC) it appeared with the same shape and size of colonies but are bright red (Supplementary Figure 1A). The identification of the endophytic bacterium was again confirmed through TEM imaging (Supplementary Figure 1B) which indicated the different structures like oval, rod, and V shape structures typical of Microbacterium.



Multigene sequencing, identification, and phylogenetic analysis

A total of eight genes of Microbacterium were used for phylogenetic analysis as well as identity confirmation of the rice endophyte OsEnb-ALM-D18. nBLAST results of the different genes are presented in Supplementary Figure 1C; Table 1 where all of the gene sequences identify the isolate as M. testaceum. Further, all the gene sequences were submitted to NCBI GenBank. Further, the accession numbers were assigned (Accession numbers ON157417-ON157424). However, phylogenetic analysis was performed for eight gene sequences with the sequences of closely related bacterial species obtained from NCBI GenBank databases further confirming the identity of rice endophyte OsEnb-ALM-D18 as M. testaceum with more than 97% bootstrap value (Figure 1; Table 1; Supplementary Table 4).


TABLE 1    Multigene sequences based identity of endophytic Microbacterium by closest match.

[image: Table 1]



[image: image]

FIGURE 1
Molecular phylogenetic analysis of Microbacterium species by maximum likelihood method. The evolutionary history was inferred by using the Maximum Likelihood method and the Hasegawa-Kishino-Yano model (Hasegawa et al., 1985). The % of trees in which the associated taxa clustered together is shown above the branches. This analysis involved the nucleotide sequence of nine isolates. Evolutionary analyses were conducted in MEGA11 (Kumar et al., 2018).




Transformation of Microbacterium testaceum D18 expressing the reporter gene, green fluorescent protein

To assay the endophytism of M. testaceum D18, firstly, intrinsic rifamycin antibiotic resistance of the bacterium was exploited to select the colonies resistant to rifamycin. These resistant colonies were then used for gfp transformation using the triparental mating method and final transformed cells were selected on a double antibiotic (gentamycin + rifamycin) amended plates (Supplementary Figures 2A,B). The clonal nature of resistant colonies was further confirmed with the help of BOX-PCR fingerprinting and an identical amplicon profile was obtained (Supplementary Figure 2C).

Over 50 putative transformed colonies have found on the double antibiotic selection plates which were again confirmed with PCR as well as CLSM (Supplementary Figure 3). The colonies which showed a high level of gfp expression and were positive for gfp amplification were preserved as glycerol stock and used for downstream experiments. Transformed M. testaceum D18::gfp expressed gfp and showed resistance against gentamycin as well as rifamycin. Antibiotic resistance of the M. testaceum D18::gfp was used in the estimation of the endophytic population in the rice endogenous tissue.



Endophytism of Microbacterium testaceum D18::green fluorescent protein in rice


Fluorescence microscopy

Plantlets of rice cultivar Pusa Basmati-1 emerged from seeds inoculated with M. testaceum D18::gfp (1.0 OD at A600) and were washed thoroughly in sterile distilled water and thin sections were fixed in 4% paraformaldehyde at 4°C for 12 h. Finally, the tissue scanning and imaging were performed in the confocal laser scanning microscope (CLSM; DM6000, Leica Microsystems) at different sites on the sections. The endogenous colonization of M. testaceum D18::gfp was confirmed in rice roots, stems, and the leaf using CLSM imaging of rice seedlings.



PCR-based confirmation of green fluorescent protein gene

Further, PCR amplification using gfp gene-specific primers resulted in 142 bp amplicon in 30 days old rice seedlings that emerged from bacterized seed that confirmed the endophytic nature of M. testaceum D18::gfp (Figure 2). Amplification was not observed in untreated rice seedlings.
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FIGURE 2
Endophytism of Microbacterium testaceum D18::gfp in rice plants as revealed by colony count method and confocal laser scanning microscopy. (A) Genetic transformation of M. testaceum D18 using Tn7-based neutral integration of gfp gene. (B) Plant count method exploiting gentamycin and rifamycin resistance conferred by Tn7-based vector (pBKminiTn7gfp2Gm10). (C) CLSM imaging of endophytically colonized M. testaceum D18::gfp.





Characterization of plant probiotic features

Plant probiotic nutrient solubilization and production of hydrolytic enzymes, siderophore, and phytohormone were tested. M. testaceum D18 tested positive for solubilization of phosphorus, potassium, and zinc, and production of siderophore, ammonia, and IAA. In the case of enzymatic activity, the bacterial isolate tested prolific for cellulase and chitinase production and negative for pectinase, xylanase, amylase, and protease (Figure 3; Supplementary Table 5).
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FIGURE 3
Plant probiotic features of M. testaceum D18. (A) Mineral solubilization assays. (B) Production of IAA and Ammonia. (C) Production of hydrolytic enzymes.




Antagonistic activity of Microbacterium testaceum D18 on Magnaporthe oryzae

Endophytic bacterium M. testaceum D18 was found to inhibit the mycelial growth of M. oryzae primarily by its volatilome. Here, the volatile compounds showed 95.5% mycelial inhibition as against 29.9% inhibition by secreted metabolome. Further, the microscopic examination of M. oryzae conidia after bacterial exposure revealed abnormal structure compared to the unexposed conidia in mock suggestive of antibiotic effect on conidial development. However, the volatilome was found to be fungistatic rather than fungicidal as the mycelial growth re-emerged after the removal of volatile stress (Figure 4).
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FIGURE 4
Secreted and volatile metabolite mediated antagonism of M. testaceum D18 on M. oryzae-1637. *% reduction in mycelial growth of Magnaporthe oryzae was observed over mock in both secreted metabolite as well as volatile mediated dual culture assays. In addition to this deformation in conidial morphology was observed in the secreted metabolite-mediated assay.




Gas chromatography-mass spectroscopic profiling of bacterial volatile organic compounds produced by Microbacterium testaceum D18

After observing the inhibitory activity of the volatilome of M. testaceum D18 on rice blast fungus, the volatiles was extracted and analyzed using the solvent extraction method followed by fractionation in GC-MS. The gas chromatography showed the abundance of a wide variety of compounds in the volatilome of M. testaceum D18. A total of 11 chemical compounds were detected in the hexane extract of volatilome. Two compounds namely, 9-octadecenoic acid (32.53%) and hexadecanoic acid (30.06%) contributed over 60% of the chemicals of the volatilome. Other compounds were in the range of 0.26–5.7% in the volatile (Supplementary Figure 4; Supplementary Table 6).



Assessment of plant pathogenic nature of Microbacterium testaceum D18

To test this tobacco hypersensitivity assay was conducted on intact tobacco leaves. M. testaceum D18 did not induce necrotic responses in tobacco leaves even after 48 h of leaf infiltration. However, the leaf infiltrated by the pathogen R. solanacearum showed prominent signs of rapid necrosis owing to the hypersensitive reaction, suggesting that M. testaceum D18 is potentially non-pathogenic in plants (Supplementary Figure 5).



Effect of Microbacterium testaceum D18 colonization on seedling’s growth

The germinated seedlings on bacterial suspension were taken for observation. In the case of shoot length, 108 CFU mL–1 on PB1 was found to increase significantly while in other treatments there was no difference observed. However, maximum root length was observed at 107 CFU mL–1 on BPT5204 whereas the average number of roots was similar in all treatments. The fresh weight, dry weight as well as net weight in all treatments was found to increase slightly in all treatments (Figure 5; Table 2).


[image: image]

FIGURE 5
Microbacterium testaceum D18 induced growth promotion in rice seedlings, and blast disease suppressive activity. *M. testaceum stimulated the growth of rice seedlings upon bacterization; **M. testaceum D18 triggered a hypersensitivity type of reaction instead of large lesions observed in mock; the hypersensitive reaction indicates over-expression of defense genes. The number of lesions and size of lesions were found reduced in bacterized plantlets; plant responses are scored as per Mackill and Bonman. (A) Mock. (B) M. testaceum D18 (108 CFU mL–1). (C) M. testaceum D18 (107 CFU mL–1). (D) D. Tricyclazole.



TABLE 2    Growth stimulant and blast suppressive activity of Microbacterium testaceum D18 on rice.
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Blast suppressive effect of Microbacterium testaceum D18

Rice cultivars Pusa Basmati-1, and BPT-5204 were used as susceptible checks for elucidating the blast disease suppressive effects of M. testaceum D18 at 107 and 108 CFU mL–1 applied as seedling treatment as well as a prophylactic foliar spray. The blast disease severity and incidence were scored according to the blast score chart recommended by Mackill and Bonman (1992) (Supplementary Figure 6). The bacterial isolate M. testaceum D18 suppressed blast disease in rice cultivars at tested doses. A significantly less blast severity score was observed at 108 CFU mL–1 on both the varieties PB1 (8.48% PDI) and BPT5204 (6.61% PDI) as compared to untreated plants (45.71–48.03% PDI on PB1 and BPT5204). An over 82% reduction in blast severity over the mock was found in all the treatments (Figure 5; Table 2).



qPCR assay on Microbacterium testaceum D18 conferred immunocompetence

Bacterized rice seedlings were subjected to a gene expression study by qPCR. Several defense-related genes such as OsCERK1, OsCEBiP, OsNPR1, OsPAD4, OsEDS1, and OsFMO1 (Supplementary Table 2) showed a minimal to a high level of induction in bacterized rice seedlings compared with the mock where the seedlings were not treated with bacteria and OsActin was used as reference genes in this study. Post-hoc test confirmed that the bacterization led to a significant increase in the expression pattern of defense-related genes (at P ≤ 0.05 or P ≤ 0.01 or P ≤ 0.001) in both rice genotypes over mock plants. The expression of defense genes was even more pronounced after the booster dose application of bacteria on the phyllosphere. Maximum fold upregulation was observed for the OsFMO1 gene after booster dose application at 108 CFU mL–1 on BPT5204. Similarly, OsCERK1 was maximally expressed in PB1 with 108 CFU mL–1 foliar applications. Moreover, out of all assessed genes, OsNPR1 was not significantly impacted by bacterial treatments, as analyzed by ANOVA. Besides, at the seedling stage, there was not much difference in the expression pattern of most of the genes while foliar application of 108 CFU mL–1 was found effective in eliciting the expression of defense-related genes (Figure 6; Supplementary Table 7).


[image: image]

FIGURE 6
Transcriptional response of defense genes in rice upon bacterization by M. testaceum. qPCR-based transcriptional analysis of defense gene expression in rice seedlings upon endobacterization. The fold change values obtained for the defense genes were imported into the GraphPad Prism program (https://www.graphpad.com/scientific-software/prism), and two-way ANOVA was conducted using Bonferroni post-hoc test for determining the statistical significance at *p > 0.05, **p ≤ 0.001, and ***p ≤ 0.0001. Refer to Supplementary Table 7 for data pertaining to fold changes in gene expression. Different letters represent the different significant groups, based on completely randomized group test done using p-values.





Discussion

Fungal phytopathogen inciting crop diseases is a threat to agricultural production and food security in the world. Over the decades, two major strategies, i.e., resistance gene introgression and the use of fungicides, either alone or in combination have emerged as effective options for the management of fungal diseases. However, both strategies are inadequate for effective implementation owing to the emergence of new variants with renewed virulence (New Pathotypes) and resistance to fungicides [anti-microbial resistant (AMR)-Type]. The recent ban on fungicides for agricultural applications has created a void in commercial disease management in crop production systems. For instance, the ban on tricyclazole for rice blast management renewed the interest in other options for disease management. As a result, new strategies for combating fungal diseases in crop plants, particularly through the deployment of microbial biological control agents have gained acceptance (Sellem et al., 2017).

Here, we explored and evaluated endophytic bacteria isolated from rice leaves as antagonistic organisms of M. oryzae for biological control of blast disease. Phenotypically the Microbacterium colonies were tiny with pale yellow on nutrient agar medium. Microscopically the cells were small, short slender rods that occurred either in a single culture or in groups during the young stage. However, upon maturation, the cells become shorter and coccoid, and the ends of the cells are attached and produce a V-shaped appearance. The young cells are typically Gram-positive that upon maturation display variable Gram reactions. They are non-endospore producers, and often aflagellate or at times produce lateral flagella.

The species identity of the bacterium was confirmed as M. testaceum through16S rRNA gene sequence as well as multilocus sequence analysis (MLSA) (Fidalgo et al., 2016). For MLSA, we have used Microbacterium-specific eight genetic loci such as rpoC, pyk, gyrB, tyrS, infB, cysS, metG, and fumC. The endophytic M. testaceum isolated from rice leaf was found clustered with a potato leaf endophytic M. testaceum StLB037 (Morohoshi et al., 2009). Before the present study, M. testaceum was reported in diverse habitats like water (Epova et al., 2022), soil (Yang et al., 2014), tannery effluents (Elahi et al., 2019), phyllosphere (Sahu et al., 2021a,b), plant endosphere (Kumar et al., 2021b), and sometimes as an opportunistic pathogen in clinical samples (Leal et al., 2016). We further studied the endophytism of the bacterium in rice plants using gfp-tagged M. testaceum D18::gfp that could be visualized in the root, stem as well as leaf tissues.

Having established the species identity and confirmed the endophytism of M. testaceum, we have functionally characterized the bacterium for several traits such as plant probiosis, pathogen antibiosis; and blast suppressive activity in planta. The endophytic M. testaceum D18 promoted the growth of rice seedlings possibly through multipronged mechanisms such as phytohormone IAA production, solubilization of N, P, K, Fe, Zn, and secretion of hydrolytic enzymes as well as siderophores. Among them, IAA is an auxin that promotes cell proliferation, and elongation, and induces seedling growth (Verma J. P. et al., 2014). The data suggest that M. testaceum D18 promoted the availability of the major plant nutrients N, P, and K which contributed to growth promotion.

The production of ammonia is an important feature of biostimulants as ammonia production plays a key role in plant growth and development by contributing to N nutrition (Yadav et al., 2010; Mukherjee et al., 2020). P nutrition is needed for root development. In soil maximum proportion of phosphorus is unavailable owing to an insoluble state (Miller et al., 2010). Endophytic M. testaceum D18 showed P nutrition solubilization, -one of the key nutrients for plant growth. Previously, Misra et al. (2012) showed the ability of endophytes to solubilize the insoluble phosphate for enhancing leaf area and the consequently improved rate of photosynthesis (Reich et al., 2009). M. testaceum D18 was also found to solubilize K, the third most essential mineral nutrient for plant growth (Bahadur et al., 2016; Mukherjee et al., 2019).

In addition, M. testaceum D18 was also found to synthesize siderophores for iron-chelating Fe to make it unavailable to pathogenic organisms (Seong and Shin, 1996; Saha et al., 2016). Recent studies have suggested that siderophores can induce the defense mechanism of the plant via activating SA- and JA-signaling pathways (Aznar and Dellagi, 2015). In addition to siderophore, the Zn solubilization potential of the endophytic Microbacterium has been reported as a plant growth-promoting trait (Saravanan et al., 2004; Ali et al., 2018; Verma et al., 2022). Priming with M. testaceum D18 enhanced dry and fresh biomass, root and shoot length growth as well as their branching.

Microbacterium testaceum D18 secreted hydrolytic enzymes such as cellulase that are required during endophytic colonization and the endogenous spread (James et al., 2002; Lodewyckx et al., 2002; Walitang et al., 2017). Interestingly, M. testaceum D18 tested positive for other hydrolytic enzymes such as amylase, proteinase, and chitinase. Among them, the chitinolytic activity is particularly relevant as it potentially confers antifungal biocontrol traits against fungal pathogens like M. oryzae that contain chitin in the cell wall (Quecine et al., 2008). Our findings on probiotic features of M. testaceum D18 contribute toward increased shoot and root length, as well as enhanced biomass previously observed with other plant growth-promoting microorganisms (Verma P. et al., 2014; Mukherjee et al., 2020).

The rice endophytic M. testaceum D18 displayed excellent antifungal activity mediated majorly by volatile metabolome against rice blast fungus M. oryzae 1637. The effect of antifungal activities could be observed on mycelial growth and conidial structure. While the mycelia growth was inhibited due to the toxic effect of metabolites, the conidial shape appeared to be deformed. Having observed volatile mediated antifungal activity, we further characterized the volatilome of M. testaceum D18 by GC-MS revealing the high abundance of hexadecanoic acid and 9-Octadecenoic acid contributing to over 60% of the volatile chemicals. Among them, hexadecanoic acid emitted by Trichoderma viride has been shown to have antifungal activity against Macrophomina phaseolina (Khan et al., 2021). Apart from microbial origin, the hexadecanoic acid secreted by the plant Sonchus oleracous also showed antimicrobial properties (Banaras et al., 2020). 9-Octadecenoic acid (Oleic acid) has been the most abundant anti-bacterial unsaturated fatty acid naturally found in staphylococcal abscesses as well as on the skin surface (Speert et al., 1979; Dye and Kapral, 1981). The antimicrobial nature of other chemicals observed in M. testaceum D18 has been reported in the recent past; Tetradecanoic acid (Gajbhiye and Kapadnis, 2021; Nakkeeran et al., 2020), Propenoic acid butyl ester (Garnier et al., 2020), 2-Hexanone (Rocha et al., 2004), Trimethyl-heptadien-4-one (Kassam et al., 2021), 4-Dimethyl-1-heptene (Mannaa and Kim, 2018), 4-Methyl-2-pentanol (Petrović et al., 2013), and 3-Hexanone (Wang et al., 2020).

Blast suppressive activity of M. testaceum D18 was tested on seedlings that emerged from Microbacterium primed seeds of blast susceptible varieties PB1 and BPT5204 that showed significantly less disease severity as compared to untreated control plants. Previously, the biocontrol potential of endophytic Microbacterium StLB037 strains isolated from potato leaf against the soft rot pathogen Pectobacterium carotovorum subsp. carotovorum is reported (Wang et al., 2010). Recently Freitas et al. (2019) reported biological control of Fusarium root rot in cassava using Microbacterium imperial MAIIF2a. More recently Sahu et al. (2021a) showed a reduction in blast disease upon spraying of phyllosphere-adapted Microbacterium oleivorans. Other than the Microbacterium genus, antifungal bacterial genera such as Achromobacter, Streptomyces, and Pseudomonas have been reported against M. oryzae which reduced mycelial growth as well as disease development (Jha et al., 2011; Joe et al., 2012; Xu et al., 2017). Moreover, the perusal of records reveals that the present report on blast suppressiveness of endophytic M. testaceum appears to be novel.

The direct antagonism of the pathogen by endophytic M. testaceum D18, as well as the induction of defense-related pathways in the rice plant, could be responsible for disease suppression. Gene expression analysis using qRT-PCR revealed that M. testaceum D18 significantly upregulated the defense-related genes such as OsFMO, OsCEBiP, OsNPR1, OsCERK1, OsEDS1, and OsPAD4. Cultivar level difference was also observed between the two varieties. Notably, the highest level of induction was observed in the OsFMO1 gene after bacterial suspension spray on BPT5204 plants. Similarly, PB1 sprayed with 108 bacterial cells showed upregulation of all genes with the highest for OsCERK1 (>3 fold). Among the genes, OsCEBiP and OsCERK1 are receptor-like protein (RLP) and receptor-like kinase (RLK), respectively. Chitin and peptidoglycan perception has been reported for the activation of MAMP-triggered immune (MTI) responses in plants (Akamatsu et al., 2013; Kouzai et al., 2014). OsPAD4 and OsEDS1 genes are markers for jasmonic acid-mediated ISR in plants. OsPAD4 is associated with the production of phytoalexin Momilactone-Ain rice plants (Hasegawa et al., 1985; Ke et al., 2014, 2019). Defense genes such as OsNPR1 and OsFMO were marginally upregulated only after booster application, which is a key regulator of systemic acquired resistance mediated by salicylic acid (Sugano et al., 2010).

Having confirmed the plant probiotic, and pathogen antibiotic features as well as endophytism of M. testaceum D18, we performed a tobacco infiltration assay to determine the phytopathogenic nature, if any, and the consequent biological safety of the endophytic bacterium (Klement, 1963). M. testaceum D18 did not show any pathogenic reactions on tobacco suggestive of the non-pathogenic nature of the strain. Biosafety of plant-associated bacterium targeted for agricultural application as bioinoculants is of paramount importance (Kucheryava et al., 1999; Medina-Salazar et al., 2020; Sadeghi and Khodakaramian, 2020).

Taken together, it is concluded that rice endophytic M. testaceum D18 showed unique plant probiotic features as well as pathogen antibiotic activities. The endophytic strain suppressed rice blast disease similar to that of the fungicide, tricyclazole. Coupled with the ability to elicit host defense, the Microbacterium mediated biocontrol can be a supplementary strategy for blast disease management in rice farming. A perusal of published records revealed that this is the first report demonstrating the biocontrol and biostimulation activity of M. testaceum against blast disease.
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Lycium barbarum L., goji berry, is a precious traditional Chinese medicine and it is homology of medicine and food. Its growth is heavily dependent on nitrogen. The use of chemical fertilizers has significantly promoted the yield of goji berry and the development of the L. barbarum L. industry. However, crop plants are inefficient in the acquisition and utilization of applied nitrogen, it often leads to excessive application of nitrogen fertilizers by producers, which cause negatively impact to the environment ultimately. The exploration of an interaction model which deals with crops, chemical fertilizers, and rhizosphere microbes to improve nitrogen use efficiency, is, therefore, an important research objective to achieve sustainable development of agriculture greatly. In our study, we explored the effects of nitrogen input on soil microbial community structure, soil nitrogen cycling, and the contents of nutrients in L. barbarum fruits. The structure and composition of the bacterial community in the rhizosphere soil of L. barbarum were significantly different under different nitrogen supply conditions, and high nitrogen addition inhibited the diversity and stability of bacterial communities. Low nitrogen input stimulated the relative abundance of ammonia-oxidizing bacteria (AOB), such as Nitrosospira, catalyzing the first step of the ammonia oxidation process. The results of the GLMM model showed that the level of nitrogen fertilizer (urea) input, the relative abundance of AOB, the relative abundance of Bradyrhizobium, and their combinations had significant effects on the soil nitrogen cycling and contents of nutrients in L. barbarum fruits. Therefore, we believe that moderately reducing the use of urea and other nitrogen fertilizers is more conducive to improving soil nitrogen use efficiency and Goji berry fruit quality by increasing the nitrogen cycling potential of soil microorganisms.

KEYWORDS
 Lycium barbarum L., bacterial community, nitrogen cycle, goji berry quality, rhizosphere soil


1. Introduction

Lycium barbarum L. is a perennial deciduous shrub belonging to the Lycium genus of the Solanaceae family. Its fruit, goji berry, is a precious traditional Chinese medicine and also a functional food. It has the functions of tonifying the kidney, nourishing the liver, the lung, and the eyes, enhancing immunity, preventing aging, fighting tumors, etc. (Meng et al., 2019). Ningxia is the main production area of wolfberry, and the artificial cultivation of wolfberry originated in Tang and Song Dynasties (Wang et al., 2019). Among the Lycium species, Lycium barbarum L. is the only variety selected as a medicine according to the Chinese Pharmacopeia, and it is also the most influential product of geographical indication in Ningxia. The wolfberry industry, as a strategic leading industry with distinct advantages, has become a potential growth point in the economy of Ningxia in recent years.

In recent years, the importance of the rhizosphere microbiome for plant growth has been widely recognized and become a hotspot in the field of agriculture (Mendes et al., 2013). With the application of non-culture methods such as molecular biology and genomics, the number of studies on microorganisms of the rhizosphere of Lycium is increasing year by year (Li et al., 2022). These research articles have mainly focused on the effects of continuous cropping and years of planting on the rhizosphere microbial community diversity of L. barbarum, as well as the screening of growth-promoting bacteria, arbuscular mycorrhizal fungi (AMF), and other microbes (Ma et al., 2019; Na et al., 2021). It has been observed that the composition of the rhizosphere soil microbial community was greatly affected by planting years and zones (Na et al., 2016; Li et al., 2022b). The continuous cropping had more negative effects, significantly inhibiting the growth of replanted wolfberry, and the continuous cropping barrier affected the structure and diversity of rhizosphere bacterial communities and interfered with the interaction between the wolfberry plant and soil bacterial communities. Long-term application of chemical fertilizers may be one of the main factors that change fungal community structure and the interaction between replanted Chinese wolfberry roots and fungi in fields under continuous cropping (Ma et al., 2019). To solve the problem of the continuous cropping barrier of wolfberry, research on microorganisms of the rhizosphere of wolfberry was conducted by screening the growth-promoting bacteria and AMF (arbuscular mycorrhizal fungi; Chen et al., 2022; He et al., 2022; Li et al., 2022a).

Nitrogen is an essential nutrient for plant growth and basic metabolic processes. Most plants depend on available forms of nitrogen for growth, such as ammonium salts and nitrates. Soil nitrogen availability depends on different nitrogen conversion reactions, which are performed by a complex network of microorganisms with a variety of metabolic functions (Torres et al., 2016; Khan et al., 2017; Anas et al., 2020; Tiong et al., 2021). Urea is the most widely used nitrogen fertilizer in crop production in China (Anas et al., 2020). After it is applied, urea would undergo leaching, volatilization, nitrification, and denitrification, and the loss rate of nitrogen is as high as over 45% (Liang et al., 2007; Yu et al., 2010). Most microbes are still only able to perform one or more steps of the nitrogen conversion process, and therefore, nitrogen conversion requires the cooperation of a diverse microbial community. However, the long-term excessive application of nitrogen fertilizers, such as urea, will change the microbial community diversity, and thus, affect the normal nitrogen cycle in soil (Ma et al., 2007; Lv et al., 2017; Chen et al., 2019).

However, there are still many unsolved problems with mechanisms that the effects of nitrogen inputs on soil nitrogen cycling and nitrogen utilization by changing microbial community in the rhizosphere soil of plants. This study aims at unraveling the unclear mechanisms of nitrogen conversion and putting forward an exploration of improving low nitrogen fertilizer use efficiency of L. barbarum. Therefore, the main wolfberry cultivar “Ningqi No.7” was taken as the research material, and concentration gradients of nitrogen treatments were used to exhibit three nitrogen states of L. barbarum plants, including nitrogen deficiency, nitrogen normal, and nitrogen excess. By sequencing and q-PCR quantitative analysis of the rhizosphere soil microbial, the responses of nitrogen-transforming microorganisms of wolfberry rhizosphere soil to differences in nitrogen application rates were evaluated. At the same time, the changes in the metabolome of wolfberry fruits in different treatments were determined to study the changes in fruit secondary metabolites caused by different nitrogen application rates. Based on this, the structure and function of microorganisms driving the conversion of nitrogen in the rhizosphere of wolfberry were investigated.



2. Materials and methods


2.1. Site description and experimental design

The experiment with different N treatments was established in the Siying Township, Haiyuan County, Zhongwei City, NingXia, China (36°25′48″N, 106°09′00″E, ~1,428.5 m altitude), with an average annual precipitation of 367.4 mm, the mean annual temperature of 7.3°C, and the average annual sunshine hours of 2,710 h.

The N addition experiment involved four levels of N enrichment: N0 (0 g·N m−2 year−1), N1 (53.82 g·N m−2 year−1), N2 (67.62 g·N m−2 year−1), and N3 (80.73 g·N m−2·year−1), and each treatment was repeated five times (Supplementary Table S1). Among them, 67.62 g·N m−2·year−1 is the most commonly used fertilization dosage in the goji field production. The five-year-old L. barbarum cultivar “Ningqi No.7” was used as the experimental material. In the early growth stages of the plant (October 24, 2020, April 28, 2021, May 29, 2021, and June 29, 2021), N fertilizer was applied four times according to the designed fertilizer treatment (one base fertilizer, three topdressing fertilizers).

The rhizosphere soil samples were collected in July 29, 2021 (30 days after the last fertilization). Three to five healthy plants from experimental units were randomly selected for each treatment, and the sampled trees were labeled with site-directed markers. The rhizosphere soil samples from the 0–40 cm vertical depths attached to the root cap were collected by the 5-point sampling method. The soil volume taken at each sampling point was roughly the same. After mixing, samples were loaded into frozen storage tubes, stored in liquid nitrogen tanks, and then, they were transferred to the laboratory and stored at −80°C for sequencing analysis.

Fruit samples were collected at the same time as the rhizosphere soil samples (July 29, 2021). Fresh, ripe, and pest-free fruits were collected and placed into frozen storage tubes, stored in liquid nitrogen tanks, transported to the laboratory, and stored at-80°C for metabolome analysis.



2.2. Determination of soil chemical properties

The soil pH was determined using a DDSJ-319L electrode pH meter (INESA Co., Ltd., Shanghai, China) with a 1:2.5 soil/water (w/v) suspension. According to the standard test methods of the Chinese national standard, other soil physicochemical properties, such as the contents of total nitrogen (TN, NY/T1121.24–2012), total phosphorus (TP, NY/T 88–1988), total potassium (TK, NY/T 87–1988), available nitrogen (AN, LY/T1228–2015), available phosphorus (AP, NY/T1121.7–2014), nitrate nitrogen and ammonium nitrogen (NO3− and NH4+, respectively, GB/T 32737–2016), available potassium (AK, NY889–2004), and soil organic matter (OM, NY/T1121.6–2006) and electrical conductivity (EC, HJ 802–2016) were evaluated (Tian et al., 2021). The activities of β-1.4-N-acetylglucosaminidase (NAG), urease (UR), and Leucine aminopeptidase (LAP) were determined using various soil enzyme activity test kits provided by the manufacturer (Solarbio Biotechnology, Beijing, China).



2.3. DNA extraction, PCR amplification, and sequencing

The genomic DNA of each rhizosphere soil sample was extracted using the Omega Soil DNA Kit (Omega Bio-tek Inc., Microorganisms 2021, 10, 1644 4 of 28 Norcross, GA, United States) and quantified using the Nanodrop 2000 spectrophotometer (Nanodrop Technologies, LLC, Wilmington, DE, United States). The V3-V4 region of the 16S rRNA gene was amplified by PCR using the primer sets 338F (ACTCCTACGGGAGGCAGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT). PCR products from each sample were mixed and recovered from the 2% agarose gel. The AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, UnionCity, CA, United States) was used to purify the recovered products, which were then detected by 2% agarose gel electrophoresis and quantified using a Quantus™ Fluorometer (Promega, United States).



2.4. Sequence and statistical analyses

The raw sequencing data were first subjected to quality control as described by Schmieder and Edwards (2011). Microbiome bioinformatics were performed with QIIME 22019.4 (Bolyen et al., 2019) with slight modification according to the official tutorials.1 Sequences were then quality filtered, denoised, merged and chimera removed using the DADA2 plugin (Callahan et al., 2016). The filtered sequences were then clustered into operational taxonomic units (OTUs) at a 97% identity threshold. The taxonomy of representative OTUs was annotated according to their RDP Classifier, and BLAST queries were performed against the Silva and NCBI databases (Quast et al., 2013). OTUs with an RDP classification threshold that was below 0.8 or with <90% identity and coverage were denoted as unclassified. All OTUs identified as plastid, and mitochondrial DNA were removed.

Mothur 1.30.1 was used for rarefaction analysis, and the vegan 2.4.2 package was used to calculate the alpha-diversity indices, including Chao1, Observed species, Shannon, Simpson, Pielou’s evenness and Good’s coverage. A one-way analysis of variance (ANOVA) was used to determine the significant differences among the three nitrogen levels and four growth stages. Histograms were generated using the statistical software package R to illustrate the community structure. Principal coordinates analysis (PCoA) was performed to evaluate the beta diversity of microbial communities. The analysis of similarities (ANOSIM) and permutational multivariate analysis of variance (PERMANOVA) were performed to evaluate the similarity of the microbial community structure, as well as the effects of different growth cycles and spatial compartments on community composition (McArdle and Anderson, 2001; Warton et al., 2012). To further explain the differences between the compartments and growth stages, compartment-specific and growth stage-specific biomarkers were identified, respectively, by using the linear discriminant analysis effect size (LEfSe) with linear discriminant analysis (LDA) > 3.



2.5. Sequencing analysis of the fruit metabolome

Sample preparation: The L. barbarum fruit samples were vacuum freeze-dried (ScientZ-100F) and ground to powder using a grinder at 30 Hz for 1.5 min (MM 400, Retsch). Then, 100 mg of powder was dissolved in 1.2 ml of the 70% methanol extract, vortex-mixed six times, each time for 30 s every 30 min. The samples were then placed in the refrigerator at 4°C overnight. After centrifugation at 12,000 rpm for 10 min, the supernatant was taken and filtered with a 0.22 μm microporous membrane before analysis with a device.

The sample extracts were analyzed using a UPLC-ESI-MS/MS system (UPLC, SHIMADZU Nexera X2 system; MS, Applied Biosystems 4500 Q TRAP) equipped with the Agilent SB-C18 column (1.8 μm, 2.1 mm × 100 mm). The column temperature and the injection volume were set to 40°C and 4 μl, respectively. The mobile phase consisted of the solvent (mobile phase) A (pure water with 0.1% formic acid) and solvent (mobile phase) B (acetonitrile with 0.1% formic acid). The gradient program was described as follows: 0–9 min, 5–95% B; 9–10 min, 95% B; 10–11 min, 95–5% B; 11–14 min, 5% B. The MS System was equipped with an Electrospray Ionization (ESI; Turbo Ion-Spray) interface, and the operating parameters were as follows: an ion source, turbo spray; source temperature of 550°C; ion spray voltage (IS) of 5,500 V (positive ion mode)/−4,500 V (negative ion mode); and ion source gas I (GSI), gas II (GSII), and curtain gas (CUR), which were set at 50, 60, and 25.0 psi, respectively; the collision gas (CAD) was set high.

After loading, the obtained LC-MS raw data were imported into the software of Progenesis QI designed for metabolomics analysis (Waters Corporation, Milford, MA, United States) for baseline filtering, peak identification, integration, alignment, and retention-time correction. Finally, the plot was constructed by using a retention time, the mass-to-charge ratio, and peak intensity data matrix to remove the missing values from the data that exist in more than 20% of samples (80% rule), which would include at least – group of samples of China-Africa with the zero value appearing in more than 80% of the variable, to fill the gap of the minimum missing values on the original matrix to reduce the instability in sample preparation and the error of a measuring instrument. The response intensity of spectrum peaks of the sample was normalized by the summation normalization method, and then the normalized data matrix was obtained. At the same time, variables with a relative standard deviation (RSD) > 30% of QC samples were deleted. The preprocessed data were uploaded to the sequencing company’s cloud-based platform for analysis. The PCA and orthogonal partial least squares discriminant analysis (OPLS-DA) were performed using RoPLS (Version1.6.2) R package, and the stability of the model was evaluated by seven-cycle cross-validation. The selection of significantly different metabolites was based on the variable weight value (VIP) obtained from the OPLS-DA model and the p-value derived from the Student’s t-test (Chen et al., 2013). The different metabolites of different treatment groups were screened out.



2.6. Quantitative PCR analysis

The abundances of AOA, AOB, and NIFH were quantified by real-time PCR using the primer pairs Arch-amoAF/Arch-amoAR, amoA1F/amoA2R, and nifH-F/nifH-R (Supplementary Table S2), respectively. To standardize the quantification of the AOA, AOB, and NIFH genes, they were PCR-amplified from extracted DNA with the primer pairs Arch-amoAF/Arch-amoAR, amoA1F/amoA2R, and nifH-F/nifH-R, respectively. The standard curves were generated using 10-fold serial dilutions of plasmids containing the AOA, AOB, or NIFH target gene inserts. Each PCR reaction mixture contained 10 μl of SYBR Premix Ex Taq TM (Takara, Dalian, China), 0.4 μl of each of the 10-μM forward and reverse primers, 7.2 μl of sterilized MilliQ water, and 2 μl of the standard or extracted DNA from soil. The PCR was performed using the Light Cycler® 96 instrument (Roche Applied Science). First, the copy numbers for AOA, AOB, or NIFH genes were calculated using a regression equation for converting the cycle threshold (Ct) value to the known number of copies in the standards. Then, the copy numbers of AOA, AOB, or NIFH genes were converted into copies per gram of dry soil according to the paper published by Gao et al. (2013).



2.7. Generalized linear mixed model (GLMM) analysis

To further investigate the effects of bacterial structural variables on the nutrient contents of wolfberry fruits and soil nitrogen cycle, we analyzed the data by regression using the generalized linear mixed model (GLMM). The GLMM was used with the “glm” function in “lme4” package under R version 3.6.1. with 17 dependent variables [UL, bacterial alpha-diversity (Shannon, Simpson, ACE, Chao, and Coverage), and the abundance of bacteria involved in the nitrogen cycle (NIFH, AOA, AOB, bacillus, nitrospira, pseudomonas, nitrosospira, bradyrhizobium, nitrosomonas, nitrolancea, and nitrococcus)] and 15 independent variables [the nutrient contents of wolfberry fruits (AA, Fla., Sac, Alk, and Vit) and soil physical and chemical properties (pH, EC, OM, TN, TP, TK, NO3−, NH4+, AK, and AP)]. We established different types of the model and considered different bacterial structural variables as fixed effects and sample types as random variables in the model. The rate of convergence of the algorithm was also considered, and AIC (Akaike information criterion) was used as the evaluation index of the model. We screened and removed irrelevant factors step by step to obtain the best-fitting model.



2.8. Statistical analysis

The results of physiological analyses were presented as mean ± standard deviation of at least three biological replicates. Statistical analysis was performed using SPSS 22.0 software. One-way analysis of variance (ANOVA) along with the Student–Newman–Keuls test were performed to determine statistically significant differences between the means of groups.




3. Results


3.1. Soil chemical properties

Changes in soil physicochemical properties and enzyme activities after N addition were analyzed. Although there were no significant differences in pH and total potassium (TK) content among the groups N0, N1, N2, and N3, other soil physicochemical properties and activities of soil enzymes showed significant differences (Table 1). Compared with N0 and the contents of total nitrogen (TN), nitrate nitrogen (NO3−) increased in N1, N2, and N3, the contents of ammonium nitrogen (NH4+) decreased in N1, N2, and N3. The changing trend of electrical conductivity (EC) and available phosphorus (AP) showed significantly negative correlations with the amount of added urea (p < 0.01). However, the changing trend of pH, and contents of total nitrogen (TN), nitrate nitrogen (NO3−) showed significantly positive correlations with the amount of added urea (p < 0.01; Figure 1E). Meanwhile, the activities of soil enzymes urease (UR) and β-1.4-N-acetylglucosaminidase (NAG) had negative correlations with the amount of urea added, while the activities of leucine aminopeptidase (LAP) showed positive correlations with the increased amount of urea (p > 0.05; Supplementary Table S3). Moreover, the activity of UR showed a significant positive correlation with the content of TN (p < 0.05).



TABLE 1 Response of soil chemical properties and soil enzyme activity to experimental N addition.
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FIGURE 1
 Influences of experimental N addition on microbial function and nitrogen metabolism function.




3.2. The contents of metabolites in Lycium barbarum fruits

The total ion chromatogram (TIC) of the quality control (QC) sample (a mixture of all the samples investigated) and a multi-peak detection plot of chemicals in the MRM mode of the same sample are illustrated in Supplementary Figure S1. The peaks of different colors represent the presence of different components in the sample. In the present study, a total of 1,029 metabolites were identified in the fresh L. barbarum samples, which were divided into nine classes based on the change in each treatment (Figure 2A). There were 42, 28, 22, 28, and 20 significantly different metabolites in groups N1: N0, N2: N0, N3: N0, N1: N2, and N3: N2, respectively (Figure 2B), including 28 flavonoids, 22 alkaloids, 16 phenolic acids, 11 lipids, 6 amino acids and derivatives, 3 terpenoids, 3 steroids, 1 organic acid, 1 quinone, 1 nucleotide and derivative, and 3 other chemicals (Figure 2C). Among them (Figure 2D), the contents of flavonoids, alkaloids, amino acids, and saccharides in control fruits (N0) had no significant differences with those of N treatment samples (N1, N2, and N3), among which, all except the content of saccharides showed an increase in N treatment samples when compared to N0. The contents of vitamins showed significant increases in N1 and N3 compared to N0 and N2, and no difference was observed between N0 and N2. The contents of flavonoids, alkaloids, and vitamins in tested samples had the same pattern of increasing first, then decreasing, and then again increasing with the increase in the amount of added urea fertilizer. To screen the potential metabolite markers under the influence of different nitrogen supply levels, the random forest analysis of the relative data of the contents of metabolites in L. barbarum was conducted under four nitrogen supply levels. Based on the result of LEfSe, 19 most important metabolites were selected, 8 belonged to flavonoids (Figure 2E). This result indicates that flavonoids, such as MWSHY0126 (kaempferide), mws0917 (3, 7-Di-O-methylquercetin), mws0040 (chrysin), mws4160 (wogonin), MWSHY0082 (galangin), pmb2979 (hesperetin-7-O-(6-malonyl glucoside)), MWSHY0196 (genkwanin), and mws1397 (epicatechin gallate), had the greatest impacts on the accuracy of the random forest classifier and thus can be used as metabolite markers of L. barbarum fruit for soil nitrogen levels (Figure 2E).
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FIGURE 2
 Response of the levels of fruit metabolites of Lycium chinensis to experimental N addition based on widely targeted metabolomics analysis.




3.3. The microbial diversity in the rhizosphere soil of Lycium barbarum


3.3.1. Effects of N supply levels on the α-diversity of soil bacterial community

The α-diversity of the soil bacterial community was represented by the indices reflecting community richness (ACE and Chao1) and the indices reflecting community diversity (Shannon and Simpson). The α-diversity indices in control samples (N0) had no significant differences from those in N treatment samples (N1, N2, and N3; Figure 3A). But, Shannon, ACE, and Chao1 in N1 were higher than in other treatments, while the Simpson index in N1 was lower than that in other treatments. Meanwhile, the N addition caused significant changes in the bacterial community structure (PERMANOVA test, F = 2.68, p = 0.001; Figure 3B). Further qPCR analysis showed that the activities of nitrogen-fixing microorganisms (NIFH), ammonia-oxidizing archaea (AOA), and ammonia-oxidizing bacteria (AOB) were stimulated with increasing N input, whereas the abundance of NIFH, AOA, and AOB showed the changing trend of first increasing, followed by the decrease, and then again the increase with the increase in the amount of added urea. The results indicated that lower N input may be beneficial to soil microbial diversity and species richness, especially nitrogen-fixing microorganisms (NIFH), ammonia-oxidizing archaea (AOA), and ammonia-oxidizing bacteria (AOB).
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FIGURE 3
 Influences of experimental N addition on microbial diversity index and community composition.




3.3.2. Effects of N supply levels on the composition of soil bacterial community

The Venn diagram drawn to reveal the OTUs at the genus level in different samples from different treatments showed that there were 788, 796, 781, and 759 bacterial genera in N0, N1, N2, and N3, respectively (Figure 4A). The number of bacterial genera shared between N0 and N (N1, N2, and N3) samples reached 771, including 17 unique for N0 and 101 unique for N (N1, N2, and N3). The N addition caused significant changes in bacterial community structure (Figures 3, 4A). Proteobacteria, Actinobacteriota, Chloroflexi, Firmicutes, Acidobacteriota, Gemmatimonadota, Bacteroidota, and Nitrospirota were the dominant phyla in soil bacterial community (Figure 4B). Meanwhile, there were significant differences in the relative abundance of Actinobacteriota, Firmicutes, Gemmatimonadota, Entotheonellaeota, Patescibacteria, and Nitrospirota among the groups N0, N1, N2, and N3. The relative abundance of Nitrospirota showed a significant increase in N (N1 and N3) samples when compared to N0, higher in N2 samples than in the N0 sample. The analysis of dominant bacteria at the genus level showed that 20 genera, including Bacillus, Arthrobacter, Skermanella, and Sphingomonas, were the dominant soil bacteria, accounting for 40–47% of the total bacterial abundance (Figure 4C). To compare the significantly different OTUs of bacteria in samples with and without the N input, we used the STAMP software to investigate the responses of bacterial OTUs to N input (Figure 4D). The N input significantly (p < 0.05) affected around 25 bacterial OTUs (Figure 4D and Supplementary Figure S3). The relative abundances of 17 bacterial OTUs, such as OTU2097, OTU3500, OTU3801, OTU3782, and OTU343, belonging to the phyla Proteobacteria, Actinobacteriota, Chloroflexi, Bacteroidota, Gemmatimonadota, Acidobacteriota, RCP2-54, and Myxococcota, increased significantly in N (N1, N2, and N3) samples compared to N0. The relative abundance of OTU1122 belonging to the Terrisporobacter genus of the phylum Firmicutes exhibited a significant decrease in N samples. In general, the N input changed the community structure and diversity of soil bacteria, such as Nitrospirota, Bacillus, Streptomyces, and Sphingomonas, which may have potential relevance to the cycling of soil nitrogen and other nutrients.
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FIGURE 4
 N-induced changes in bacterial community structure and biomarkers.




3.3.3. Effects of N supply levels on N cycling

To compare the potential transformation mechanisms of nutrients in the rhizosphere soil of L. barbarum with and without N inputs, we used the Functional Annotation of Prokaryotic Taxa (FAPROTAX) to predict the ecological functions of rhizosphere soil bacteria (Figure 1A). The N input may have an influence on chemoheterotrophy, fermentation, nitrate reduction, ureolysis, chitinolysis, nitrogen fixation, cellulolysis, nitrate respiration, and other metabolic functions or pathways. Further PCoA analysis showed that the N addition caused significant changes in the function and structure of bacterial communities (PERMANOVA test, F = 16.127, p = 0.001; Figure 1B). The LEfSe analysis was conducted on soil nutrient cycling pathways to determine pathways at the FAPROTAX gene annotation with significant differences in abundance in different samples. Differences in persistent patterns of soil nutrient pathways between different levels of N input were revealed (Figure 1C). The 20 most important metabolites selected are mainly involved in anoxygenic photoautotrophy, aerobic chemoheterotrophy, chemoheterotrophy, chitinolysis, fermentation, nitrate reduction, cellulolysis, nitrification, etc. The N cycling pathways, such as aerobic chemoheterotrophy, nitrate reduction, nitrification, nitrite denitrification, ureolysis, nitrate respiration, nitrite ammonification, and nitrate denitrification, were different between the samples with and without N inputs. This indicated that N input had a significant impact on the nitrogen cycle in the rhizosphere soil of L. barbarum. Among nitrogen-cycling pathways, the activity of bacteria that have roles in aerobic chemoheterotrophy, nitrate reduction, nitrite denitrification, nitrate respiration, and nitrate denitrification increased with the increase in the N input level, whereas the activity of bacteria involved in nitrite ammonification decreased with the increase in N input level. Further STAMP analysis showed that the rates of nitrogen respiration, nitrite ammonification, and nitrite respiration significantly decreased in N1 samples compared to N0 (Figure 1D). The results of the redundancy analysis (RDA) showed that soil chemical properties, such as TN, NO3−, TK, pH, EC, OM, etc., could explain 26.17% of the total bacterial variation in microbial community structure, of which the first two explained 15.52 and 11.19% of the total variation, respectively (Supplementary Figures S4A,B). Meanwhile, the urea levels and soil chemical properties, such as NO3−, EC, TK, AP, and NH4+, could explain 65.51% of the total variation in biological functions or phenotype and 45.26% of the total variation in bacterial community functions, e.g., soil nitrogen cycling, of which the first two explained 24.72 and 20.54% of the variation in soil nitrogen cycling, respectively (Supplementary Figures S4C,D). Most soil chemical properties demonstrated significant relationships with both the bacterial alpha-diversity and nitrogen cycle when measured individually. The MANTEL analysis was performed to explain the relationships between the nitrogen cycle and soil chemical properties, bacterial alpha diversity, and markers to determine the bacterial populations involved in the N cycle under four treatments (Figure 1E). The results of the MANTEL test showed significantly positive correlations between urea levels and soil pH, EC, TN, TP, NO3−, AK, and AP and ureolysis, nitrate respiration, nitrite ammonification, nitrite respiration, and nitrate reduction. The abundance of nitrogen-fixing microorganisms (NIFH) and ammonia-oxidizing bacteria (AOB) was significantly positively correlated with aerobic nitrite oxidation, nitrification, and ureolysis.



3.3.4. Intensity and structure of the functional genes involved in N cycling

A total of 19 functional genes were classified into 6 functional categories of N cycling in the rhizosphere soil of wolfberry in four N treatments (Figure 5). Among them, the nitrate reduction gene narG, nitrite reduction genes nirS and nirK, and N-fixation gene nifH were the top four functional genes involved in decomposition, denitrification, and N fixation, respectively. Besides these, denitrification genes nrfA, napA, and napB, and nitric oxide reductase genes norB and norC, were associated with microbial groups involved in dissimilatory nitrate reduction, ammonification, and denitrification. The change of specific genes involved in N cycling may indicate that the functional capacities of soil bacterial communities were affected by the amount of applied N. Heatmap displaying the results of cluster analysis showed that the signal intensity of N-cycling function genes was higher in N1 and N3 treatments compared with N0 and N2, and the gene expression patterns in the treatment groups of N0/N2 and N1/N3 were similar (Figure 5B). Results of the student–newman–keuls test showed significant changes in the signal intensity of nifD/H/K, narG/H, napB, and amoA/B/C genes under different treatments (Figure 5C). The signal intensity of nifD/H/K genes in different samples was in the order of N1 > N3 > N0 > N2, indicating that the microbial functional potentials of nitrogen fixation differed between different urea application levels. In addition, 19 functional N-cycling genes showed negative correlations with the content of NH4+ but positive correlations with the content of NO3− and abundances of NIFH, AOA, and AOB (Supplementary Figure S5). However, it is strange that why the intensity of these genes in conventional N input treatment was lower than the reduced amounts of N input treatment and the increased amounts of N input treatment. We think it may be due to the fact that the nitrogen-fixing bacteria of the rhizosphere soil of wolfberry have adapted to the conventional applied urea level, and any increase or decrease would stimulate the activity of nitrogen-fixing bacteria.
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FIGURE 5
 Influences of experimental N addition on nitrogen metabolism related genes.




3.3.5. Effects of various bacterial parameters on the soil nitrogen cycle and nutrient contents of Lycium barbarum fruits

To investigate how bacterial parameters influence the soil nitrogen cycle and nutrient contents of wolfberry fruits, we constructed the co-occurrence networks of soil samples with (N1, N2, and N3) and without (N0) nitrogen inputs (Figure 6A). The node degrees of networks, the power-law degree distributions, and the average path length were significantly greater than those of the corresponding random networks, suggesting the co-occurrence networks to be the small-world networks. The co-occurrence network had 1822 nodes, including 1810 bacterial nodes and 12 Ul, OM, NO3−, nrfD, nifK, nifH, nifD, napB, napA, amoC, amoB, and amoA nodes, 40,413 edges, 38 phyla, and 42.23–54.78% of bacterial biomass. Of these nodes, 30.72, 17.48, 11.93, 9.86, 8.91, and 0.83% belonged to the phyla Proteobacteria, Firmicutes, Actinobacteriota, Acidobacteriota, Chloroflexi, and Nitrospirota, respectively, suggesting that the nodes of Proteobacteria, Firmicutes and Actinobacteria were more likely located at core positions in the network compared to other species (Figure 6B). To better examine the correlations between environmental factors, N cycle, and soil bacteria, the co-occurrence networks of bacterial OTUs from genes associated with environmental factors and nitrogen cycle were constructed. The results of the co-occurrence network analysis showed that UL, OM, and NO3− and nine nitrogen-cycling genes were related to soil bacteria. Among them, UL and NO3− had significant negative correlations with the bacteria from Module 1, and their relative abundances were higher in the N0 sample than in the N samples (Figure 6C). Meanwhile, some non-dominant bacteria involved in the soil nitrogen cycle, such as nitrospira, pseudomonas, nitrosospira, bradyrhizobium, nitrosomonas, nitrolancea, and nitrococcus, were from these nodes, among which, the relative abundance of nitrospira, nitrosomonas, and nitrococcus showed a strong linear relationship with the urea input levels (Supplementary Figure S6).
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FIGURE 6
 Response of co-occurrence networks of soil microbial communities to experimental N addition.


The Fla., Vit, TN, NO3−, and NH4+ were significantly (p < 0.05) influenced by UL, AOB, bradyrhizobium, and their interactions (Table 2). The results of linear regression showed that the content of NO3− in the rhizosphere soil of wolfberry was significantly positively correlated with the urea application level; however, the contents of NO3− and NH4+ in the rhizosphere soil were negatively correlated with the abundance of ammonia-oxidizing bacteria (AOB). Moreover, the content of TN in the rhizosphere soil and also the contents of flavones and vitamins in wolfberry fruits were positively correlated with the relative abundance of bradyrhizobium (Supplementary Figure S7).



TABLE 2 Effect of various ecological variables on the nutrient content of fruit and soil nitrogen content as estimated by GLMM showing significant effect on the final best fitting models.
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4. Discussion

The soil contains a diverse community of microorganisms, primarily bacteria, fungi, archaea, protozoa, and viruses, which play an important role in soil nitrogen supply and crop nitrogen absorption by driving the biogeochemical nitrogen cycle and plant nitrogen acquisition in agricultural ecosystems (Canfield et al., 2010; Philippot et al., 2013). Plants absorb nitrogen in three forms: ammonium, nitrate, and organic nitrogen (Peng et al., 2022). Soil microorganisms play an irreplaceable role in the process of nitrogen assimilation into ammonium and nitrate and are widely involved in six distinct nitrogen transformation processes, such as nitrogen fixation, in which dinitrogen gas is first fixed to ammonia by plants and microorganisms, ammonification, in which organic nitrogen degradation releases ammonium, nitrification, in which NH4+ is oxidized to nitrate (NH4+ → NO2− → NO3−), denitrification (NO3− → NO2− → NO→N2O → N2) or anaerobic ammonium oxidation (NH4+ + NO2− → N2; Peng et al., 2022). Soil bacteria have more nitrogen metabolism genes than archaea and fungi, and they are versatile in nitrogen metabolism, being involved in all stages of the nitrogen cycle (Cabello et al., 2004; Li et al., 2020).

The rhizosphere is the most intricately connected microenvironment of plants, soil, and microbes. Plant roots obtain nitrogen directly from the rhizosphere soil-root region in order to maintain growth and development, and nitrogen deficiency has a direct impact on crop growth, yield, and quality. Urea is one of the most widely used nitrogen fertilizers in agricultural production, and it is critical to maintaining global food production and advancing modern agriculture. Urea fertilizers are rapidly converted to ammonium by microbial action in soils. After applying urea to the soil, the activity of soil urease can be increased, allowing it to hydrolyze urea and increase NH4+-N content, promoting nitrification to form NO3−-N (Ma et al., 2007; Wang et al., 2020). Urease is an enzyme found in many soil bacteria that catalyzes the conversion of urea to ammonia or ammonium ions and bicarbonate ions. Some ammonia-oxidizing bacteria (AOB), such as Nitrosomonas species, can assimilate the carbon dioxide released by the reaction to make biomass via the Calvin Cycle and harvest energy by oxidizing ammonia (the other product of urease) to nitrite, a process known as nitrification (Marsh et al., 2005). The AOB can convert the most reduced form of N (ammonia) into nitrate, and this is the first step in the nitrification process, which is very important. In our study, after adding urea to the soil, the relative abundance of AOB and the activity of urease in the rhizosphere soil of L. barbarum increased significantly, but as urea use increased, the abundance of AOB and the activity of urease decreased significantly. Meanwhile, the amount of soil nitrogen input influences soil bacterial diversity and community structure, and excessive fertilization reduces alpha diversity of bacteria, and the contents of flavonoids, alkaloids, and amino acids in L. barbarum fruits were found to be negatively correlated with urea levels. However, nitrogen deficiency stress (N0) significantly inhibited the biosynthesis of nutrients in L. barbarum fruit, such as flavonoids, alkaloids, vitamins, and amino acids. This is also consistent with previous research findings (Shen et al., 2010). Under different nitrogen supply conditions, the structure and composition of the bacterial community in wheat roots were significantly different, and the addition of high nitrogen would inhibit the diversity and stability of the bacterial community (Kavamura et al., 2018). Under low nitrogen conditions, the Shannon diversity index of the plant rhizosphere soil bacterial community is higher than under high nitrogen conditions (Shen et al., 2010). Proteobacteria and other eutrophic bacteria thrive in environments with abundant nitrogen (Zeng et al., 2016). The competitive advantage of more oligotrophic microorganisms, such as Chloroflexi, Firmicutes, Bacteroidota, and Patescibacteria, over eutrophic microorganisms under nitrogen deficiency stress may lead to greater soil microbial diversity.

Fertilization, along with temperature and precipitation, has a greater impact on the soil nitrogen cycle in the farmland ecosystem. Different fertilization methods, particularly the combination of chemical and organic fertilizer, have different effects on the structure and abundance of functional genes related to the soil nitrogen cycle. Meanwhile, each process of the soil nitrogen cycle is interconnected, and it may be impossible to evaluate the impact of fertilization mode on it comprehensively by studying a single nitrogen cycle gene singly. Different nitrogen cycle processes have their own functional genes that play a key role, such as nifH in N2 fixation, amoA/B in nitrification, narG, napA, nirK/S, and nosZ in denitrification, and nirB/D and nrfA/H in nitrate dissimilatory reduction (He et al., 2022; Li et al., 2020). According to our findings, the urea added amount has a significant impact on nitrogen cycle-related processes such as ureolysis, aerobic nitrite oxidation, nitrate denitrification, nitrate reduction, nitrate respiration, nitrification, nitrite ammonification, nitrogen fixation, nitrogen respiration, and nitrous oxide denitrification. Further analysis of soil nitrogen cycle genes revealed that reducing or increasing nitrogen fertilizer (N1 and N3) application would affect soil nitrogen fixation (nifD/H/K), nitrification (amoA/B/C), and nitrite ammonification (narG/H, napB, nirB, and nrfA/H) compared to normal urea application (N2). The signal intensity of narG/H and napA/B genes in the conventional N input (N2) treatment was lower than that in treatments receiving the reduced amounts of N input (N1) and the increased amounts of N input (N3), indicating that functional potentials of the denitrification process, in which nitrate is reduced to nitrite, differed between N2 and N1/N3 application levels. The signal intensity of amoA/B/C genes in the conventional N input (N2) treatment was lower than that in treatments receiving reduced amounts of N input (N1) and increased amounts of N input (N3), indicating the enhanced functional potentials of ammonia oxidation in N1 and N3 samples. On average, the expression levels of all N-cycling functional genes from all four treatments substantially increased at the reduced N application level (N1), and the increased level of N input (N3) compared to those in the conventional N application (N2) level. In traditional agriculture, the nitrogen fixation of plant rhizosphere bacteria is the most important source of nitrogenous fertilizer. Higher chemical N fertilizer inputs, on the other hand, can reduce the agroecosystem’s reliance on free-living N-fixing bacteria, stimulate resource competition, and further inhibit N fixation (Yu et al., 2021). Ammonia oxidizing bacteria (AOB) are critical nodes in the microbial coexistence network and an important participant in the soil nitrogen cycle, catalyzing the first step in the ammonia oxidation process (Francis et al., 2005; Gao et al., 2013). Nitrosospira is an important species of ammonia oxidizing bacteria, and low nitrogen input stimulates Nitrosospira relative abundance increasing, it indicate that reducing nitrogen fertilizer use may be more beneficial to the soil nitrogen cycle.

The modern multiomics technology, such as macromicrobiology, macrotranscriptomics, and metabolomics, have increased our understanding of plant microbiomes and their roles in coordinating soil nitrogen supply and crop nitrogen absorption, as well as revealed the possibility of manipulating microbiomes to improve crop nitrogen utilization efficiency and reduce fertilizer use. The GLMM model results show that the amount of nitrogen (urea) input, the relative abundance of AOB, and the relative abundance of Bradyrhizobium all have a significant effect on the content of NO3− and NH4+ in soil, as well as the quality of wolfberry fruit. Reduced nitrogen fertilizer input has no effect on wolfberry fruit quality, and can supply plant nutrient by stimulating soil nitrogen fixation and the nitrogen cycle of soil bacteria. This research lays the foundation for future research into the physiological and ecological functions of nitrogen-transforming microorganisms and their evolution, as well as the regulation mechanism of L. barbarum rhizosphere nitrogen utilization. It is critical for understanding the mechanisms of nitrogen absorption and transport in wolfberry roots and improving wolfberry nitrogen use efficiency. It is an important reference for precise fertilization, nitrogen savings, and efficiency improvement in the production of L. barbarum.



5. Conclusion

We discovered that changing the nitrogen input can affect the quality of L. barbarum fruit by altering the soil microbial community structure and the soil nitrogen cycle in the rhizosphere. The GLMM model results show that the amount of nitrogen (urea) input, the relative abundance of AOB, and the relative abundance of Bradyrhizobium all have a significant effect on the content of TN, NO3− and NH4+ in the soil as well as the biosynthesis of nutrients in L. barbarum fruit. As a result, we believe that moderately reducing the use of urea and other nitrogen fertilizers is more conducive to improving soil nitrogen use efficiency and goji berry quality.
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Although microorganisms and silicon are well documented as factors that mitigate salt stress, their effect mitigating saline-alkaline stress in plants remains unknown. In this study, wheat plant seeds were treated with silicon, Enterobacter sp. FN0603 alone and in combination of both. Wheat seeds were soaked in silicon and bacterial solutions and sown in pots containing artificial saline-alkaline soils to compare the effects among all treatments. The results showed that the treatments with silicon and FN0603 alone significantly changed plant morphology, enhanced the rhizosphere soil nutrient content and enzyme activities, improved some important antioxidant enzyme activities (e.g., superoxide dismutase) and the contents of small molecules (e.g., proline) that affected osmotic conditions in the top second leaves. However, treatment with silicon and FN0603 in combination significantly further increased these stress tolerance indexes and eventually promoted the plant growth dramatically compared to the treatments with silicon or FN0603 alone (p < 0.01), indicating a synergic plant growth-promoting effect. High relative abundance of strain FN0603 was detected in the treated plants roots, and silicon further improved the colonization of FN0603 in stressed wheat roots. Strain FN0603 particularly when present in combination with silicon changed the root endophytic bacterial and fungal communities rather than the rhizosphere communities. Bipartite network analysis, variation partitioning analysis and structure equation model further showed that strain FN0603 indirectly shaped root endophytic bacterial and fungal communities and improved plant physiology, rhizosphere soil properties and plant growth through significantly and positively directing FN0603-specific biomarkers (p < 0.05). This synergetic effect of silicon and plant growth-promoting microorganism in the mitigation of saline-alkaline stress in plants via shaping root endophyte community may provide a promising approach for sustainable agriculture in saline-alkaline soils.
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1. Introduction

Soil salinization mainly occurs in semi-arid and arid area and influences 7% of the world’s filed. In soil salinization, neutral salts (mainly NaCl and Na2SO4) generate salt stress but alkali salts (mainly NaHCO3, Na2CO3) make additional alkali stress beside salt stress and lead to soil saline-alkalization (Wang et al., 2021). Neutral salt stress damages plants via water deficit within the plant, ion toxicity mainly Na+ and Cl−, nutritional imbalance resulting from reduction of nutrient uptake and/or transport to the shoot, accumulation of reactive oxygen species (ROS), and plasmolysis induced by ethylene signal (Mishra et al., 2013; Kerbab et al., 2021). Compared with neutral salts, alkali ones are more harmful to plants because of its high alkalinity which heavily reduce the nutrient availability. This leads to an imbalance of nutrients and ions in the plant (Guo et al., 2017; Song et al., 2021) and cause injury to photosynthetic systems characterized by chlorosis (Chen et al., 2011). Under such conditions, plant synthesize small molecules (e.g., proline and total soluble sugars) to maintain the osmotic balance and improve the activities of ROS scavenging enzymes (e.g., SOD, POD, and CAT) to reduce the oxidation of some key biomacromolecules such as nucleic acids, proteins and lipids (Hao et al., 2021). But till now, most studies used neutral salts to simulate saline-alkaline stress; only a few utilized alkaline salts to do that (Lu et al., 2022). Moreover, as neutral and alkali salts are usually co-existed, soil saline-alkalization influences a much larger land area. According to UNESCO (United Nations Educational, Scientific and Cultural Organization) and FAO (Food and Agriculture Organization), the saline-alkalization land area is more than 900 million hectares globally. One-third of global soil saline-alkalization occurs in China while about 70% of the Chinese occurs in semiarid and arid region of Northwest (Wang et al., 2021). Soil saline-alkalization of arable land will be increasing in the future if effective solutions are not applied (Fang et al., 2021; Kerbab et al., 2021). Therefore, there is a convergent and unmet need to discover strategies that migrate the saline-alkaline stress in plants in saline-alkaline soils.

Many studies have demonstrated that halotolerant, plant growth-promoting rhizobacteria (PGPR) can effectively eliminate salt stress, promote plant growth and enhance crop productivity under salt stress (Kumawat et al., 2022). Silicon is often used to enhance salt tolerance and promote plant growth (Mir et al., 2022) by various mechanisms like the positive regulation of phytohormones, reactive oxygen species-scavenging enzymes, osmotic-balancing solutes, plant photopigments and affecting other soil properties such as nutrient contents and enzyme activities (Kumawat et al., 2022; Mir et al., 2022). From approximately 2016 to the present, treatment with a combination of silicon and PGPR to effectively mitigate plant salt stress has attracted more attention due to its efficacy and an ecofriendly approach for future sustainable agriculture (Mahmood et al., 2016; Etesami and Adl, 2020; Kubi et al., 2021; Mahmood et al., 2022). Plant-microbe interactions are viewed as a key adaptive survival strategy in abiotic stress (Chen et al., 2022; Trivedi et al., 2022). But at present, the effect of PGPR on the microorganism community structure is not sufficient (Ji et al., 2021).

Wheat (Triticum aestivum L.) is one of most important cereal crops because it nourishes approximately 4.5 billion people, is planted extensively and has the potential for high global productivity (Mickky, 2022). Environmental stress is a factor in approximately 91% of global wheat cultivation, resulting in a 50% yield reduction (Kajla et al., 2015). Saline-alkalinity is a major environmental stress on crops cultivated in the northwest region of China (Zhang et al., 2021), which is the primary spring wheat-producing area. Treatment with silicon or PGPR alone could improve salt tolerance and promote the growth of wheat under neutral salt stress (Mickky, 2022), but the effects and mechanisms of a combination of silicon and PGPR on wheat under saline-alkaline stress is currently unknown.

The present study treated wheat seeds with silicon, a PGPR strain Enterobacter sp. FN0603 alone and in combination of both, employed NaCl and Na2CO3 to simulate saline-alkaline stress, mixed a handful of nature saline-alkaline soil as source to introduce halotolerant PGPR in the planting artificial soils, and determined and compared plant biomass, antioxidant enzyme activities, nutrient contents, microorganism community among the treatments, to (1) assess effects of silicon, Enterobacter sp. FN0603 and the combination of both on the wheat plant growth and physiobiochemical characteristics, rhizosphere soil physicochemical properties and bacterial and fungal community structures in rhizospheric soils and in roots and (2) elucidate the mechanisms of the saline-alkaline stress mitigation by silicon and the PGPR strain.



2. Materials and methods


2.1. Wheat cultivar and PGPR strain used and their basic traits

The wheat cultivar employed was Yongliang No. 4 spring wheat, which is widely planted in Northwest China where saline-alkaline stress reduces plant growth and limits crop production. Our previous experiments (Xu, 2017) showed that the germination rate of Yongliang No. 4 decreased to approximately 50% and seedling growth was significantly inhabited in the presence of 100 mM NaCl at pH 9.0.

Seeking salt-tolerant bacteria, we isolated PGPR from some typical desert plants such as Zygophyllum xanthonylon and Haloxylon ammodendron and tested their plant growth promoting properties, including nitrogen fixation, solubilization of inorganic phosphorus, siderophore production, 1-Aminocyclopropane-1-Carboxylate (ACC) deaminase activity, indole-3-acetic acid (IAA) production, biofilm formation and exopolysaccharide (EPS) production. A strain isolated from the rhizosphere soil of Haloxylon ammodendron (sampled from arid region of Northwest China; GPS location 107°54′22.6′′E, 42°15′41.8′′N), and designated FN0603, which displayed all of these plant growth-promoting traits and high salinity-alkalinity tolerance (Supplementary Table S1) and showed a remarkable growth-promoting potential for wheat under saline-alkaline stress when inoculated alone. A phylogenetic analysis indicated that this strain clustered with other Enterobacter and had the highest 16S rRNA gene sequence similarity (99.87%) with Enterobacter hormaechei EN-114T (Supplementary Figure S1), suggesting that FN0603 belongs to the genus Enterobacter.



2.2. Seed treatments with silicon and FN0603

Four treatments were set up in this experiment, i.e., NU (null, no Si or FN treatments), Si (silicon-Na2SiO3 alone), FN (bacterial strain FN0603 alone) and FN_Si (a combination of silicon-Na2SiO3 and bacterial strain FN0603). Wheat seeds were treated by soaking them in the appropriate solution (i.e., sterilized 0.1% Carboxymethylcellulose sodium (CMC-Na) solutions containing silicon alone, FN0603 alone, both silicon and FN0603 or no silicon or FN0603) for 20 min. CMC-Na was employed to enhance adhesion to the seed surface.

An isolated single colony of FN0603 was inoculated into sterilized 1/2 R2A liquid medium (0.25 g peptone, 0.25 g casein hydrolysate, 0.25 g glucose, 0.25 g soluble starch, 0.15 g dipotassium phosphate, 0.012 g magnesium sulfate and 0.15 g sodium pyruvate in 1000 ml distilled water, pH 7.2), the culture was shaken with 160 rpm/min for 3 days then centrifugated to obtain the cells. The resulted cells were resuspended to an OD600 of 2.0 in sterilized 0.1% CMC-Na solution and immediately used to soak the seeds.

Healthy wheat seed grains were soaked in sterilized 0.1% CMC-Na solution for the NU treatment, in a sterilized 0.1% CMC-Na solution containing 0.8% Na2SiO3 for the Si treatment, in an FN0603 cell suspension for the FN treatment and in a mixture of Na2SiO3 and FN0603 (using the same number of FN0603 cells and the concentration of Na2SiO3 as in each individual solution) for the FN_Si treatment. After the excess liquid was removed, the seeds were immediately sown in pots.



2.3. Pot experiment

The surface soil (top 10 cm) of fields near Huhhot City (111°46′25.4”N, 40°38′29.8″E) and Barynoer City (40°58′37.4”N, 107°47′55.3″E) were collected as neutral bulk and saline-alkaline source soils, respectively. The collected soils were screened through a 2 mm sieve to remove debris such as roots and stone. The sieved bulk soils were mixed well with quartz sand in a 2:1 volume ratio and a small amount of sieved saline-alkaline source soils ([image: image] of the bulk and quartz mixture volume) was placed in black plastic pots (16 × 14 cm) and irrigated with Hoagland’s solution ([image: image] ×concentration of Hoagland solution adjusted the Na+ concentration to 100 mM and the pH to 9.0 with Na2CO3 and NaCl: firstly adjusted pH to 9.0 by Na2CO3, then calculated Na+ concentration and replenished by NaCl to 100 mM), until the volume escaping from the bottom of the pot did not change within 2 h. The resulting soil was considered completely saturated by the saline-alkaline solution. After the first irrigation, 10 seed grains were sowed in each pot and covered with 1 cm of the same soil as in the pot. Twenty replicate pots for each treatment were prepared. The pots were cultivated under conditions of 5,000 Lux light-intensity, a light/dark cycle of 14/10 h and a temperature of 25 ± 2°C in a room without sunlight. During cultivation, pots were regularly irrigated with 185 mL of sterile distilled water per pot when the leaves appeared to be wilting. Water overflew from pot bottom was poured back into the corresponding pot the next day to ensure a stable salt content. The saline-alkaline fields planted wheat probably enriched halotolerant microorganisms and they may interact with silicon and strain FN0603 to rapidly help wheat in responding the stress. The saline-alkaline fields are far away from our laboratory and moreover the soils are just needed minor as source. Thus, the pot experiment was designed to add minor saline-alkaline source soils.



2.4. Sampling of plants, rhizosphere soils and roots

Wheat plants of similar size and appearance (e.g., similar shoot height) were selected at 30 days after emerged, the entire plant was sampled, and the corresponding rhizosphere soil, leaves and roots were taken for further analysis. After the roots were carefully dug out, large soil chunks were removed by shaking and the residual soil brushed off, then the roots were quickly frozen in liquid nitrogen and stored at −80°C until ready for the rhizosphere soil analysis (Mendes et al., 2014). After the rhizosphere soil was removed, the roots were washed with sterile water for 30 s, then soaked in 70% ethanol for 2 min, followed by a soak in 2.5% NaClO containing 0.1% Tween 80 for 5 min, subsequently transferred to 70% sterile ethanol for 30 s, and finally washed with sterile water three times. The clean roots were quick-frozen with liquid nitrogen and then stored at −80°C for the root endophytic microorganism analysis (Ren et al., 2019). Five biological replicates were employed for all the samples, respectively.



2.5. Assays of wheat growth parameters

Wheat growth parameters including morphology, seedling emergence, tiller number, shoot length, root length, shoot dry weight and root dry weight were observed and measured. Germination rate was determined by the formula (number of seeds geminated/total number of seeds sown) described by Aniat et al. (2010). The growth morphology and tiller number of wheat were recorded when and after sampled. Length of shoot and root were measured using measuring scale in centimeter. After oven-drying at 60°C for 72 h, the shoots and roots were weighed for the dry weight. Based on biomass (i.e., the dry weight of the whole plant), salt tolerance indexes (STI) were calculated as according to Kumawat et al. (2018) using the Equation (1):
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where TDW- total (shoot + root) dry weight.



2.6. Biochemical analysis of wheat

The top second functional leaves were used for the determination of leaf protein, the proline and malondialdehyde (MDA) contents and the activities of the reactive oxygen species-scavenging enzymes superoxide dismutase (SOD), catalase (CAT) and peroxidase (POD). For chlorophyll and carotenoids analysis, 0.5 g fresh leaves were homogenized in 50 mL ethanol to extract pigments and determined OD649, OD665, and OD470, respectively, and calculated using the Equations (Lichtenthaler and Wellburn, 1983) (2), (3), (4) and (5):
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where V- the final volume of the supernatant and W- fresh weight of the leaf.

Fresh leaves of 0.1 g were crushed homogenously in 1 mL the particular extract liquid, and then determined using spectrometer methods followed the protocols of manufacturer (Suzhou Grace Biotechnology Co., Ltd.). The used kits were G0101F, G0105F, G0107F, G0109F, and G0124F for SOD, CAT, POD, MDA and root activity, respectively.



2.7. Assays of rhizosphere soil properties

Rhizosphere soil was air-dried and screened through 1 mm, then determined properties following the method according to Zhang et al. (2007). The contents of organic matter (OM) were determined using the K2Cr2O7-H2SO4 volumetric dilution heating method. Available nitrogen (AN) was determined by the alkaline diffusion method. Available phosphorus (AP) was extracted with 0.5 M NaHCO3 (pH 8.5) and measured at 880 nm. Rhizosphere soil and distilled water (1:5, m/v) were mixed and shaken for 30 min, then read the electrical conductivity (EC) of the filtered leach solution using conductivity meter. Soil and distilled water (1:10, m/v) were mixed and shaken for 30 min, then measured the pH of the filtered leach solution using pH meter.

For soil enzyme activity assays, rhizosphere soil was air-dried and screened at 60 mesh. Following the particular protocols, the activities of soil alcalase protease (ALPT), alkaline phosphatase (ALP), urease (UE), sucrase (SC), catalase (CAT) and soil dehydrogenase (DHA) were determined using Soil properties kits of Suzhou Grace Biotechnology Co., Ltd. The used kits were G0314W, G0305F, G0301W, G0302W, G0303W and G0307F for ALPT, ALP, UE, SC, CAT and DHA, respectively.



2.8. Analysis of the diversity and community structure of rhizosphere and root endophytic microorganism

According to the manufacturer’s protocols, DNA was extracted from the rhizosphere soil and the clean roots using the DNeasy® PowerSoil® Pro Kit (QIAGEN, NA, United States) and the FastDNA® Spin Kit for Soil (MP Biomedicals, CA, United States), respectively. The fungal ITS1 regions were amplified by PCR using primers ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS2R (GCTGCGTTCTTCATCGATGC). The V5–V7 regions of the root endophytic bacterial 16S ribosomal RNA gene were amplified by PCR using the primer pair 799F (AACMGGATTAGATACCCKG) and 1193R (ACGTCATCCCCACCTTCC), the V3-V4 regions of the rhizosphere bacterial 16S ribosomal RNA gene were amplified by PCR using the 338F primer (ACTCCTACGGGAGGCAGCAG) and the 806R primer (GGACTACHVGGGTWTCTAAT) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, United States). The concentration and purity of the DNA was assessed using a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., MA, United States). A NEXTFLEX® Rapid DNA-Seq Kit (Bioo Scientific, TE, United States) was used to build a library and Illumina’s Miseq PE300 platform (Illumina, SD, United States) was used for high-throughput sequencing. All amplicon sequencing was performed by Shanghai Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China).

The Fastp software1 (Chen et al., 2018) was used for quality control of the original sequence, the and the FLASH software2 (Tanja and Steven, 2011) for mosaic analysis. Based on the default parameters, the DADA2 (Callahan et al., 2016) plug-in in the Qiime2 process (Bolyen et al., 2019) was used to de-noise the optimized sequences after quality control splicing to get the amplicon sequence variants (ASVs) sequence. The chloroplast and mitochondrial sequences annotated in all samples were removed, and the number of sequences in all samples was equalized to 20,000. The Good’s coverage of each sample could reach 99.09%. A species taxonomic analysis of ASVs was performed using the Naive Bayes classifier from Qiime2 based on the Silva (Ver. 138)16S rRNA gene database and Unite (Ver. 8.0) ITS gene database. The α- and β- diversity indices were calculated as described by Tang et al. (2021).



2.9. Identification of specific biomarkers

A linear discriminant analysis (LDA) effect size (LEfSe) analysis (Segata et al., 2011)3 was used to identify the biomarkers present in the various treatments (LDA > 3, p < 0.05) that had significant differences in abundance. Referred to Wang et al. (2022), differential genera between four treatments were divided into three groups, namely Group Si, Group FN and Group FN_Si. For instance, differential genera between Si and NU treatments were combined with differential genera between FN_Si and FN treatments into a group named by Group Si and defined as the group’s biomarkers (further split into and labeled as rhizo_biomarkers_Si and endo_biomarkers_Si corresponding to rhizospheric and root endophytic microorganisms, respectively). Similarly, the differential genera between FN and NU were combined with between FN_Si and Si in Group FN; ones between FN_Si and NU was in Group FN_Si; the obtained differential genera in the individual groups were defined as the groups’ biomarkers. Distance matrixes for soil properties, wheat physiology, wheat growth and the root-microorganism communities were calculated with a principal coordinate (PCoA) dimensionality reduction analysis using the R package of the Vegan software (ver. 2.5-7). The values of the PCo1 axis and PCo2 axis were compared with the values before dimensionality reduction by a Spearman correlation (|r| > 0.6, p < 0.05) using the R package “psych” (Revelle and Revelle, 2015). The axis which showed the higher significance correlation was used as the representative axis for the subsequent analysis (shown in yellow mark in Supplementary Data Sheet 1).



2.10. Mantel test and bipartite network analysis

A Mantel test (based on Bray–Curtis) of the physiologic properties of the wheat and soil and all of the root-associate microbiome was conducted using the R package “linkET” (Li T. et al., 2022) after scaling and calculating the distance matrices. A bipartite network analysis was also conducted to assess the relationships among microorganism communities for genus, soil properties, wheat physiology and wheat growth. The network was generated using the R package “ggClusterNet” (Wen et al., 2022) and visualized by Gephi v0.9.271 (Bastian et al., 2009).



2.11. Construction of structural equation model

The results of the Mantel test and network indicated that most of soil properties, wheat physiology and wheat growth parameters were poorly correlated with the rhizosphere communities, so the structural equation model (SEM) and variation partitioning analysis (VPA) were only focused on the root endophytic communities.

A SEM was implemented with the software IBM SPSS AMOS (Ver. 23) with maximum-likelihood estimation and visualized by the affinity designer software (Serif Ltd., Nottingham, United Kingdom). Model fitness was examined using the χ2 tests, the comparative fit index (CFI) and the root mean square error of approximation (RMSEA). Low χ2 values (p > 0.05), high CFI (>0.90) and low RMSEA (<0.05) indicated a well-fitting model. VPA determined the explanatory degree among strain FN0603, specific biomarkers, root endophytic bacterial communities, root endophytic fungal communities, rhizosphere soil properties, wheat physiology and wheat growth.



2.12. Statistical analysis

The statistical analysis of the data was carried out with a one-way analysis of variance (ANOVA) and the results were considered significant at the levels of p < 0.05 or p < 0.01 and labeled with uppercase or lowercase letters, respectively. Column diagrams of the physiologic parameters of the wheat and soil were drawn with the R package “EasyStat” (Zhu et al., 2022).




3. Results


3.1. Effects of silicon and Enterobacter sp. FN0603 on the growth parameters and physiology of wheat under saline-alkaline stress

Thirty days after emergence, several commonly used plant growth parameters were analyzed. Compared with NU, the Si and FN treatments both evidenced remarkably different morphologies (Figure 1), with the significant increases of the shoot and root lengths of wheat under saline-alkaline stress (Figure 2A). However, in the FN_Si treatment, all plant growth parameters were significantly higher than Si and FN treatments (Figure 2A). For example, the shoot and root dry weight for FN_Si were 1.9 and 1.7, 1.5, and 1.4 and 1.2 and 1.2 times greater than NU, Si and FN, respectively. Moreover, FN_Si also showed extremely and significantly higher tiller numbers, 7.5, 3 and 2.5 times greater than NU, Si and FN, respectively (Supplementary Table S2). Ultimately, the improved plant growth parameters can be ascribed to the salt tolerance index for the wheat under stress as affected by the treatments (Supplementary Table S3). Compared with Si and FN, the index for FN_Si, respectively improved to 144.75 and 116.32. Additionally, FN0603 alone highly significantly enhanced all growth parameters (e.g., root dry weight, 1.2 times compared to Si), implying that treatment with Enterobacter strain FN0603 is more effective than with silicon. Obviously, both silicon and FN0603 can promote wheat growth under saline-alkaline stress conditions but the presence of both more effectively mitigates the stress.
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FIGURE 1
 Morphology of wheat under salt-alkaline stress.
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FIGURE 2
 (A) Wheat growth, (B) wheat physiology, and (C) soil properties. Error bars indicate the SD from the mean among treatments. Letters indicate significant differences at p < 0.05.


Physiological parameters of the functional wheat leaves were determined, including the antioxidase activities, chlorophyll content, carotenoid content and root activities, which are commonly responsible for the plant antioxidant capacity, as well as the proline and the total soluble protein contents, which indicate the osmotic regulation capacity under salt stress (Figure 2B). The results showed that all of the enzyme activities increased with treatment, with the largest increase of 49.25% of CAT activity occurring in FN_Si compared to NU. Treatment with either one or a combination of Si and FN elevated the total soluble protein and proline contents but decreased the carotenoid and MDA levels with highly significant differences (p < 0.01). The contents of the pigment chlorophyll and the root activities were significantly enhanced in Si, FN and FN_Si compared to NU as well. The magnitude of the effects followed the order FN_Si, FN and Si.



3.2. Effects of silicon and Enterobacter sp. FN0603 on rhizosphere soil properties of wheat under saline-alkaline stress

Significant differences in the improvements of the physiochemical parameters and enzyme activities of the rhizosphere soil were observed in the presence of silicon and FN0603 alone as well as in the combination treatment compared to NU (Figure 2C). In major nutrients (i.e., OM, AN, and AP), the most improvement occurred in AN, and FN_Si, FN and Si was 79.02, 52.64 and 24.70% higher than NU, respectively; while the most improvement for soil enzymes (i.e., CAT, ALPT, ALP, UE, DHA, and SC) was occurred in CAT, and FN_Si, FN and Si was 83.31, 26.13, and 9.37% higher than NU, respectively. Nevertheless, EC and pH were both decreased in all treatments compared to NU with the greatest effect in FN_Si, which showed decreases of 61.2, 46.6, and 21.7% for salinity and 3.21, 3, and 2.5% for pH compared with NU, FN and Si, respectively. All differences were extremely significant (p < 0.01).



3.3. Effects of silicon and Enterobacter sp. FN0603 on the diversity and composition of root-associated microorganism community of wheat under saline-alkaline stress

Bacterial and fungal α-diversity box plots showed that the Chao1 and Shannon indexes were approximately one order of magnitude greater for rhizosphere microorganisms than for the corresponding root endophytes; nevertheless the α-diversity of the root endophytes was much higher for the treatments compared to the rhizosphere microorganisms. The treatments did not show striking differences in the Chao1 and Shannon indexes of the rhizosphere bacteria, but a significant increase in the Chao1 index of the rhizosphere fungi was seen, particularly for FN_Si, which was 10.43% higher compared to NU (Supplementary Figure S2A). Silicon alone significantly increased the Chao1 indexes (p < 0.05) of the root endophytic bacteria and fungi; Silicon and FN0603 alone reduced the Shannon indexes of the root endophytic bacteria and fungi, and the combination extremely significantly (p < 0.01) decreased the Shannon indexes up to 42.5 and 42.3%, respectively (Supplementary Figure S2B).

A PCoA was employed to evaluate the β-diversity. The results showed that the treatments, especially the combination of silicon and FN0603, showed a β-diversity well-separated from the other treatments, indicating significant changes in the rhizosphere and root endophytic bacterial and fungal community structures (Adonis test; Supplementary Figure S3).

A total of nine predominant bacterial phyla were identified from rhizosphere bacterial community, including Proteobacteria, Actinobacteriota, Chloroflexi, Acidobacteriota, Bacteroidota, Gemmatimonadota, Firmicutes, Myxococcota and Patescibacteria, among which Proteobacteria (27.22–33.27%) and Actinobacteriota (27.28–28.92%) were greatest (Figure 3A). Only five predominant phyla, i.e., Proteobacteria, Firmicutes, Bacteroidota, Actinobacteriota and Acidobacteriota were found for the root endophytic bacteria, Proteobacteria accounted for 76.43–98.31%, and was the most predominant root endophytic bacterium (Figure 3C). For all treatments, the relative abundance of Chloroflexi and Acidobacteriota was markedly increased, whereas Proteobacteria and Firmicutes decreased for the rhizosphere bacteria. Predominant genera (i.e., a relative abundance greater than 5%) were Arthrobacter (8.29–11.05%), Pseudomonas (2.68–4.56%) and Enterobacter (0.18–1.09%) for the rhizosphere bacterial community (Supplementary Figure S4A). For the root endophytic bacterial community, the treatments markedly increased the relative abundance of Proteobacteria but decreased the relative abundance of Firmicutes, Actinobacteriota and Acidobacteriota. The genus Enterobacter (4.12–47.95%) was dominant and its abundance increased with treatment in the order Si, FN and FN_Si (Supplementary Figure S4C). Additionally, FN_Si remarkably increased the abundance of Pseudomonas to 21.70%.
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FIGURE 3
 (A) Rhizosphere bacterial community, (B) rhizosphere fungal community, (C) root endophytic bacterial community, and (D) root endophytic fungal community composition at phylum level.


For the rhizosphere fungal community, four predominant phyla were seen, including Ascomycota, Mortierellomycota, Basidiomycota and one unknown phylum, among which Ascomycota was the most dominant with an abundance of 84.50–90.41% (Figure 3B). In the root endophytic fungal community, the treatments, particularly the combination, further significantly increased the abundance of Ascomycota and decreased Basidiomycota and one unknown phylum (Figure 3D). At the genus level in the rhizosphere fungal community, the treatments, particularly FN_Si, further significantly increased the abundance of Neocosmospora and Fusicolla, and decreased Fusarium (Supplementary Figure S4B). For root endophytic fungal community, all treatments gradually increased the abundance of genus Fusarium up to 70.51% from 6.61% in NU; in contrast, Apiotrichum decreased with treatment from 10.33% in NU to 3.18% in FN_Si (Supplementary Figure S4D).

The sequences of ASV5038 and ASV1 had 100% similarity with the corresponding partial 16S rRNA gene of strain FN0603 retrieved from the rhizosphere and root endophytic high-throughput sequencing data (Supplementary Figure S5). A much lower abundance ASV5038 was detected in the rhizosphere high-throughput sequencing data from all four treatments; even the inoculation with FN0603 decreased the abundance, and the decrease in FN_Si was significantly different (Supplementary Figure S6A). Similarly, for the root endophytic data, FN and FN_Si showed a remarkably increased the abundance of ASV1 approximately one order of magnitude greater compared to the other two treatments, and FN _Si was significantly greater than FN alone (respectively 3.7, 3.0, 27.9 and 36.0% for NU, Si, FN and FN_Si; p < 0.01; Supplementary Figure S6B). These results indicated that FN0603 could colonize wheat roots; the strain is an endophyte and colonization is further improved in the presence of silicon.



3.4. Biomarkers of root-associated microorganism of wheat under saline-alkaline stress

For the rhizosphere microorganisms, the numbers of biomarkers were higher in Group Si (12 bacteria and 5 fungi general) and FN (17 and 5) than in Group FN_Si (7 and 3); but for the root endophytes, the numbers were greater in Group FN_Si (43 bacteria and 5 fungi general) and FN (39 and 13) than in Si (35 and 3) (Supplementary Figures S7–S10). A correlation analysis further showed that root endophytic bacteria and fungi biomarkers of 18 in Group FN and 20 in Group FN_Si were significantly related to FN0603 (p < 0.05), respectively; and they included 14 genera shared by the two groups. Among 14 genera, the relative abundances of four genera (two bacterial and two fungal), Enterobacter, one unclassified (belong to Order Enterobacterales), Fusarium, and Myrmecridium, were significantly increased in FN_Si over Si and FN treatments, suggesting that the four genera with high abundance may have a stronger interaction between strain FN0603 along with silicon and wheat plant under saline-alkaline stress.



3.5. Correlations among strain FN0603, FN0603-specific biomarkers, microorganism communities, rhizosphere soil properties, and wheat physiology of wheat under saline-alkaline stress

The Mantel tests revealed significant positive correlations between rhizosphere soil properties, wheat physiology and wheat growth (p < 0.01), but EC, pH and MDA had negative effects on these parameters (Figure 4). Rhizosphere microorganisms were not significantly correlated with major soil properties, or wheat plant physiology. But in striking contrast, root endophytic microorganism communities showed extremely significant correlations with the majority (p < 0.01) and significant correlations with a few soil properties, wheat plant physiology and growth (p < 0.05; Figure 4). Consistent with this, the network based on the Spearman correlation assay also indicated that the endophytic microorganism communities were significantly correlated with the rhizosphere soil properties, wheat physiology and wheat growth. These included Enterobacter, unclassified_f_Enterobacteriaceae, unclassified_o_Enterobacterales, Aquabacterium, Sphingomonas and Pelomonas from the endophytic bacterial community and Fusarium, Poaceascoma and Myrmecridium genera from the endophytic fungal community (Figures 5C,D). Inconsistently with the Mantel tests, the Spearman correlation indicated that Enterobacter, Sphingomonas and Rubrobacter from the rhizosphere bacterial community were significantly and positively correlated with almost all wheat plant physiology, soil properties and wheat growth. Moreover, Microdochium and Fusarium from the rhizosphere fungal community were significantly affected wheat and soil properties (Figures 5A,B). Consistently, the VPA further indicated that the highest total explanatory power for wheat growth were wheat physiology and rhizosphere soil properties (81.98 and 94.05%, respectively) (Figure 6D); the highest total explanatory power for rhizosphere soil properties (90.66%) were FN0603, endophytic bacterial community and endophytic fungal community (Figure 6E); the highest total explanatory power for wheat physiology were FN0603, endo_biomarkers_FN and endo_biomarkers_FN_Si (64.99%) (Figure 6B); for the endophytic bacterial community and endophytic fungal community were FN0603, endo_biomarkers_FN and endo_biomarkers_FN_Si (39.74 and 16.06% respectively) (Supplementary Figure S11).
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FIGURE 4
 Mantel test showed the correlation among root-associate microorganisms, wheat physiology and soil properties. The size of square represents Pearson Correlation Coefficient (r) among different physiology properties factors.
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FIGURE 5
 Network analysis depicting an interaction pattern among generals of (A) rhizosphere bacterial communities, (B) rhizosphere fungal communities, (C) root endophytic bacterial communities, and (D) root endophytic fungal communities, wheat physiology, soil properties and wheat growth. The size of nodes and labels represent the degree of connection. The red line indicated the positive interaction and blue line indicated negative interaction. The top 50 species with|r| > 0.6 and p < 0.05 were retained.
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FIGURE 6
 Variation partitioning analysis (VPA) evaluated the explanatory degree of FN0603, endo_biomarkers_FN and endo_biomarkers_FN_Si to the variation of (A) soil properties, (B) wheat physiology and (C) wheat growth. The explanatory degree of soil properties and wheat physiology to the variation of (D) wheat growth. The explanatory degree of FN0603, root endophytic bacterial communities and root endophytic fungal communities to the variation of (E) soil properties, (F) wheat physiology, and (G) wheat growth. All the specific biomarkers were FN0603-specific biomarkers.




3.6. Effects of strain FN0603 on microorganism communities, biomarkers, rhizosphere soil properties, and wheat physiology under saline-alkaline stress

SEM was employed to evaluate the direct and indirect effects of treatment with silicon alone, FN0603 alone and silicon and FN0603 combined on the microbial communities, soil properties, wheat physiology, and wheat growth. In all groups defined by the LEfSe assay above, all of the models fit the data well. Wheat growth was directly, positively and significantly affected by rhizosphere soil properties (λ of 0.753–0.803, p < 0.001) and wheat physiology (λ of 0.105–0.192, p < 0.05); soil properties were directly and positively affected by the root endophytic fungal community (λ of 0.456–0.776; highly significantly, p < 0.001 in Group Si and p < 0.05 in the other two groups) and bacterial communities (not significant) (Figures 7A–C). Silicon alone affected the endophytic bacterial community, producing significant, direct and positive effects on the fungal community (λ = 0.759, p < 0.001) (Group Si shown in Figure 7A), whereas FN0603 alone (Group FN shown in Figure 7B; λ = −0.647) and the combination of FN0603 and silicon (Group FN_Si shown in Figure 7C; λ = −0.616) showed endophytic bacterial community have an significant and direct but negative effects on the endophytic fungal community (p < 0.001).
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FIGURE 7
 Structural equation model (SEM) analyzing the directly and indirectly effect paths of (A) Si, (B) FN and (C) FN_Si on wheat growth through specific biomarkers, root endophytic microorganisms, soil properties, and wheat physiology. Numbers adjacent to each arrow are the standardized path coefficients. The width of each arrow is proportional to the strength of its corresponding path coefficient. R2 denotes the proportion of variance explained. Blue and red arrows indicate positive and negative relationships, gray line indicate non-significant relationships, respectively. * Represents a significant difference (***p < 0.001; **p < 0.01; *p < 0.05), 1represents not FN-specific biomarkers, 2represents FN-specific biomarkers.


In Group Si, endophytic biomarkers (composed of bacteria and fungi, the same as in the following) had significant, direct and negative effects on the endophytic bacterial community (λ = −0.764, p < 0.001), but the endophytic biomarkers induced by and significantly correlated with FN0603 had extremely significant, direct and positive effects on the endophytic bacterial (λ = 0.920 and 0.917 in Group FN and Group FN_Si, respectively; p < 0.001) and fungal communities (λ = 1.528 and 1.500 in Group FN and Group FN-Si, respectively; p < 0.001). FN0603 directly affected endophytic biomarkers in Group FN (λ = 0.632, p < 0.01) and Group FN_Si (λ = 0.613, p < 0.01). Besides indirect effects through mediating the entophytic bacterial and fungal communities, the significant and positive direct effects of endophytic biomarkers on soil properties were observed with λ values of 0.530 and 0.550 (p < 0.05) in Group FN and Group FN_Si, respectively. The models of Group Si, FN and FN-Si explained 37.6–58.4% of the endophytic biomarkers of the variation in the root endophytic bacteria and 84.8–99.7% of the variation in the other items.




4. Discussion

High salinity and alkalinity greatly limit plant growth and production, especially when the adverse alkaline conditions are caused by Na2CO3 or NaHCO3 and occur during the initial phase of the plant life cycle (e.g., seedling; Liu et al., 2022; Pérez-Rodriguez et al., 2022). Chemical treatment of seeds with silicon or inoculation with a biological agent such as PGPR could eliminate salt damage to the plants (Kubi et al., 2021), but the effects of treating seeds with a combination of silicon and PGPR on plants under saline-alkaline stress are less clear. This study first showed significant effects on the growth wheat seedlings when the seeds are treated with silicon and PGPR and indicated that the mechanism was related to plant morphology and physiology, rhizosphere soil properties and particularly to root-associated microorganisms.

Morphological, physiological and biochemical traits are commonly used as indicators for plant health and growth, since alterations in these parameters could provide important adaption information for plants subjected to the combined stress of salt and alkali (An et al., 2021). Treatment with silicon or PGPR alone could counteract salt stress damage and change morphological and physio-biochemical characteristics, such as significant increases in shoot and root lengths, fresh and dry weight, chlorophyll content (Chakraborti et al., 2022; Ellouzi et al., 2022; Herms et al., 2022; Mickky, 2022; Mir et al., 2022). Although more serious stress is present with high alkali caused by CO32− in addition to Na+, treatment with silicon or Enterobacter sp. FN0603 alone also led to similar protection of wheat in this study. However, treatment with a combination of silicon and PGPR had extremely significant protective effects on roots, shoots, biomass and chlorophyll, evidencing further improvement of wheat salt tolerance compared to the impact of silicon and Enterobacter sp. FN0603 alone. Moreover, the combination increased the tiller numbers of wheat compared to untreated and singly treated plants, showing highly significant differences. Tiller number increases were observed when nitrogen and phosphorus fertilizer were applied (Saber et al., 2012) and some PGPR such as Enterobacter sp. inoculated (Nadeem et al., 2013; Wang et al., 2020) when wheat was planted in saline soil. Exogenous hormones increased tiller number in wheat and greatly affected yield (Cai et al., 2014). FN0603 is a strong plant hormone (e.g., IAA) producer and silicon may increase that capability. Our recent field data (not shown) indicated that PGPR inoculation promoted successful tiller development and ultimately enhanced wheat yield. Therefore, these observations suggested that increased soil nutrient availability and hormones produced by bacteria and PGPR-stimulated plants may have contributed to the tiller number increase, ultimately resulting in a higher yield.

Abiotic stresses such as salt and alkali lead to reactive oxygen accumulation and plant damage (Lu et al., 2022; Ren et al., 2022). The inoculation of PGPR improves the expression and activity of reactive oxygen species-scavenging enzymes and proline production, which balances osmotic pressure, but MDA produced from membrane oxidation decreases in wheat under saline and/or alkaline stress (Haroon et al., 2022; Li F. et al., 2022). Similarly, this study showed that treatment with silicon or Enterobacter sp. FN0603, compared to an untreated control showed significantly (p < 0.05) enhanced activities of the reactive oxygen species-scavenging enzymes SOD, CAT and POD, and increased the proline content and reduced the MDA content in the wheat leaves in the presence of saline-alkaline stress. However, treatment with a combination of silicon and FN0603 effectively improved the antioxidant capability by further increasing the activities of the reactive oxygen species-scavenging enzymes and the proline content and decreasing the MDA content, compared to treatment with either silicon or FN0603 alone, the differences were highly significant (p < 0.01). Unexpectedly however, the leaf carotenoids level of treated wheat plants under saline-alkaline stress were lower, and the combination treatment even reduced those levels by 20.5% compared to the untreated control in this study. This result was distinctly different from the common finding that carotenoids are significantly increased under salt stress (Haroon et al., 2022), suggesting that the protective mechanism for saline-alkaline stress differed from that for salt stress. The decease of carotenoids probably due to the increase of the abundance of Fusarium and Myrmecridium, two fungal genera of strain FN0603-specific biomarker in root endophytes, for which significantly and negatively correlated with carotenoids content (Figure 5) in current study.

Seed-priming by inoculation with PGPR activates the rhizosphere soil by improving nutrient levels, such as available nitrogen and phosphorus and organic matter, as well as the activities of soil enzymes (Chakraborti et al., 2022; Mickky, 2022). These observations were consistent with our findings in this study. However, the combination still significantly improved the effects of these factors compared to treatment with silicon or FN0603—for instance, available nitrogen increased to 21.52 mg/kg from 12.02 mg/kg in the control, 14.10 mg/kg with silicon alone and 17.26 mg/kg with Enterobacter sp. FN0603 alone. Enterobacter sp. FN0603 stimulated multiple plant growth-promoting factors such as ACC-deaminase, siderophore production, IAA-production, nitrogen fixation, and P-Ca3(PO4)2 solubilization, which positively affected the nutrient cycle and may have importantly contributed to the protection of wheat under saline-alkaline stress. These observations suggest that the interaction between silicon and FN0603 is synergistic and the combining silicon and PGPR treatments is a more effective approach to mitigate saline-alkaline stress in plants.

Halotolerant Enterobacter mitigates salt stress and promote plant growth by various processes, such as the production of ACC deaminase, IAA biosynthesis, phosphorus solubilization, nitrogen fixation, siderophore production, EPS secretion and biofilm formation (Etesami and Glick, 2020). Enterobacter was one of core endophytic microbiota in many plants (Riva et al., 2022) and particular important to the salt tolerance of wheat (Chen et al., 2022). The Enterobacter sp. FN0603 used in this study encompasses many of these growth-promoting traits and is a multiple growth-promoting bacterium. Identical sequences were found both in rhizosphere soil and root endophytic bacterial high-throughput sequencing data based on an ASV analysis, indicating that Enterobacter sp. FN0603 colonized the wheat rhizosphere and the roots (Supplementary Figures S5, S6), although it was isolated from the rhizospheric soils of desert plant. It is generally realized that most endophytic microorganisms are derived from soil and optional, coming from soil and colonizing in plant tissues after selecting by plant and competing with other microbiota (Santos and Olivares, 2021). Some important endophytic microbiotas would be enriched with increasing the relative abundance responded to environmental stress (Santos and Olivares, 2021; Zhang et al., 2022). Treating seeds with FN0603 failed to markedly increase the strain’s relative abundance and distinctly change the microorganism community structure in the rhizosphere soil, but it significantly enhanced the strain’s relative abundance and changed the microorganism community structure in root endophytes. Particularly when combined with silicon, the abundance of the strain FN0603 was significantly maximized compared with treatment with silicon alone (p < 0.01), although the solely inoculated of silicon did not affect the abundance of the strain FN0603, suggesting that silicon promoted the colonization of FN0603 in wheat roots under saline-alkaline stress. As far as we know, this is the first report of such a function for silicon. According to the abundance-occupancy concept (Shade and Stopnisek, 2019), consistently occurred and even with high abundance in case of the bioinoculated, strain FN0603 would be one of core endophytic microbiota recruited and enriched to encounter saline-alkaline stress by wheat.

Our study demonstrated that there were little effects on the diversity and structure of microorganism community in rhizospheric soil, but remarkable alterations occurred to root endophytic microorganism by treated with strain FN0603 and the combination of silicon and strain FN0603 (Supplementary Figure S2; Figure 3). The treatments, particular the combination of silicon and strain FN0603 decreased root endophytic bacterial diversity and richness but increased those of fungal community. This is similar with the effect of endophytic Bacillus sp. on rhizospheric and root endophytic microorganism community structure of wheat under salt stress (Ji et al., 2021). As to community structure, the combination treatment significantly improved the abundance of Pseudomonas and reduced that of Ralstonia; the former is a PGPR genus regularly used for alleviating abiotic stress (Chakraborti et al., 2022) and the latter is well known as a plant pathogen (Denny, 2007). Consistent with our findings, inoculation with other beneficial microorganisms associated with wheat plant growth promotion also changed the root endophytic bacteria community. For instance, one remarkable change was a significant improvement of Pseudomonas in wheat root after inoculated with arbuscular mycorrhizal fungus Funneliformis mosseae IMA1 and the wheat root endophytic bacterium Lactobacillus plantarum (Agnolucci et al., 2019). Even in the natural simulative microorganism community assembly, bacteria family Enterobacteriaceae and Pseudomonadaceae, among which composed of Enterobacter and Pseudomonas respectively, was found positively linked and predominated in root endophytes (Goldford et al., 2018). Tremendous colonization of Pantoea sp. in rice root were driven by salt stress (Bhise and Dandge, 2019). These suggested that plant may employ recruitment of endophytes to defense against saline-alkaline stress. However, results that plants belonging to Curcurbitaceae recruited rhizosphere rather than root endophytic bacteria to adapt to salt stress under natural conditions, inconsistently with our findings (Li et al., 2021). For the root endophytic fungal communities, all treatments (i.e., silicon and FN0603 alone and the two in combination) resulted in highly significant increases of the genus Gibberella (p < 0.01) and the highest abundance accounted for 14.84% of the inoculation with FN0603 in the present study. Some Gibberella could colonize wheat roots and significantly promote plant growth under water stress (Aletaha and Sinegani, 2020). In the present study, LEfSe assays showed that the abundance of these beneficial microorganisms was improved by FN0603 treatment, particularly in the combined treatment with silicon and FN0603, and were significantly correlated with FN0603 as biomarkers and were FN0603-specific biomarkers. The biomarkers significantly correlated with rhizosphere soil properties, plant physiology and wheat growth (Figures 4–6). Moreover, SEM analysis revealed that these biomarkers along with FN0603, directly and indirectly but positively affected the rhizosphere soil properties, plant physiology and wheat growth under saline-alkaline stress (Figure 7). Similarly, the inoculant BR indirectly associated with bacterial community, soil properties and plant growth by affecting BR specific biomarkers (Wang et al., 2021). The SEM also revealed that the rhizosphere soil properties and plant physiology was significantly correlated with wheat plant growth under saline-alkaline stress. Combined with the effects of the treatments on the rhizosphere soil properties, plant physiology and growth, we speculate that the combination of silicon and FN0603 promoted wheat plant growth by shaping the root endophytic microorganism community assembly.



5. Conclusion

Our work primarily studied the effects of combined silicon and PGPR treatment on plants under saline-alkaline stress. In this laboratory study, strain FN0603 was demonstrated to be an endophytic PGPR and to play a vital role in alleviating saline-alkaline stress in wheat, but silicon improved the colonization of FN0603 in roots and hence resulted in the synergic plant growth promotion effects when combined with FN0603. Mass colonization made FN0603 a biomarker, directed FN0603-specific biomarkers, and shaped the root endophytic microorganism community assembly. The combination of silicon and FN0603 most significantly promoted the wheat growth of under saline-alkaline by positively and remarkably affecting the rhizosphere soil properties, plant morphology and physiology, providing evidence that treatment with a combination of silicon and beneficial root endophytic microorganisms is an effective and promising approach to mitigate saline-alkaline stress on plants (Figure 8). However, further field trials are necessary to confirm these effects and mechanisms.

[image: Figure 8]

FIGURE 8
 Mechanism of synergic wheat plant growth promotion by silicon and Enterobacter sp. FN0603 mitigate saline-alkaline stress.
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Gastrodia elata f.glauca (G. elata) is a commonly used Chinese Medicinal Materials with great medicinal value. The medicinal plant and its endophytic bacteria are a symbiotic whole, and the endophytic bacteria are rich in species, and their metabolites are a treasure trove of natural compounds. However, there is a relative lack of analysis on the diversity, flora composition and network interactions of the endophytic bacteria of G. elata. In this study, high-throughput sequencing technology based on the Illumina Miseq platform was used to reveal the core microbiota by examining the diversity and community structures of tuber endophytic bacteria in G. elata grown under different regions and exploring the effect of region on its endophytic bacteria. Here, 1,265 endophytic ASVs were found to coexist with G. elata tuber in Guizhou and Hubei. At the phylum level, the dominant phyla were Proteobacteria, Actinobacteria and Acdobacteriota. At the family level, the dominant family were Comamonadaceae, Nocardicaece, Xanthobacteraceae, and Burkholderiaceae. At the genus level, Delftia and Rhodococcus were represented the core microbiota in G. elata tuber, which served as the dominant genera that coexisted in all samples tested. Moreover, we found that the beta diversity of endophytic bacteria in G. elata tuber was higher level in the Guizhou region than Hubei region. Overall, this study results to provide a reference for screening active strains and interaction between plants and endophytic bacteria.

KEYWORDS
 Gastrodia elata, high-throughput sequencing, endophytic bacteria, diversity, composition


1. Introduction

Plant Endophytic bacteria are important microbial-plant symbionts and microbial resource that generally exists in healthy plant tissues, which is good for plants (Wang et al., 2019, 2021; Wu et al., 2020). Some studies have found that there are a large number of endophytic bacteria that can settle in the internal tissues of host plants and form a series of mutually beneficial symbiotic relationships (Hassani et al., 2018; Aswani et al., 2020; Li et al., 2020). Plant endophytes not only promote plant growth, but also have potential application prospects in medicine, agriculture, industry and other fields (Aswani et al., 2020; Wang et al., 2021). And the establishment of plant endophyte diversity and community structure is closely related to plant varieties, genotypes, growth environment, geographical location and other factors (Rangjaroen et al., 2019). The plant endophyte is seemed to be an important determinant of plant health and productivity, and has attracted extensive attention worldwide in recent years as a subject of scientific and commercial interest (Gaiero et al., 2013; Xia et al., 2016; Wang et al., 2021). The tuber of G. elata, as an important part of human nutrition and drug, which are rich in microbial resources (Steinbrecher and Leubner-Metzger, 2016).

Gastrodia elata f.glauca is commonly called “Tian ma” in Chinese and mainly distributed in the mountainous areas of eastern Asia (Howes et al., 2017), which is a perennial parasitic herb belonging to the Orchidaceae family, to treat headache, migraine, dizziness, epilepsy, infantile convulsion, tetany and other diseases, and it is widely used in clinical practice (Xu et al., 1998; Tsai et al., 2016; Hu et al., 2019). Up to now, there is no report on the composition and diversity of endophytic bacteria community in G. elata. Several recent studies have shown that the endophytic microbial community associated with wild plant species may play an important role in disease resistance (Pérez-Jaramillo et al., 2016; Tian et al., 2017, 2020; Wang et al., 2019). Some studies have shown that the predominant phylum of endophytic bacteria in rice seeds were Proteobacteria, Actinobacteria and Firmicutes phyla (Zhang et al., 2018; Liu et al., 2019), the Aspergillus, Thicket and Cysticercus was dominant in different varieties of cassava (Manihot esculenta Crantz; Li et al., 2020), is the same true in G. elata? Exploring these problems is of great significance for further development and utilization of G. elata.

However, the composition and diversity of endophytic bacteria community in G. elata has not yet been studied. The core microbiota of the G. elata tuber and their diversity level is not clear. Here, we studied the diversity and composition of the endophytic bacteria community in six G. elata tuber samples under two regions and aimed to discover the core microbiota of the G. elata tubers and the changes of the community composition with the different regions. In this study, the community structure, core microbiota and network interaction of endophytic bacteria in G. elata in Hubei and Guizhou regions were analyzed to provide a reference for screening active strains and interaction between plants and endophytes.



2. Materials and methods


2.1. Sample collection and treatment

In total, six samples of G. elata tubers were collected from Wu Feng in Hu Bei and Da Fang in Gui zhou (Table 1) in 2022, and G. elata was identified by using the Flora Reipublicae Popularis Sinicae (Flora of China). During sampling, 3 healthy tubers of G. elata were selected and collected. Subsequently, the samples were loaded into sterile sampling bags, marked, placed in the car refrigerator at 4°C, and processed within 24 h. The samples latitude and longitude coordinates were used the World Geodetic System, 1984 (WGS-84) and were recorded using a hand-held GPS unit (Etrex 221x, Garmin, CH.).



TABLE 1 Sample location information.
[image: Table1]

Take the sample of tubers of G. elata, rinse the sample with tap water, and place the sample in the ultra-clean table for surface sterilization. The specific method is as follows: Soak in 75% alcohol for 3 min, rinse with prepared sterile water for 3–5 times, soak in 5% NaClO for 3 min, rinse with prepared sterile water for 3–5 times, soak in 75% alcohol for 2 min, rinse with prepared sterile water for 3–5 times, take the last prepared sterile water to coat the plate, test the surface disinfection effect. The surface sterilized tubers of G. elata, respectively, cut into small pieces and put into sterile 2 ml centrifuge tubes and store at −80°C until used.



2.2. DNA extraction and high-throughput sequencing

The sample DNA was extracted from the filter membranes using a Power DNA Isolation Kit (Qiagen, Germantown, MD, United States) according to the manufacturer’s protocol, and DNA quality was checked using 1% agarose gel electrophoresis. DNA concentration and purity were determined with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States). Next, the 16S rDNA V3-V4 hypervariable region was PCR-amplified using the following primers: 799F (AACMGGATTAGATACCCKG) and 1392R (ACGGGCGGTGTGTRC). All of the thermocycling steps were as follows: 5 min at 95°C; 20 cycles of 45 s at 95°C, 30 s at 57°C, and 30 s at 72°C. The amplified products were purified and mixed in equivalent amounts PCR products were sequenced using the PE250 strategy on the Illumina Miseq2500 platform by Majorbio (Shanghai, China).



2.3. Bioinformatics and statistical analysis

After quality filtering the raw data, high quality clean data was received for subsequent analysis. The clean data were demultiplexed separately by their unique barcodes. A standard denoising pipeline was used to obtain the amplicon sequence variants (ASVs) were obtained using the DADA2 plug-in in QIIME2 software (version 2022.8; Bokulich et al., 2018; Bolyen et al., 2019), after which an ASV abundance table was constructed. The ASVs were annotated using the SILVA database (version 138; Quast et al., 2013). Low-abundance ASVs (<10 reads) were removed. Three replicates were used to reduce the sampling bias. The ASV table was then rarefied to 40,000 reads per sample for downstream analysis. Alpha diversity indices of endophytic bacteria communities, including Richness index, Shannon-Wiener diversity index, Chao1 index, ACE index, Good’s coverage index and Simpson dominance index, were calculated using the “vegan” package in R software (version 4.1.1). Principal coordinate analysis (PCoA) and Multiple samples Non-metric multidimensional scaling (NMDS) were performed based on the Bray–Curtis distance using the “vegan” and “ggplot2” package in R software. Co-occurrence patterns of endophytic bacteria communities were constructed based on Spearman’s rank correlation coefficients. Co-occurrence events were identified as statistically robust correlations (|R| > 0.6, p < 0.05) and the co-occurrence network was visualized in Gephi (version 0.9.6). The basic skeleton diagram is shown in Figure 1.
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FIGURE 1
 Study basic framework diagram.





3. Results


3.1. High throughput sequencing statistics of endophytic bacteria communities in Gastrodia elata f.glauca

A total of 280,523 raw sequences were obtained by high-throughput sequencing. After quality control, 260,543 high-quality sequences were acquired from 6 samples of endophytic bacteria in G. elata, which were grouped into 1,265 ASVs were identified belonging to 23 phyla, 54 classes, 159 orders, 260 families, and 437 genera (Figure 2A). Rarefaction curves indicated that most of the diversity could be covered by the resampling depth of 40,000 reads (Figure 2B). Sequencing of 10–50 thousand V3-V4 rDNA reads from G. elata samples was sufficient to approach saturation in endophytic bacteria richness for all samples. For all samples combined, most ASVs were represented by 8–64 reads, and others had lower or greater abundance (Figure 2C). As displayed in the Venn diagram, 282 ASVs were common between GZ and HB group. The unique ASVs among all samples collected at different groups were 674, and 119, respectively, which were 62.7% in GZ group, and 11.1% in HB group (Figure 2D). The number of endophytic bacteria ASVs of HB group less than GZ group. In addition, only 282 ASVs were common between GZ and HB group, indicating a significant difference in the community structure of endophytic bacteria between GZ and HB group.
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FIGURE 2
 High throughput sequencing statistics and rank abundance curves. (A) ASV classification statistics. (B) ASV rarefaction curves. (C) Distribution of ASVs abundance of bacteria. (D) Venn diagram showing the number of shared and specific ASVs for each group.




3.2. Overall alpha diversity of endophytic bacteria communities in Gastrodia elata f.glauca tubers

The Good’s coverage threshold of 16S sequences was obtained from endophytic bacteria in G. elata tubers were >0.9987, indicating that it represents the true endophytic bacteria populations in the microbial community of each sample (Table 2). Higher alpha diversity index (Shannon, Simpson, Richness, Chao1 and ACE index) indicate the high diversity of endophytic bacteria community in a sample. The alpha diversity of endophytic bacteria varied among different samples for the different indices: the ASV Richness index varied from 133 to 660, with the median value of 326.16. Shannon’s diversity index varied from 1.27 to 4.31, with the median value of 2.51. ACE index varied from 136.74 to 666.64, with the median value of 345.69. Chao1 index varied from 138.25 to 671.54, with the median value of 355.66. Simpson index varied from 0.37 to 93, with the median value of 0.65. We observed the highest alpha diversity of endophytic bacteria community in GZ1 sample followed by GZ2 sample, and the lowest alpha diversity in HB3 sample. These findings indicate that the alpha diversity of the endophytic bacteria of G. elata was quite difference in different regions (Table 2).



TABLE 2 Alpha diversity of microbial communities in Gastrodia elata f.glauca tubers.
[image: Table2]



3.3. Beta diversity analysis of the endophytic bacteria communities in Gastrodia elata f.glauca tubers

To explore the Beta diversity, principal coordinate analysis (Figure 3A) and Non-metric multidimensional scaling (Figure 3B) analysis of samples of G. elata tubers were performed. The sum of PCoA1 and PCoA2 was 82.00% in PcoA and Stress <0.1 in NMDS, indicating a high diversity in the endophytic bacteria population structure in samples collected from G. elata tubers. The samples collected at HB1, HB2, and HB3 were clustered closely but were far from samples collected at GZ1, GZ2, and GZ3. These results proved the significant difference among endophytic bacteria communities in G. elata tubers in different regions.
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FIGURE 3
 Composition of endophytic bacteria in Gastrodia elata f.glauca tuber samples. (A) Multiple sample principal coordinate analysis (PCoA) of the ASV level. (B) Multiple sample Non-metric multidimensional scaling (NMDS) of the ASV level. (C) Relative abundance of phyla in each sample. (D) Relative abundance of family in each sample.


The endophytic bacterial community composition of G. elata tubers in different regions is shown in Figure 3C at the phylum level. The results indicated that Proteobacteria (61.31%–87.95%), Actinobacteria (8.20%–18.84%) and Acdobacteriota (0.95%–7.64%) were the dominant endophytes that coexisted, in different proportions in G. elata tubers. Proteobacteria was the most dominant phylum in all tuber samples, with abundance ranging from 83.90%–99.87%. At the family level, every G. elata samples also had dominant endophytes, including mainly Comamonadaceae (35.71%–81.65%), Nocardicaece (7.24%–19.45%), Xanthobacteraceae (0.59%–6.10%) and Burkholderiaceae (1.87%–3.21%; Figure 3D).

Analysis of the two regions showed that the predominant genus (mean relative abundance ≥0.5%) of endophytic bacteria in G. elata tuber was Delftia (55.8%), followed by Rhodococcus (9.6%), Corynebacterium (1.6%), Ralstonia (1.4%), Acidothermus (1.1%), Burkholderia (0.9%), Bradyrhizobium (1.9%), Cloacibacterium (0.8%), Rhizobacter (0.7%), Mycobacterium (0.6%), Brevundimonas (0.5%), Candidatus_Solibacter (0.5%), Acidibacter (0.5%), Roseiarcus (0.5%). We found Delftia was the most dominant endophytic bacterial genus (55.8%) and Rhodococcus (9.6%) was the second most abundant.



3.4. Co-occurrence network of endophytic bacteria communities in Gastrodia elata f.glauca

Co-occurrence network analysis was performed to explore potential relationships between endophytic bacteria communities in G. elata tuber. Modularity coefficients for all co-occurrence networks were > 0.4, indicating clear modularity. In the network, the predominant phylum (the ratio > 5%) of endophytic bacteria communities was Proteobacteria (37.43%), followed by Acidobacteriota (14.86%), Actinobacteriota (13.71%), Myxococcota (7.14%), Firmicutes (6.86%), Bacteroidota (5.71%), and Chloroflexi (5.43%; Figure 4A). In addition, there were five main modules (the ratio > 4%) in endophytic bacteria communities’ network of G. elata (Figure 4B).
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FIGURE 4
 Co-occurrence network pattern. (A) Co-occurrence networks of endophytic bacteria communities in G. elata tuber; Phyla of the network as shown in different colors. (B) Co-occurrence networks of endophytic bacteria communities in G. elata; Modules of the network as shown in different colors. (C) Co-occurrence relationships within endophytic bacteria communities in G. elata tuber; phyla as shown in different colors. (D) Co-occurrence relationships between phyla and modules.


To further investigate co-occurrence relationships within endophytic bacteria communities, we analyzed ASVs interactions among the different phyla (Figure 4C). The top six pairs with co-occurrence relationships of endophytic bacteria communities were as follows: Proteobacteria to Proteobacteria > Myxococcota to Proteobacteria > Acidobacteriota to Proteobacteria > Proteobacteria to Chloroflexi > Proteobacteria to Actinobacteriota > Proteobacteria to Bdellovibrionota. In the co-occurrence network, a higher proportion of nodes of the Proteobacteria phylum interacted with ASVs in other phyla, indicating that Proteobacteria makes the greatest contribution to the network structure. Furthermore, we found that endophyte composition was significant differences in different modules (Figure 4D). The top 5 phyla with co-occurrence relationships for each module (M1 ~ M5) were as follows: In M1, Proteobacteria > Myxococcota > Chloroflexi > Acidobacteriota > Actinobacteriota; In M2, Proteobacteria > Firmicutes > Myxococcota > Acidobacteriota > Bacteroidota; In M3, Proteobacteria > Acidobacteriota > Chloroflexi > Actinobacteriota > Myxococcota; In M4, Proteobacteria > Acidobacteriota > Chloroflexi > Actinobacteriota > Myxococcota; and M5, Proteobacteria > Acidobacteriota > Myxococcota > Bdellovibrionota > Chloroflexi. In all modules, a higher proportion of nodes of the Proteobacteria interacted with ASVs in other phyla.




4. Discussion

Gastrodia elata f.glauca is an important Chinese medicinal materials and plays a pivotal role in the regional economy in Hubei, Guizhou and other places in China (Zhan et al., 2016). According to statistics, as of 2020, the dried production of G. elata in China was 30,000 tons, with a total output value of about 5 billion CNY. Carrying out scientific research on endophytes in G. elata is important to improve the potential yield of Chinese medicinal materials, identifying the quality of herbs, and to achieve healthy planting of G. elata. However, the present research on G. elata is mainly focused on breeding, planting, and medicine, but there is little research on its endophytic bacteria, especially tuber endophytic bacteria. Based high-throughput sequencing methods overcome the non-culturability problem of most microbes by analyzing DNA extracted from plant endophytes (Manter et al., 2010). Plant endophytes are conventionally defined as bacteria or fungi that reside internally in plant tissues, and are in healthy plant tissues and do not harm the plant (Gaiero et al., 2013; Wang et al., 2019; Li et al., 2020). High-throughput sequencing is an efficient way to reveal the diversity of plant endophytes (Gaiero et al., 2013; Rangjaroen et al., 2019; Aswani et al., 2020).

In this study, 260,543 high-quality sequences were acquired from 6 samples of endophytic bacteria in G. elata and 1,265 ASVs were identified belonging to 23 phyla, 54 classes, 159 orders, 260 families, and 437 genera, which could reveal the community composition of the endophytes in G. elata samples. Moreover, we found that the alpha and beta diversity of the endophytic bacteria of G. elata was the difference in different regions. The result demonstrated that many factors, including the level of oxygen, moisture and other environmental factors, could affect diversity levels of the endophytic bacteria community (Xia et al., 2016). This found is consistent with previous studies on endophytic bacteria communities in Camellia sinensis and saline-alkali tolerant rice, which also found that some key factors (e.g., salt, catechins, gallic acid and anthocyanidin etc.) determine the composition of endophytic bacteria (Wu et al., 2020; Wang et al., 2021). This also explains the significant differences in the diversity and composition of endophytic bacteria of G. elata in different geographic regions.

In addition, we found that Proteobacteria was the most dominant phylum in all tuber samples, with abundance ranging from 83.90% to 99.87%. This found is consistent with previous studies on endophytic bacteria communities in saline-alkali tolerant rice (Wang et al., 2021). The co-occurrence networks revealed that positive correlations were the most common interactions between species, to some extent reflecting co-aggregation, cross-feeding, and co-colonization (Faust and Raes, 2012; Zhang et al., 2022). The co-occurrence network of the endophytic bacteria of G. elata was mainly composed of positive correlations. The results of co-occurrence network analysis also showed that a higher proportion of nodes of the Proteobacteria phylum interacted with ASVs in other clades, indicating that Proteobacteria makes the greatest contribution to the endophytic network structure (Figure 4). Overall, the main endophytic bacterial groups and community structure of different G. elata tuber samples collected in two regions were similar at phylum level, but the abundance was different (Figure 3C). The mainly genera are Delftia, Rhodococcus, Corynebacterium, Ralstonia, Acidothermus, Burkholderia, Bradyrhizobium, Cloacibacterium, Rhizobacter, Mycobacterium, Brevundimonas, Candidatus_Solibacter, Acidibacter and Roseiarcus (Table 3). At the same time, we found that Delftia and Rhodococcus genus were the core bacterial genus observed (55.8, 9.6%, respectively). Shockingly, Delftia and Rhodococcus were first found in G. elata. Recent research shows that Delftia is also the dominant genus of probiotic endophytes in bananas (Beltran-Garcia et al., 2021). Delftia can also induce resistance of whole plant to bacterial pathogens (Kurokawa et al., 2021). The role of Delftia and Rhodococcus in G. elata and their relationship with asparagine synthesis deserve further investigation.



TABLE 3 Summary statistics for the relative abundances of major taxonomic groups (mean ≥ 5%).
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5. Conclusion

This study first investigated the endophytes of the G. elata tubers in the Guizhou and Hubei region using the high-throughput sequencing methodology. The results show that endophytes communities exhibited significant geographic variations. The alpha and beta diversity of endophytes in G. elata was higher in Guizhou and declined in Hubei. Moreover, At the phylum level, the dominant phyla were Proteobacteria, Actinobacteria and Acdobacteriota. At the family level, the dominant family were Comamonadaceae, Nocardicaece, Xanthobacteraceae and Burkholderiaceae. At the genus level, Delftia and Rhodococcus were represented the core microbiota in G. elata tuber. The coexistence of core bacteriome and tubers, indicates that should be beneficial to the growth and health of G. elata plants. The physiological and ecological functions of Delftia and Rhodococcus and their relationship with active components of G. elata are worthy of further study.
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Introduction: Traditional chemical control methods pose a damaging effect on farmland ecology, and their long-term use has led to the development of pest resistance.

Methods: Here, we analyzed the correlations and differences in the microbiome present in the plant and soil of sugarcane cultivars exhibiting different insect resistance to investigate the role played by microbiome in crop insect resistance. We evaluated the microbiome of stems, topsoil, rhizosphere soil, and striped borers obtained from infested stems, as well as soil chemical parameters.

Results and Discussion: Results showed that microbiome diversity was higher in stems of insect-resistant plants, and contrast, lower in the soil of resistant plants, with fungi being more pronounced than bacteria. The microbiome in plant stems was almost entirely derived from the soil. The microbiome of insect-susceptible plants and surrounding soil tended to change towards that of insect-resistant plants after insect damage. Insects’ microbiome was mainly derived from plant stems and partly from the soil. Available potassium showed an extremely significant correlation with soil microbiome. This study validated the role played by the microbiome ecology of plant–soil-insect system in insect resistance and provided a pre-theoretical basis for crop resistance control.
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1. Introduction

As society became increasingly concerned about sustainable agriculture, the soil, on which plants and micro-organisms depend, should be better managed to regulate the structure of the soil microbiota to provide a contribution to plant growth and resistance (Reinhold-Hurek and Hurek, 2011; Delgado-Baquerizo et al., 2016, 2018). Sugarcane is a major source of sugar and bioethanol (Li and Yang, 2015). The sugarcane stem borer is one of the most common and serious pests of sugarcane and is one of the key factors in the reduction of sugarcane yields (Wang et al., 2018). In the early stages of sugarcane growth, the striped borers infest the stem base of sugarcane seedlings, causing dead heart seedlings (Li et al., 2019). In the middle and late stages of sugarcane growth, the striped borers infest the stems of sugarcane, causing stem breakage and a decrease in sucrose content (Showler, 2016). The infestation can therefore last for the entire planting period (Cristofoletti et al., 2018). Current control measures against the stem borer are mainly systemic insecticides sown at the seedling stage, which are conditionally effective, but in the middle and late stages of growth, when the stem is infested with the borer, spraying against the insects is not as so effective as expected (Mehnaz, 2013). Over time, the stem borer could also develop a degree of resistance to insecticides. Therefore, the green control of the stem borer has received a lot of attention from the community (Gao et al., 2016; Cristofoletti et al., 2018). At present, researchers engaged in microbiome control have screened out parasitic microorganisms, such as Pseudomonas aeruginosa, that had significant killing power against the pest for control purposes (Chen et al., 2012; Cristofoletti et al., 2018; de Mello et al., 2020). However, the activity of microbiome pesticides varies from region to region due to several factors such as geography. At the same time, some researchers hope to identify useful microorganisms and their secondary metabolites from the soil with anti-pest effects, and use them for pest control (Lacey et al., 2015; Mascarin et al., 2019; San-Blas et al., 2019; Zhang et al., 2019; Franco et al., 2022). Therefore, it is highly desirable to identify functional microorganisms and reveal the interaction between microbiota composition and plant-insect resistance (Mehnaz, 2013).

It was well known that the soil is extremely rich in microbiota bacteria and fungi. Plants also harbor symbiotic microbiota that is important for their development and response to the environment (Delgado-Baquerizo et al., 2016, 2018). When plants take root in the soil, a proportion of the soil microbiota could transfer and settle in the plant, and form a dynamic relationship with the plant during its growth and development (Agrawal et al., 2018; Hassani et al., 2018). The above-ground parts of plants, such as stems, harbor specific commensal, parasitic or pathogenic bacteria, and fungi, at least partly from the soil (Bai et al., 2015; Cortois et al., 2016). The inter-root soil contains a variety of microorganisms that are beneficial to plant growth and health, such as nitrogen-fixing bacteria, photosynthetic bacteria, and microorganisms that help improve resistance to adversity (Almario et al., 2017; Durán et al., 2018; Etalo et al., 2018; Hou et al., 2021; Wu et al., 2022). Variations in these microbiotas play an great role in the growth and development of plants. However, little was known about their relationship with plant resistance to insects (Khan et al., 2022). Numerous factors influence how plant-associated microorganisms generally affect the fitness and health of hosts(de Faria et al., 2021; King et al., 2022), including the genotype of the host and microbes, interactions within the microbiota, and a variety of abiotic factors. Insect survival is also associated with a wide range of microorganisms (Borgström et al., 2017; Agrawal et al., 2018). These microbes could act as a disease-causing pathogen or playing a role in insect defense, detoxification, or digestion of food (Chen et al., 2016; Li et al., 2022). Microorganisms of herbivorous insects have also been found to be present in plants. Through plants, the soil microbiota could be incorporated into the microbiota of insects (Frago et al., 2012; Heinen et al., 2018; French et al., 2021). Other studies have shown that in addition to directly ingesting certain symbiotic bacterial and fungal microbiota from the soil, herbivorous insects can also do so from the environment (Koricheva et al., 2009). Therefore, changes in the soil microbiota might also lead to changes in the insect microbiota, thereby altering insect performance through the plant’s microbiota or through the direct interaction between soil and insects (Borgström et al., 2017; Hannula et al., 2019; Markalanda et al., 2022).

As studies on the microbial ecology of plant environments become more advanced, a comprehensive and systematic study of the plant–soil microecological environment should be carried out based on high-throughput sequencing data. This study aimed to investigate the correlation between plant insect resistance traits and response to herbivores with the microbial ecology in which they are found, through a comprehensive evaluation of bacterial and fungal microbiomes and soil chemistry, and to preliminarily screen for microbiota and microbial functions that are significantly correlated, and to understand fully the essential contribution of environmental microbial ecology to insect resistance traits in plants.



2. Materials and methods


2.1. Sampling of plant materials, insects, and soil

The experimental samples were divided into three groups: healthy borer-resistant variety [GT 22 (a new generation of main sugarcane variety in Guangxi)], healthy borer-susceptible variety [GT 42 (a new generation of main sugarcane variety in Guangxi)] and infested borer-susceptible variety (GT 42). Each group had three sampling sections: stem, top soil, and rhizosphere soil. For borer-infested plants, we also collected the corresponding striped borers. The insect sample was Chilo sacchariphagus Bojer (Bleszynski, 1970). Lepidoptera. Aphididae. The morphological judgement of insects was based on MANAGEMENT OF SUGARCANE DISEASES AND PESTS (Huang et al., 2014). The larvae are 15 mm long, yellowish-white, with 4 purple longitudinal lines on the dorsal surface (2 on the subdorsal line and 2 on the upper line of the valve); each node has black trichomes, and the dorsal surface of the ventral node has large dark brown trichomes arranged in squares in the center. The striped borer was selected from the larval stage. Three biological replicates were set up for each group of sampling. GT 22 and GT 42 varieties were planted and sampled in experimental plots under the same tillage conditions at Guangxi University experimental field, Fusui County, Chongzuo City, Guangxi Zhuang Autonomous Region. Samples were collected in June 2021, test field coordinates: 22° 50´ N, 107° 77′ E.

Plant stems were cut off, surface sterilized with 75% alcohol. The inner stems were used as plant samples or subsequent endophytes extraction. Top soil samples were taken from the two to 10 cm surface soil areas of the selected plant materials. Rhizosphere soil was collected by carefully digging out the roots, shaking off large pieces of loose soil, gently brushing them down with a clean brush. Soil samples were passed through a 2 mm sterilized mesh sieve to remove residual plant root residues. Insect samples were surface sterilized by repeatedly soaked three times in 75% alcohol and washed with sterile water. All samples were snap-frozen at −80°C. The description of the experiment was collected in groups as shown in Table 1.



TABLE 1 Design and samples of the experiment.
[image: Table1]



2.2. Sample DNA extraction

Soil DNA were extracted using TIANamp Soil DNA Kit (Spin Column). Insect sample DNA was extracted using TIANamp Genomic DNA Kit (Spin Column). Bacterial sequencing region was 799F_1193R, and fungal sequencing region was ITS1F_ITS2R. Amplification primers targeting the sequencing regions were designed for testing the extracted DNA (Supplementary Table S3). The PCR reaction system and reaction conditions were shown in Supplementary Table S4. All samples were prepared in triplicate. The PCR products were extracted from 2% agarose gels and quantified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States), and performs purification using a Quantus™ fluorometer (Promega, USA), according to the manufacturer’s instructions.



2.3. Soil physicochemical properties determination

Determination of soil physicochemical properties refer to “Soil Agrochemical Analysis” (3rd edition), by Bao (2000, Reprint). The pH value was determined by potentiometric method, organic carbon by potassium dichromate external heating method, total nitrogen by Kjeldahl method, total phosphorus by NaOH fusion-molybdenum antimony anti-colorimetric method, total potassium by NaOH fusion, flame photometric method, easily oxidized organic carbon by potassium permanganate oxidation method, available potassium by NH4DAc leaching, flame photometric method.



2.4. Bioinformatics and statistical analysis

Purified amplicons were pooled in equimolar amounts, and paired-end sequencing was performed on the Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, USA). according to the standard protocol of Majorbio Bio-Pharm Technology Co. Following demultiplexing, the resulting sequences were quality filtered with fastp (0.19.6) (Chen et al., 2016) and merged with FLASH (V1.2.11) (Magoč and Steven 2011). High-quality sequences were then denoised using the DADA2 (Callahan et al., 2016) plugin in the Qiime2 (Bolyen et al., 2019) pipeline, which obtains single-nucleotide resolution based on in-sample error profiles.DADA2 removes annotated chloroplast and mitochondrial sequences from all samples. All sample sequence numbers were drawn flat at the minimum sample sequence number (bacteria: I4201, 16,306. Fungi: H4203S, 32,272). Species taxonomy analysis of ASVs was based on bacteria: silva138/16s_bacteria/fungi: unite8.0/its fungi, using the Naive Bayes classifier in Qiime2, with a confidence level of 0.7. The raw Illumina reads for this study can be found at NCBI Sequence Read Archive database with accession number PRJNA845813, PRJNA845815, PRJNA845818, PRJNA845819, PRJNA845829, PRJNA845823.

In the analysis, we selected the intersection microbiome of three biological replicates as the analyzed data. Community composition analysis and correlation analysis were performed using the feature communities. For the difference comparisons, we performed one-way ANOVA tests using IBM SPSS Statistics 25 software. Parameters were chosen: LSD, Duncan (D) and chi-square test (H). Part of the data analysis was performed on the Meguiar’s BioCloud platform1 and the other part of the data analysis was performed in R (4.1.2) and Tutools2 were used for the mapping part.




3. Results


3.1. Differences in microbiomes between eco-systems of insect resistant and susceptible sugarcane varieties

To investigate the relationship between microbiome, and sugarcane resistance to the striped borer, we analyzed the bacterial and fungal communities of stems, topsoil, and rhizosphere soils of insect-resistant and insect-susceptible sugarcane varieties. We found the microbiome community composition of the stems differed between insect-resistant and insect-susceptible varieties at the phylum and genus level (one-way ANOVA tests, p < 0.05). A total of four phylum-level bacterial microbiota were obtained in sugarcane stems, including Bacteroidota, Firmicutes, Actinobacteriota and Proteobacteria. The microbiome species of the stems of insect-resistant and insect-susceptible plants were the same, but we found significantly higher relative abundances (RAs) of Actinobacteriota in insect-resistant plants than in insect-susceptible varieties (p < 0.05). At the genus level, we obtained a total of 26 bacterial microbiota, of which 10 genera were common to insect-resistant sugarcane plants, nine unique to insect-resistant plants and seven unique to insect-susceptible plants. We found Enterobacteriaceae was significantly higher in insect-resistant plants than in insect-susceptible plants (p < 0.05). And Escherichia-Shigella 0accounted for the highest percentage of the unique flora of insect-resistant plants (Ras = 1.29%, here the relative abundance percentages were calculated by taking the average of the samples, the following RAs percentages appear to be calculated in the same way.). In sugarcane stems, three phyla of fungal microbiota were obtained: Ascomycota, Rozellomycota and Basidiomycota. Insect-resistant sugarcane plants contained fungi of all three phyla, whereas insect-susceptible plants did not contain Rozellomycota. At the genus level, we obtained 11 fungal microbiomes, of which three genera were common to the resistant plants, six unique to the insect-resistant plants and two unique to the insect-susceptible plants. Trechispora was the most represented group unique to the insect-resistant plants (Ras = 5.87%), whereas Nigrospora was the most abundant microflora unique to the insect-susceptible plants (Ras = 1.99%) (Figures 1, 2).
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FIGURE 1
 Composition of microbiota phylum levels. (A) Histogram of species stacking at the bacterial phylum level for experimental samples. The figure shows the full phylum-level microbiome obtained from the annotation, with the number percentages indicated by the length of the bars in the figure. (B) Histogram of the percentage of major species at the phylum level of the bacterial microbiome. The figure shows the distribution of individual samples at the major phylum level microbiomes, arranged in descending order of total sample species abundance. (C) Histogram of species stacking at the fungal phylum level for experimental samples. (D) Histogram of the percentage of major species at the phylum level of the fungal microbiome. (E-J) The gate-level microbiome that showed the expected significant level of difference in resistance associated with the different experimental subgroups. Error bars indicate standard deviation (+/–SD) and letters indicate differences between each subgroup. Differences were significant at the p ≤ 0.05 level calculated using the chi-squared test (H).
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FIGURE 2
 Figure of horizontal abundance of microbiome genera, with clustering trees drawn by bray weighting algorithm on the left and icons in descending order of richness on the right. (A) Genus level abundance map of bacterial microbiota. (B) Genus level abundance map of fungal microbiota.


Also, the microbiome community composition of the topsoil differed between the insect resistant and susceptible varieties at the phylum and genus level (one-way ANOVA tests, p < 0.05). A total of nine phylum level bacterial microbiota were obtained in the topsoil of insect resistant and susceptible plants. A total of 104 bacterial microbiota were obtained at the genus level, of which 54 were common to topsoil of insect-resistant and insect-susceptible plants, five unique to topsoil of insect-resistant plants and 45 unique to topsoil of insect-susceptible plants. Ramlibacter was the most abundant microbiome unique to the topsoil of resistant plants (Ras = 0.11%). norank_f__norank_o__norank_c__AD3 was the most abundant microbiome unique to the topsoil of susceptible plants (Ras = 0.77%). Then, we found four fungal microbiome groups, Ascomycota, Mortierellomycota, Basidiomycota and Chytridiomycota in both topsoil of resistant and susceptible plants. At the genus level, we obtained a total of 39 fungal genera, of which 21 were common, three unique to topsoil of insect-resistant plants and 15 unique to topsoil of insect-susceptible plants. Poaceascoma accounted for the highest percentage of the unique group of insect-resistant plants topsoil (Ras = 0.08%), and Ceratobasidiaceae accounted for the highest proportion (Ras = 0.52%) of the unique group of insect-susceptible plants topsoil. Among the shared fungi, Nigrospora, Neocosmospora and Pyrenochaetopsis were significantly less abundant in the topsoil of insect-resistant plants than that of insect-susceptible plants (p < 0.05) (Figures 1, 2).

Finally, we found that the microbiome community composition of the inter-rhizosphere soil also differed between insect-resistant and susceptible varieties at the phylum and genus level (one-way ANOVA tests, p < 0.05). We obtained a total of 14 phylum-level bacterial microbiome in the inter-rhizosphere of insect-resistant and susceptible plants. The RAs of Verrucomicrobiota and Gemmatimonadota were significantly higher in inter-rhizosphere soil of resistant plants than in susceptible plants (p < 0.05). At the generic level, 109 genera were obtained for the bacterial microbiota, of which 66 were common, 12 unique to inter-rhizosphere soil of insect-resistant plants and 31 unique to inter-rhizosphere soil of insect-susceptible plants. Ktedonobacteraceae accounted for the highest proportion of the unique group to inter-rhizosphere soil of insect-resistant plants (Ras = 0.89%). And Alcaligenaceae accounted for the highest proportion of microbiota unique to inter-rhizosphere soil of insect-susceptible plants (Ras = 0.35%). Acidibacter, Reyranella, Xanthobacteraceae, Acidobacteriales, Ellin6067, Roseiflexaceae, and Oxalobacteraceae were significantly lower in inter-rhizosphere soil of insect-resistant plants than in that of insect-susceptible plants (p < 0.05). Among the fungal microbiota, we obtained six fungal groups: Glomeromycota, Ascomycota, Rozellomycota, Mortierellomycota, Basidiomycota and Chytridiomycota. At the generic level, we obtained a total of 36 genera of fungal, which 17 were common, one unique to inter-rhizosphere soil of insect-resistant plants and 18 unique to inter-rhizosphere soil of insect-susceptible plants. Glomeraceae was the most represented microbiome group unique to inter-rhizosphere soil of insect-resistant plants (Ras = 0.07%). Trechispora, Fusarium, and Chaetosphaeria were significantly lower in inter-rhizosphere soil of resistant plants than in that of susceptible plants (p < 0.05) (Figures 2, 3).



3.2. Effect of stem borer infestation on the microbiome of soil and sugarcane stem

The microbiome RAs of the stems of the susceptible sugarcane varieties differed significantly at the phylum and genus level before and after the infestation (one-way ANOVA tests, p < 0.05). The total number of bacterial and fungal microbiome species in the sugarcane stems increased after borer infestation (Supplementary Figures S3g-i). Aquabacterium was the exclusive dominant in post-infested plants (Ras = 11.22%). Among the unique microbiome of pre-infestation plants, Nigrospora was the only unique microbiome (Ras = 0.80%) (Figures 1, 2). In contrast, the total number of communities in the soil decreased, except the fungal community species in the rhizosphere soil (Supplementary Figures 3j-l). This indicates that borer infestation can lead to the loss of some bacterial microbiome in top and rhizosphere soil as well as loss of some fungal microbiome in top soil, while other fungal microbiome was added to rhizosphere soil along with the invasion of insects. Interestingly, we found that insect infestation altered the microbial community of the susceptible sugarcane variety and made its microbiome similar with the insect-resistant variety, as evidenced by the convergence of the microbiome at phylum and genus levels, the clustering of samples in the PCOA classification, and the correlation of samples in the hierarchical cluster analysis (Figures 2, 3; Supplementary Figure S5). In addition, the fungal communities in insect-susceptible plants were found to aggregate better with resistant plants after insect damage.
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FIGURE 3
 Bacterial (left side) and fungal (right side) differences between groups in alpha, beta diversity variance analysis and differential screening for Microbiome. (A) Figure of inter-group differences in alpha diversity of communities characterized at the level of microbiome genera. (B) Figure of PCOA of microbiome genus level characterized communities. Based on the obtained table of species diversity characteristics, the Shannon index and Simpson index were selected to calculate the richness and diversity of the community, and the Shannon index was used to plot the comparative differences between groups. PCOA analysis based on bray weighting algorithm. (C) (Top left side) Bacterial Microbiome with a significant role in sugarcane stems and herbivores. (top right side) Fungal Microbiome with a significant role in sugarcane stems and herbivores. (Lower left side) Bacterial Microbiome with a significant role in topsoil and rhizosphere soils. (Lower right side) Fungal Microbiome significant in topsoil and rhizosphere soils. LDA discriminant bar charts count the LDA scores obtained by LDA analysis (linear regression analysis) for multiple groups of microbial taxa with significant effects, with larger LDA scores representing greater effects of species abundance on differential effects.


The composition of microbiomes of the topsoil of insect-susceptible plants before and after insect damage differed at the phylum and genus level, but the differences were less than those between insect-resistant and insect-susceptible plants. A total of 13 phylum levels of bacteria were obtained in the topsoil of plants before and after insect damage, which were the same for the insect-resistant plants. At the genus level, we obtained a total of 115 bacterial microbial groups, of which 72 were common to pre and post infestation, 27 unique to pre-infestation plants, and 16 unique to post-infestation plants. At the genus level, we obtained a total of 40 fungal genera, of which 22 were shared, 14 unique to the stripe borer before the damage, and 4 unique to the borer after the damage (Figures 1, 2).

At the generic level, a total of 120 genera were obtained for the bacterial microbiota, 76 before and after stem borer damage, 21 unique to healthy plants and 23 unique to insect-infested plants. Elsterales had the highest proportion (Ras = 0.21%) of microbiota unique to healthy plants, and Caulobacteraceae had the highest proportion (Ras = 0.27%) of microbiota unique to pest-infested plants. The fungal populations in the inter-rhizosphere soil did not show any significant differences before and after the stem borer damage. Xenoacremonium had the highest percentage (Ras = 0.12%) of microflora unique to the inter-rhizosphere soil before stem borer damage, and Echria had the highest percentage (Ras = 0.68%) of microflora unique to the inter-rhizosphere soil after stem borer damage (Figures 1, 2).



3.3. Composition and correlation analysis of the microorganisms of the striped borer

We identified a total of four phylum of bacteria from the striped borer, including Proteobacteria (Ras = 72.04%), Firmicutes (Ras = 18.54%), Bacteroidota (Ras = 8.82%) and Actinobacteriota (Ras = 0.58%), and a total of 17 bacterial microbiome at the genus level (Figures 1, 2). We obtained two phyla of fungal microbiome, including Ascomycota (Ras = 57.88%) and Basidiomycota (Ras = 14.37%), and 10 fungal microbiomes at the genus taxonomic level (Figures 1, 2). We found that the bacterial and fungal microbiome of the striped borer was identical with that of the sugarcane stems of the insect-susceptible plants at the phylum level. At the generic level, the bacterial microbiota of the striped borer and the sugarcane stems damaged by the striped borer shared nine microbiomes, which were not present in the topsoil or inter-root soil (Supplementary Figure S3). The common bacterial microbiome in both the striped borer and the soil were all present in the sugarcane stems. The differences were that the fungal Candida in striped borer and the stem was not present in the topsoil or inter-root soil. The striped borer and the topsoil shared one fungal genus, Schizophyllum, which was not found in other samples. Four of the fungal genera in the striped borer were present only in the topsoil and rhizosphere, and two were present in all the stem, topsoil and rhizosphere soil. The abundance of the shared bacterial microbiome accounted for 5–10% of the total bacterial microbiome, and the abundance of the shared fungal microbiome accounted for 6–9% of the total fungal microbiome. In general, the bacterial communities of stripe borer were more closely related to the stem, while the fungal communities were more closely related to the topsoil and inter-rhizosphere than to the sugarcane stem (Figure 3).

In the comparison of alpha diversity, the striped borer showed the lowest level of microbiome diversity (one-way ANOVA tests, p < 0.05). The microbiome alpha diversity of the stripe borer samples was lower than that of the stems and soil (p < 0.05) (Figure 3). The PCOA analysis showed that the bacterial microbiome in the striped borer and sugarcane stems clustered together (PCOA1 = 42.04%, PCOA2 = 14.36%) (Figure 3). This suggested that the bacteria in the striped borer was highly correlated with that of plant stems. The fungal community of all plant stems was clustered into a single area, while that of the striped borer was distributed between the stem and soil (PCOA1 = 28.74%, PCOA2 = 13.63%) (Figure 3). This suggested that the fungal communities of the striped borer were associated with both plant stems and soil.



3.4. Correlation of “microbiota-plant–soil-insect” and analysis of differences in functional predictions

To understand microbiome dynamics of ‘plant-insect-soil’ and their role in insect resistance, we integrated the microbiome and soil chemistry of all soil samples and assessed the impact of soil chemistry on the abrupt microbiome. Overall, 19 phyla and 212 bacterial genera were detected in this study, with the top 10 phylum-level bacterial microorganisms accounting for 99.27% of all microbiome. All samples harbored Aspergillus (64.99%, the mean of all subgroups), Actinobacteria (16.93%) and Firmicites (5.68%). We found that these bacterial communities of high abundance were present across the different sugarcane varieties with different percentages (Figure 1). Similarly, a total of 7 phyla and 114 genera were detected in the fungal community. Two fungal micro-organisms, Tamerella (49.01%) and Ascomycetes (48.67%), accounted for 99.97% of all fungal microbiota (Figure 1). Based on combined bacterial and fungal microbiome, the results showed that the microbiome of plants were likely to be derived from soil, while the microbiome of insects converged with those of plant stems (Figure 3). Worth noting is that the RAs of common bacteria and fungi in sugarcane stem were significantly changed before and after insect infestation (one-way ANOVA tests, p < 0.05). For bacteria, the abundance of Burkholderia was increased by 921.47%, Pantoea by 247.30% and Enterobacter by 191.99%. Two main genera of fungi with extreme change was identified, Saitozyma with a 1300.00% increase and Ramichloridium with a 1204.65% increase. Some microbiomes were unique to plants before or after insect infestation. For example, fungi Zymoseptoria, Sporisorium and Candida (in descending order of abundance) were only detected in infested plants, while Alcaligenaceae (bacteria) and Nigrospora disappeared after insect damage (Figure 1). The total microbiome community of the soil generally decreased after striped borer damage, with the exception of the fungal community in the rhizosphere soil (Figures 2, 3).

Striped borer infestation affected the RAs of microbiome communities. The alpha diversity of the fungal microbiome was significantly lower (p < 0.05) in the rhizosphere soil of insect-resistant varieties in a healthy state than in susceptible plants (Figure 3A). Fungal microorganisms from healthy susceptible plants showed the highest alpha diversity in both surface and inter-root soils, with a decreasing trend after stem borer damage (p < 0.05). The microbiome of sugarcane stems showed an increase in alpha diversity of 9.69% (bacteria) and 22.04% (fungi), a decrease of 9.66% (bacteria) and 41.13% (fungi) in the topsoil layer, an increase of 6.62% in bacteria and a decrease of 22.94% in fungi in the inter-rhizosphere after stem borer damage. This suggested that striped borer damage will lead to changes in the microbiome composition and soils, such as the production and loss of some bacterial microbiome and fungal microorganisms, as well as increases and decreases in community abundance.

Similarity analysis and classification based on β-diversity analysis showed that the fungi of soil were closely related to the sugarcane stems with more common microbiome, and the fungal communities of susceptible sugarcane stems were fully contained in the common communities of the topsoil and inter-rhizosphere (Figure 3). We used PICRUSt2 to predict the function of microbiome. Among the first 30 major functional annotations, only one bacterial component with “acetyl coenzyme A carboxylase” showed a significant increase in function in sugarcane stems after insect damage (p < 0.05). A total of 21 fungal microbiome functions showed important differences (p < 0.05) between sugarcane varieties and before and after insect damage (Figure 4; Supplementary Figure S6). It is noteworthy that the fungal function “DNA-directed DNA polymerase” in the topsoil fraction was significantly lower (p < 0.05) in both resistant and post-insect-infested susceptible varieties than in healthy susceptible plants, and the fungal function “3-oxoacyl-[acyl-cattier-protein] reductase” showed a significant increase in the stems before and after insect attack, while it showed a significant decrease in the topsoil before and after insect attack (p < 0.05) (Supplementary Figure S6). The results also supported fungi are more sensitive to insect infestation.
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FIGURE 4
 Annotated statistical heatmap of the microbiome function and histogram of the presence of functional differences. The X-axis of the graph represents the mean value of each subgroup, the Y-axis represents the main function obtained from the annotation, the size of the circle represents the abundance of the function and the color represents the correlation coefficient (r). (A) Functional annotated bubble diagram of the microbiome of each subgroup of bacteria. (B) Functional annotated bubble diagram of the microbiome of each subgroup of fungal. (C–F) Microbiome functions that showed the expected significant level of difference in resistance associated with different experimental subgroups. Error bars indicate standard deviation (+/–SD) and letters indicate differences between each subgroup. Differences were significant at the p ≤ 0.05 level calculated using the chi-squared test (H).


We further measured soil physicochemical properties to analyze the correlation with variability of microbiomes in different sugarcane varieties and/or before and after pest damage (Supplementary Figure S3c). To simply the analysis, we selected the top 50 microbiome groups in terms of abundance level to analyze the correlation with soil chemistry. Soil available potassium showed the highest correlation in both bacteria and fungi, with a total of 21 genera of bacteria significantly correlated (p < 0.05), including nine genera with highly significant positive correlation (p < 0.01), four genera with significant positive correlation (p < 0.05), five genera with highly significant negative correlation p < 0.01) and four genera with significant negative correlation (p < 0.05) (Figure 5A); 19 genera of fungi were significantly correlated (p < 0.05), including 14 genera that were significantly positively correlated (p < 0.05) and 5 genera that were highly significantly positively correlated p < 0.01) Figure 5B). Readily oxidizable organic carbon was not found to be significantly associated in the bacterial community, and one genus of fungi showed a significant positive association in the fungal community (p < 0.05). Organic carbon was significantly correlated (p < 0.05) in 7 genera of bacteria in the bacterial community. Two genera were positively correlated (p < 0.05), two were highly positively correlated p < 0.01) and three were negatively correlated (p < 0.05); nine genera of fungi were significantly correlated, including two genera that were highly significantly positively correlated p < 0.01), six genera that were positively correlated (p < 0.05) and one that was negatively correlated (p < 0.05). pH was significantly negatively correlated in the bacterial community in one genus (p < 0.05); and seven significant correlations with fungi, including one significant positive correlation (p < 0.05), one highly significant negative correlation p < 0.01) and five significant negative correlations (p < 0.05) for one genus. Total phosphorus was significantly correlated in eight genera in the bacterial community, with two genera significantly positively correlated p < 0.01), one genus positively correlated (p < 0.05), one highly significantly negatively correlated p < 0.01) and four negatively correlated (p < 0.05). Total phosphorus was significantly correlated with eight genera in the fungal community, including two highly significant negative correlations p < 0.01) and six negative correlations (p < 0.05). Total potassium did not show associations with bacteria and fungi. Total nitrogen was significantly associated with 7 genera in the bacterial community, including 1 highly significant negative association p < 0.01) and 6 negative associations (p < 0.05). A total of 2 genera were significantly negatively correlated (p < 0.05) in the fungal community for total nitrogen. A total of 44 genera of bacterial groups and 47 fungal groups were significantly correlated with soil chemical properties (p < 0.05) (Figure 5). Soil chemistry was more associated with the soil fungi (Figures 5A,B). Soil available potassium showed the highest correlation among the soil microbiome, while total soil potassium content did not show a correlated microbiome. Organic carbon was more positively correlated with the soil microbiota (p < 0.05). pH and total soil phosphorus were more negatively correlated with the soil microbiota (p < 0.05). The chaetomium was the only soil microbiota associated with oxidizable organic carbon.
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FIGURE 5
 Heatmap of the correlation between the microbiome in soil and soil chemical properties, and statistical histogram of differences in soil chemical properties. Fk for Available Potassium. Oc for Activated organic carbon. C for organic carbon. K for Total potassium. N for Nitrogen. P for Phosphorus. Correlation was calculated by Spearman’s correlation coefficient. Significance markers p > =0.05 no marker (white), 0.01 < p < 0.05 markers: *, 0.001 < p < =0.0 markers: **, p < =0.001 markers: ***. (A) Heat map of the correlation between microbiome and soil chemistry at the level of bacterial soil genera. (B) Heat map of the correlation between microbiome and soil chemistry at the level of fungal soil genera. Positive correlation marker in red, negative correlation marker in blue. (C) Soil chemistry between species in the topsoil. (D) Soil chemistry between root soil species. (E) Soil chemistry before and after insect infestation of the topsoil. (F) Soil chemistry before and after insect infestation of the root soil. Soil pH. Soil organic carbon. Soil Available Potassium. Soil total Nitrogen. Soil Total Phosphorus. Total soil potassium. Activated organic carbon. pH determination by potentiometric method, organic carbon determination by potassium dichromate external heating method, total nitrogen determination by Kjeldahl method, total phosphorus determination by NaOH fusion-molybdenum antimony anti-colorimetric method, total potassium determination by NaOH fusion, flame photometric method, easily oxidized organic carbon determination by potassium permanganate oxidation method, available potassium determination by NH4DAc leaching, flame photometric method.





4. Discussion

Crop resistance to pests may be highly correlated with the microbiome ecology in which it is found (Hu et al., 2018; Pang et al., 2021). In the last few decades, numerous studies have reported that the soil microorganisms can influence the behavior of terrestrial phytophagous insects by altering the systemic chemistry of the host plant (Borgström et al., 2017; Hannula et al., 2019). The dynamic interactions between aboveground plant and root soil together constitute the microbiome ecology of the crop, and reflect and influence its growth status (Hou et al., 2021; Xiong et al., 2021). In the present study, we verified that the microbiota in the aboveground stems of sugarcane and the striped borer surviving in the stems was predominantly soil-derived, and the fungal microbiome of the striped borer was predominantly from the sugarcane stems and partly from the soil topsoil layer. The fungi showed a stronger response after the insect infestation. Unexpectedly, we found that the overall microbiome of susceptible plants tended to have a similar composition to that of insect-resistant plants after insect damage. The results demonstrated that changes in microbiome were linked to plant defense mechanisms, and plant-insect interactions following insect infestation affected the microbiota of the plant and soil environment.


4.1. Dynamic interactions among plant, soil, and microbiomes

Plant microbiome was dependent on the soil environment, and changes in soil chemistry by plant growth affected the soil microbiota. Many studies have demonstrated the existence of dynamic interactions between plants and soil (Hassani et al., 2018; Choi et al., 2021; Mahmud et al., 2021). We found the microbiome of soil are far more abundant than those of plants, and it was likely that the microbiota of plants was predominantly soil origin. The microbiota structure of the soil can therefore impact the above-ground crop microbiota (Supplementary Figure S2). The differences in the correlation of microbiome between topsoil and rhizosphere soils and plants suggested that soil at different depths contribute differently to the aboveground microbiome community of plants. Bacteria of rhizosphere soil was closely related to the microbiota of the host plant, while fungi of the topsoil were closely related to the microbiota of both plants and insects (Figure 6).
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FIGURE 6
 “Microbiota-plant–soil-insect” mechanism diagram. The chemical properties of the soil influence the dynamics of the Microbiome in the soil, and there is a close correlation between the aboveground and belowground soils of plants. There are differences in microbial ecology of different resistant plants. In addition, the invasion of herbivores destabilizes the original Microbiome of plants.


We measured pH, organic carbon, total nitrogen, total phosphorus, total potassium, available potassium and easily oxidisable organic carbon in the soil. The results showed that soil chemistry were changed in sugarcane varieties after a period of plant growth. Plant genotypes have different plant–soil environment interactions, likely resulting in different soil chemical properties (de la Fente Cantó et al., 2020; Semchenko et al., 2022). We analyzed the correlation between soil chemical properties and microbiome communities, and found that Acidobacteriaceae, Sinomonas, Poaceascoma, and Aspergillus were present in insect-resistant plants and in post-insect-infested susceptible plants, but not in healthy susceptible plants, which may play an great role in plant resistance to insects (Supplementary Table S1). In a previous report, Acidobacteriaceae may determine and limit organic matter degradation (Miyauchi et al., 2020; Shen and Lin, 2021), which is consistent with our findings. Sinomonas was reported to have growth-promoting effect. The genus Poaceascoma is a new characterized genus in Scolecospores, Lentitheciaceae, and has not been sufficiently studied. Aspergillus is one of the most abundant fungi in the world and in the soil is mainly responsible for decomposing organic matter (Gopal and Gupta, 2016; Bamisile et al., 2018; Getzke et al., 2019).



4.2. The establishment of insect microbiome was dependent on plants and soil

Previous studies have pointed out that the microbiome community of insects is mainly derived from the host plant (Frago et al., 2012; Heinen et al., 2018; Malacrinò et al., 2021). Recent studies have suggested that part of the soil effect on the above-ground plant may be due to direct interaction between herbivore and soil microbiota (Hannula et al., 2019; Friman et al., 2021). Yet, the research also points out that the insect microbiota is directly related to the soil, possibly because proceras venosatμm’s life habit in soil during growth. Our study showed that the bacterial microbiota of insects was plant-dominated, while the fungal microbiota was associated with plants and soil. This may be due to the fact that the striped borer larvae feed on the stem and the base of the stem during the seedling stage of sugarcane, where the base of the seedling was close to the soil and the larvae had direct contact with the soil. We hypothesized that the insect’s insect microbiome will also be associated with its activity habits. The dependence of striped borer larvae on stems and soil may vary between periods of striped borer outbreaks and between stages of sugarcane development.



4.3. Microorganisms of insect-susceptible sugarcane varieties tended to be similar with insect-resistant sugarcane varieties after pest damage

Sugarcane was grown using the same cultivation practices, but there were significant differences in the composition of soil microorganisms between insect-resistant and insect-susceptible sugarcane varieties, suggesting that plant genotype had a role in determining microbiome. Insect-resistant sugarcane varieties have more unique bacterial and fungal microbiota in their stems than susceptible sugarcane varieties. However, in the surface and rhizosphere soils, susceptible sugarcane varieties had more unique bacterial and fungal microbiota. In our study, the structure of the microbiome of susceptible sugarcane varieties after insect damage converged towards that of insect-resistant varieties (Supplementary Figure S5).



4.4. Soil chemistry responded differently to different plant varieties, and before and after pest infestation

In this study, it was found that the inter-root soil pH of resistant varieties was significantly higher than that of sensitive varieties. Previous studies have pointed out that pH is a major factor affecting the soil microbiome community (Crowther et al., 2019). Therefore, soil pH may have an important influence in plant pest resistance and maintaining a suitable soil pH had a positive effect on pest control. Quick-acting potassium was more absorbed in resistant plants, and was highly associated with some bacteria and fungi (Supplementary Figure S4). Previous reports suggest that available potassium appears to play a key role in the functional shaping of fungal potentials, and influencing the viability levels of fungi (Gehring et al., 2014; Christian et al., 2016; Gopal and Gupta, 2016). The change in available potassium may be partially related to changes in the level of individual microorganisms. In our study, available potassium in the topsoil and rhizosphere was significantly lower in insect-resistant plants than in insect-susceptible plants (p < 0.05). As the fungal microbiome community structure of insects was partly derived from the soil fungal community, we suggested that low levels of effective potassium in soil might be favorable for insect resistance in sugarcane. Another option was to have a low level of K+ environment in the roots since higher intense uptake of K+ was observed in resistant plants.

When plants are exposed to biotic and abiotic stresses, damage to plant cells result in the loss of some of the K+ (Crowther et al., 2019; Li et al., 2019). Thus, resistant plants may store more potassium to ensure resistance to insects (Showler, 2016). Future research will focus on the role of potassium in shaping soil microbiome ecology and establishing the environment for insect-resistant microbiome communities. Readily oxidizable organic carbon, available potassium, total nitrogen and pH are all correlated in insect-resistant microbiome communities, suggesting that fast-acting soil nutrients can influence the structure of microbiome communities in the short term, but that persistent essential soil nutrients can also influence the formation of soil microbiome ecology to some extent (Supplementary Table S2). In previous studies, small changes in soil microbiome composition can determine the interactions between plants and pathogenic bacteria and alter plant health (Shikano et al., 2017; Pineda et al., 2020). Therefore, we suggest that environmental and intrinsic microbiome composition characteristics greatly influence the resistance of aboveground plant parts to insects. Our study showed that the soil–plant relationship is bidirectional, but that the plant microbiome is formed primarily through the soil. In future studies, observing changes in the microbiota at different stages of crop growth will further reveal the influence of crop microbiome ecological effects on plant resistance.



4.5. Conclusion

In summary, our findings provided strong and consistent evidence that microbiome is associated with plant resistance to herbivore insects. We found significant differences in the microbiome of resistant and susceptible plants in the stem and underground soil. The microbiome of plants following herbivore attack was similar to that of resistant plants. Meanwhile, we also found that the fungi showed more differences before and after the insect attack. Soil fungal diversity was lower in insect-resistant plants than in insect-sensitive plants, and soil microbiome diversity decreased to a similar level to that of insect-resistant soils after insect damage to insect-sensitive plants. The microbiome of the soil showed the highest diversity in this study, and the microbiome in plant stems was almost entirely derived from the soil. The origin of the microbiota of insects found in our study came mainly from plant stems and partly from the soil. Here we suggest that the origin of insect microbiota may be closely related to their behavior. The chemical properties of the soil showed a significant relevance with the microbiome of the soil, and we found that available potassium showed the highest.
 correlation in plant resistance to insects.
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Introduction: Pakchoi is an important leafy vegetable in China. Due to industrialization and urbanization, pakchoi has been cultivated in newly reclaimed mountainous lands in Zhejiang Province, China in recent years. However, immature soil is not suitable for plant growth and needs to be modified by the application of different organic fertilizer or microbial fertilizer based plant-growth-promoting microbe. In 2021, a high efficient plant-growth-promoting fungi (PGPF; Aspergillus brunneoviolaceus HZ23) was obtained from newly reclaimed land of Zhejiang Province, China. In order to valuate microbial fertilizer based A. brunneoviolaceus HZ23 (MF-HZ23) on pakchoi growth in immature soil, we investigated the effect of MF-HZ23 on soil properties, rhizosphere bacterial community structure, and metabolites of pakchoi rhizosphere soil samples.

Methods: The field experiment (four treatments, MF-HZ23, MF-ZH23 + CCF, CCF and the control) was completely randomly designed and carried out on newly reclaimed land in Yangqingmiao Village of Fuyang district, Hangzhou City, Zhejiang Province, China. In order to evaluate the influence of microbial fertilizer based A. brunneoviolaceus HZ23 on pakchoi in the newly reclaimed land, the number of pakchoi leaves, total fresh and dry weight of the seedlings was counted. In addition, the soil properties, including the pH, OMC, total N, AHN, available P, the genome sequencing, and metabolomics assay were also detected.

Results: The results revealed a significant difference between MF-HZ23 and the control in soil properties, bacterial community structure, and metabolites. Indeed, compared with the control, MF-HZ23 caused 30.66, 71.43, 47.31, 135.84, and 2099.90% increase in the soil pH, organic matter contents (OMC), total nitrogen (N), alkaline hydrolysis nitrogen (AHN), and available phosphorus (P), respectively. Meanwhile, MF-HZ23 caused 50.78, 317.47, and 34.40% increase in the relative abundance of Proteobacteria, Bacteroidota, and Verrucomicrobiota and 75.55, 23.27, 69.25, 45.88, 53.42, and 72.44% reduction in the relative abundance of Acidobacteriota, Actinobacteriota, Chloroflexi, Planctomycetota, Patescibacteria, and WPS-2, respectively, compared with the control based on 16S amplicon sequencing of soil bacteria. Furthermore, redundancy discriminant analysis (RDA) of bacterial communities and soil properties indicated that the main variables of bacterial communities included available P, AHN, pH, OMC, and total N. In addition, non-targeted metabolomics techniques (UHPLC–MS analysis) revealed that MF-HZ23 resulted in a great change in the kinds of metabolites in the rhizosphere soil. Indeed, in MF-HZ23 and the control group, there were six differentially expressed metabolites (DEMs) belong to organoheterocyclic compounds, organic acids and derivatives, organic nitrogen compounds, and these six DEMs were significantly positively correlated with 23 genus of bacteria, which showed complicated interactions between bacteria and DEMs in pakchoi rhizosphere soil.

Conclutions: Overall, the results of this study revealed significant modification in physical, chemical, and biological properties of pakchoi soil. Microbial fertilizer based PGPF A. brunneoviolaceus HZ23 (MF-HZ23) can be used as a good amendment for newly reclaimed land.

KEYWORDS
 pakchoi, newly reclaimed land, MF-HZ23, commercial compound fertilizer, soil property, bacterial community, metabonomics


1. Introduction

Pakchoi (Brassica chinensis L.) is an important leafy vegetable, which was largely consumed in China in recent years due to the richness in vitamin C and minerals (Hanson et al., 2009; Wang et al., 2014; Ren et al., 2020). However, with industrialization and urbanization, a large amount of cultivated land resources has been occupied, which has become an obstacle to the development of agriculture (Ghose, 2014). To meet the demand for cultivated land, pakchoi has been cultivated in newly reclaimed mountainous lands in Zhejiang Province, China in recent years. However, in most situations, newly reclaimed land is acidic and poor in nutrients with high gravel content, which lead to it not suitable for plant growth (Li et al., 2021a,b,c). Therefore, to develop the production of mountainous pakchoi in newly reclaimed land in Zhejiang Province, China, it is very necessary to find effective measures to improve the quality of the immature soil.

It is well known that the quality of soil is highly associated with physical, chemical, and biological properties (Li et al., 2021a). Previous research showed that the application of organic fertilizer, such as sheep manure, biogas liquid, mushroom residue, pig manure, and mushroom residue organic fertilizer, and so on, could not only modify physical and chemical properties of soil but also had a great influence on microbial communities in newly reclaimed land (Li et al., 2021a, 2022a,b). In addition, research also showed that the application of microbial fertilizer based soil microbe, such as Tuzangjin microbial fertilizer, carbonergic microbial agent, and seaweed microbial fertilizer, played an important role in soil ecosystems and nutrient transformation (Li et al., 2022c). Whereas microbial-organic fertilizer composed of specific functional microbes and organic fertilizer (usually animal residues), could improve soil physical and chemical properties (Shang et al., 2020), enrich organic matter and balance nutrient levels (Zubair et al., 2020), regulate the structure and function of the microbial community (Li et al., 2014), promote plant growth, improve crop yield (Wang et al., 2020), and prevent plant disease (Tao et al., 2020). Research showed that microbes were very important in agriculture ecosystems by changing microbial communities to maintain soil fertility and promote plant growth (Ren et al., 2021b). Host plants have been reported to form an intimate association with microbes, which were attracted by plant root exudates (Vacheron et al., 2013). On the other hand, microbes can promote plant growth by transforming, solubilizing, and mobilizing soil nutrients. In addition, organic acids, sugars, and other soil metabolites also played an important role in the rhizosphere soil environment by playing various roles (toxic or beneficial effect) in plant and microbe interaction (Zhang et al., 2015; Zhao et al., 2019; Chen et al., 2021). In other words, environmental factors, such as nutrients and microbes, always influence plant growth (Chen et al., 2021). Therefore, more attention should be paid on the relationship of soil, microbes, and plant from several view angles.

Plant growth promoting fungi (PGPF) is receiving more and more attention in recent days (Hossain and Sultana, 2020). Varieties of PGPF belong to genera Penicillium, Fusarium, and Phoma have been studied over the last decades (Hyakumachi, 1994; Li et al., 2021b). Research showed that PGPF could modulate plant growth and suppress abiotic stresses through a wide complex mechanism (Hossain et al., 2017), including phosphorus (P) solubilization, siderophores, extracellular enzymes, indoleacetic acid (IAA), and volatile organic compounds production, and so on. These wide arrays of interconnected mechanisms helped PGPF maintaining rhizosphere competence and stability in host performance. But compared to the large number of PGPF identified in the laboratory, only a few of them were in agricultural practice worldwide, because the inconsistent performance of PGPF under field condition limited the application of PGPF (Hossain and Sultana, 2020). In 2021, four high efficient PGPF were obtained in our previous study by the screening of P solubilization, siderophore, and IAA production from newly reclaimed land in Zhejiang Province, China, and results of pot experiments showed that the four isolates except HZ123 significantly promoted eggplant seedling growth at different levels under greenhouse conditions. However, it is still unclear whether these PGPF have a promotion effect on the growth of pakchoi plants in newly reclaimed land (under field conditions).

We hypothesized that the microbial fertilizer based A. brunneoviolaceus HZ23 (MF-HZ23) has a beneficial effect in the growth of pakchoi by improving the soil quality of newly reclaimed land. Thus, the aim of this study was to evaluate the effect of MF-HZ23 on pakchoi growth, rhizosphere soil properties, bacterial community structure, and metabolites in newly reclaimed land. In addition, we examined the correlation between soil properties and the bacterial community structure, the correlation between DEMs and related bacteria. This study provides a scientific basis to develop an effective measure to improve the soil quality of newly reclaimed land, and increase the production of pakchoi in the future.



2. Materials and methods


2.1. Experimental design

The field experiment was carried out on newly reclaimed land in Yangqingmiao Village (30°3′57″N, 119°51′51″E, 53 m above sea level) of Fuyang district, Hangzhou City, Zhejiang Province, China. The soil type is acrisols (acidic red soil), based on the soil classification system of the FAO-UNESCO, and the top 20 cm soil had a pH of 4.96, with 0.67% of OMC, 0.72 g/kg of total N, 34.67 mg/kg of AHN, and 37.03 mg/kg of available P. In detail, before the pakchoi was planted, about 1.0 kg of fresh soil (0–20 cm) of the test filed was collected using the quartering method (Campos-M and Campos-C, 2017). After air-drying at room temperature, the soil properties were measured. Each treatment consisted of three replicates.

The experiment consisted of four different treatments through the application of microbial and chemical fertilizers to newly reclaimed land. The microbial fertilizer (MF-HZ23) was provided by Hangzhou Academy of Agricultural Sciences, Hangzhou, China, which contained sheep manure, mushroom residue, and the PGPF A. brunneoviolaceus HZ23 isolated from newly reclaimed land in Yaolin town, Tonglu city, Zhejiang Province, China (Li et al., 2021b), and the final concentration of HZ23 in MF-HZ23 was 108 spores/g. The chemical compound fertilizer (CCF, N-P-K, 15-15-15) was provided by Henan Xinlianxin Chemical Industry Group Co., Ltd., Xinxiang, China. The treatment without any fertilizer or microbe was applied as the control. The information of each treatment used in this study was shown in Table 1: MF-HZ23 at 3.00 kg/m2 (T1), MF-HZ23 at 3.00 kg/m2 plus CCF at 0.02 kg/m2 (T2), CCF at 0.04 kg/m2 (T3), and without any MF-HZ23 or CCF (control).



TABLE 1 The information of each treatment used in this study.
[image: Table1]

The field experiment was completely randomly designed in the study and carried out from 20 October to 14 December in 2021. The area of each plot was 34 m2, and the length and width of the plot were 200 and 170 cm, respectively, and the planting density of pakchoi was 25 cm × 25 cm. On 20 October, the top 0–20 cm soil of the experimental field was mixed with different fertilizers (MF-HZ23, MF-HZ23 plus CCF, CCF, and without any MF-HZ23 or CCF as the control) before planting, and then the seedlings of pakchoi (cultivar “Heitiane 2,” provided by Qingdao Shenrong Agricultural Development Co., Ltd., Qingdao, China) were planted in the above-mentioned newly reclaimed land. In detail, the seeds of pakchoi were sown into 50 cells of seed-growing trays containing newly reclaimed land soil on 29 September and moved to a greenhouse with a relative humidity level of 65–75% and a temperature of 25°C for 3 weeks. The number of leaves was counted after 3 weeks of planting. The seedlings were harvested after 55 days of planting, and the total fresh and dry weight were counted. Each treatment had three replicates.



2.2. Measure of pakchoi parameters and soil properties

In order to evaluate the influence of microbial fertilizer based A. brunneoviolaceus HZ23 on the biomass of pakchoi in the newly reclaimed land, the number of pakchoi leaves was counted after 3 weeks of planting, and the total fresh weight and dry weight of pakchoi was measured after 55 days of planting by a digital scale (TCS-50, Shanghai hento Industrial Co., Ltd., Shanghai, China). In detail, the pakchoi was dug up using hoes from the soil, and the fresh weights were measured after removing the soil from the root by tap water. Dry weights were measured by drying pakchoi organs in an oven at 65°C for 3 days. The growth promotion efficacy (GPE%) was assessed using the following formula: GPE% = (treatment – control)/control × 100%.

The soil properties, including the pH, OMC, total N, AHN, and available P, were detected as described in Baran et al. (2019); Dodor and Tabatabai (2020). In detail, when pakchoi was collected, about 1.0 kg of fresh rhizosphere soil (5–20 cm) of each plot was sampled using the quartering method and a shovel with a scale (Campos-M and Campos-C, 2017). After passed through a 0.45-mm sieve to remove fine roots and debris and dried at room temperature, the soil properties were measured. Briefly, the soil pH was measured at a soil/distilled water suspension ratio of 1:5 (g/ml) with a pH meter (FE28, MettlerToledo, Zurich, Switzerland); the content of organic matter was determined by the K2Cr2O7 oxidation external heating method; the content of total N was determined using an automatic Kjeldahl distillation-titration unit; the AHN was determined by 1 M KOH or NaOH; the content of available P was determined by hydrochloric acid–ammonium fluoride extraction molybdenum–antimony anti–colorimetry. All the treatments had three replicates.



2.3. Genome sequencing

When pakchoi was collected on 14 December in 2021, 20 g rhizosphere soil of pakchoi was sampled of each plot and stored at −40°C. The DNA extraction of the soil samples was extracted using the E.Z.N.ATM Mag–Bind Soil DNA Kit (OMEGA, Norcross, GA, United States) following the manufacturer′s instructions. The quality of extracted DNA was determined using a NanoDrop (ND-1000) spectrophotometer (ThermoFisher Scientific, United States).

The PCR amplification for the V3-V4 region of pakchoi rhizosphere bacterial 16S rRNA genes was carried out using the universal primers 341F (5′–CCTACGGGNGGCWGCAG–3′) and 805R (5′–GACTACHVGGGTATCTAATCC–3′; Wu et al., 2015). The components of the PCR included 12 μl ddH2O, 15 μl 2 × Hieff® Robust PCR Master Mix, 1 μl DNA template, and 1 μl (10 μM) each universal primer. The PCR thermal cycle consisted of an initial denaturation of 4 min at 98°C, followed by 25 cycles of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, expansion at 72°C for 45 s, and finally an extension of 8 min at 72°C. The PCR amplicons were purified with Vazyme VAHTSTM DNA clean beads (Vazyme, Nanjing, China). Afterward, amplicons with equal amounts were pooled and 2 × 250 bp pair-end sequencing was accomplished through the Illumina MiSeq system (Wuhan Bena Technology Co., Ltd., Wuhan, China).

The bioinformatics analysis of the microbe was accomplished as described in our previous study (Jiang et al., 2022; Li et al., 2022c). In detail, to ensure data quality, low-quality reads (average quality score < 20) were removed by preprocessing raw sequencing reads using Trimmomatic (v0.39; Bolger et al., 2014), and primers were trimmed with the Cutadapt (v3.5; Martin, 2011). Reads were quality filtered, denoised, merged, chimera filtered using DADA2 (Callahan et al., 2016). Then clean reads were analyzed using the “classify-sklearn” package in the QIIME2 (v2018.08) to assign taxonomy to amplicon sequence variants (ASVs) against the SILVA Release 138 Database (Bokulich et al., 2018).



2.4. Metabolomics assay

When pakchoi was collected on 14 December 2021, 10 g rhizosphere soil of pakchoi was sampled of each plot and stored at −80°C. After thawed at 4°C, 1 g of soil sample was extracted in 2:2:1 precooled methanol:acetonitrile:H2O (v/v/v), and analyzed by ultra-high performance liquid chromatography-mass spectrometry (UHPLC-MS) via a Thermo Exactive mass spectrometer (Q-Exactive HF MS, Thermo, Waltham, MA, United States) with ESI. In detail, the mixture was vortexed and ultrasonicated for 30 min, placed at −20°C for 10 min, and centrifuged for 20 min (14,000 rpm, 4°C). The supernatant was placed into a new 2 ml centrifuge tube and freeze-dried. For UHPLC–MS metabolomics analysis, the dried powder was re-dissolved into 100 μl 1:1 acetonitrile:H2O (v/v), vortexed, and centrifuged for 15 min (14,000 rpm, 4°C), then the supernatant was transferred to UHPLC glass vials. The UHPLC–MS analysis conditions were set as follows: chromatographic column: waters ACQUITY UPLC BEH Amide (1.7 μm, 2.1 mm × 100 mm); mobile phase A: 25 mM ammonium acetate and 25 mM ammonium hydroxide in water, mobile phase B: acetonitrile; gradient program: 95% B at 0–0.5 min, 95–65% B at 0.5–7 min, 65–40% B at 7–8 min, 40% B at 8–9 min, 40–95% B at 9–9.1 min, 95% B at 9.1–12 min; column temperature: 25°C, flow rate: 0.5 ml/min, and sample size: 2 μl. The ESI source conditions were set as follows: ion source gas1 (GS1), 60 psi; ion source gas2 (GS2), 60 psi; curtain gas (CUR), 30 psi; temperature, 600°C; and ion spray voltage floating, ±5,500 V. Samples were run in both positive and negative ionization mode, and MS data were collected in profile mode over the mass range of m/z 70–1,200. The repeatability of the entire analysis process was examined by inserting one quality control (QC) sample. The QC samples were prepared by pooling and combining 10 μl of each sample. All the treatments had three replicates. The obtained data in this study were compared with the in-house database (Shanghai Applied Protein Technology; Luo et al., 2017; Gu et al., 2018), and the obtained metabolite information was searched for the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.



2.5. Statistical analysis

The SPSS 16.0 software (SPSS Inc., Chicago, IL, United States) was used to calculate the significance test (p < 0.05) of the main treatments and their interaction through an analysis of variance (ANOVA) after testing for normality and variance homogeneity. The ASVs and alpha diversity indices including Chao1 and Shannon index, was analyzed by Origin (v2022) and visualized in the bar graphs. The analysis of beta diversity was carried out to observe the structural variation of rhizosphere soil microbe across samples with Bray-Curtis metrics, principal component analysis (PCA; Ramette, 2007). The significant differences of rhizosphere soil microbe between groups were tested by permutational multivariate ANOVA (PERMANOVA), with 999 permutations used to calculate p values (Dixon, 2003). Linear discriminant analysis effect size (LeFSe) was carried out by using default parameters to observe the differentially abundant taxa of rhizosphere soil microbe between groups (Segata et al., 2011). To investigate the impact of environmental factor (such as pH, OMC, total N, AHN, and available P) on bacterial community structure, redundancy discriminant analysis (RDA) was carried out using Origin (v2022). To investigate the effect of MF-HZ23 on the metabolites, orthogonal partial least-squares discriminant analysis (OPLS-DA) and volcano plot on different treatments were conducted with the MetaboAnalyst 4.0 platform. The thresholds for screening significant DEMs were set as follows: fold change (FC) > 1.5 or < 0.67, variable importance in the projection (VIP) > 1, and p < 0.05. To investigate the correlation between differential bacteria and DEMs in different treatment groups, a Spearman correlation coefficient among the high relative abundances of pakchoi rhizosphere soil bacteria (top 50 bacteria at genus level) and DEMs (the largest VIP value, p < 0.05) was measured by p < 0.05, Spearman’s coefficient N > 0.6 or < −0.6 (Hollander et al., 2008).




3. Results


3.1. Effects of MF-HZ23 on pakchoi production

To evaluate the effect of MF-HZ23 on pakchoi production on newly reclaimed land, the leaf number of pakchoi was counted 3 weeks after planting, and the fresh and dry weight of pakchoi was measured about 55 days after planting when harvested. The results showed that MF-HZ23 significantly promoted pakchoi growth at different levels under field conditions. Based on the phenotypic observation, MF-HZ23 caused an obvious increase (81.82–103.03%) in leaf number and affected the biomass accumulation of pakchoi compared to the control (Figure 1; Table 2). Indeed, compared to the control, application of MF-HZ23 (T1) caused a 641.74 and 385.95% increase, while MF-HZ23 plus CCF (T2) resulted in a 1010.11 and 426.20% increase, in the fresh weight and dry weight of seedlings, respectively. Furthermore, the fresh weight and dry weight of pakchoi seedlings in MF-HZ23 (T1) is 1.79- and 1.94-fold, while MF-HZ23 plus CCF (T2) treatment is 2.68- and 2.10-fold greater than that of CCF treatment (T3), respectively. This indicated that MF-HZ23 generally had a greater effect on pakchoi growth compared to the control.

[image: Figure 1]

FIGURE 1
 Effect of MF-HZ23 on the growth of pakchoi in the newly reclaimed filed. (A,E) MF-HZ23 at 3.00 kg/m2 (T1); (B,F) MF-HZ23 at 3.00 kg/m2 plus CCF at 0.02 kg/m2 (T2); (C,G) CCF at 0.04 kg/m2 (T3); and (D,H) control.




TABLE 2 Effects of MF-HZ23 on growth promotion of pakchoi.
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3.2. Effects of MF-HZ23 on soil pH, OMC, and nutrient elements

Results from this study indicated that the application of MF-HZ23 significantly raised the pH, OMC, total N, AHN, and available P of pakchoi rhizosphere soil (Table 3). In detail, compared with the control, MF-HZ23 (T1) and MF-HZ23 plus CCF (T2) caused a 30.66 and 10.08% increase, while CCF (T3) caused a 6.38% reduction in the soil pH, respectively. Furthermore, the soil OMC was significantly increased 71.43 and 26.19% by MF-HZ23 (T1) and MF-HZ23 plus CCF (T2), respectively, while reduced 19.05% by CCF (T3) compared to the control. Meanwhile, compared to the control, MF-HZ23 (T1) and MF-HZ23 plus CCF (T2) caused a significantly increase by 47.31 and 21.51%, while CCF (T3) caused a 4.30% reduction in total N, respectively. The content of AHN was significantly increased by MF-HZ23 (T1) and MF-HZ23 plus CCF (T2), with a 135.84 and 55.39% increase, respectively, but was reduced by CCF (T3), with a 1.35% reduction compared to the control. And compared to the control, MF-HZ23 (T1), MF-HZ23 plus CCF (T2) and CCF (T3) caused significantly increase in available P, which caused a 2099.90, 1183.47, and 26.19% increase, respectively.



TABLE 3 Effects of MF-HZ23 on the pH and chemical properties on pakchoi soil.
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3.3. The effect of MF-HZ23 in microbial community diversity

After original data quality-controlled, a total of 1,069,269 high-quality16S rRNA gene sequences were obtained from all samples of four different treatments. Among them, the high-quality sequences of each sample range from 60,540 to 108,257. A total of 24,859 bacterial ASVs were identified, and distribution of ASVs in four different treatments was shown in Figure 2A. The average number of bacterial ASVs was 2347.00 (2,283–2,434), 2165.00 (2,118–2,205), 1850.00 (1,826–1,868), 1924.33 (1,831–1,988) in MF-HZ23 (T1), MF-HZ23 plus CCF (T2), CCF (T3), and the control, respectively. Meanwhile, the richness index (Chao1) and diversity index (Shannon) was chosen to evaluate the alpha diversity of bacterial community (Figures 2B,C). The average Chao1 index was 2379.70 (2311.20–2491.61), 2193.89 (2162.07–2210.79), 1870.23 (1769.41–1951.98), 1949.19 (1901.00–2020.89), and the Shannon index was 10.06 (9.74–10.26), 9.84 (9.60–10.27), 9.62 (9.48–9.73), and 9.73 (9.68–9.79) in MF-HZ23 (T1), MF-HZ23 plus CCF (T2), CCF (T3), and the control, respectively. In general, the bacterial ASVs number was significantly increased (21.96 and 12.51%, respectively) by MF-HZ23 (T1), MF-HZ23 plus CCF (T2), and slightly reduced (3.86%) by CCF (T3) compared with the control, respectively (Figure 2A). The bacterial Chao1 index was significantly increased (22.09 and 12.55%, respectively) by MF-HZ23 (T1), MF-HZ23 plus CCF (T2), and slightly reduced (4.05%) by CCF (T3) compared with the control, respectively (Figure 2B), but no significant difference was observed in the Shannon index of bacterial community among all four different treatments (Figure 2C). Obviously, the bacterial richness and diversity was differentially affected by different fertilizers, and the application of MF-HZ23 could significantly increase the richness of bacteria in the rhizosphere soil of pakchoi in newly reclaimed land.

[image: Figure 2]

FIGURE 2
 Effect of MF-HZ23 on the ASVs distribution (A), Chao1 richness index (B), and Shannon′s diversity index (C) of bacteria in pakchoi rhizosphere soil. T1: MF-HZ23 at 3.00 kg/m2; T2: MF-HZ23 at 3.00 kg/m2 plus CCF at 0.02 kg/m2; T3: CCF at 0.04 kg/m2; T4: control. Different lower case letters above columns indicate statistical differences (p < 0.05).




3.4. The effect of MF-HZ23 in soil microbial community structure

Principal component analysis (PCA) based on the Bray-Curtis distance was performed to further compare the effect of MF-HZ23 on the rhizosphere bacterial community (Figure 3A). The PCA analysis showed that the soil rhizosphere bacterial community of MF-HZ23 (T1), MF-HZ23 plus CCF (T2), CCF (T3), and the control formed four different groups, and there was no overlap among all four different treatments. The samples of all four different treatments were separated along the first axis (PERMANOVA, p < 0.05). The first axis explains 19.49% of the overall variation, and the second axis explains 12.67%. PERMANOVA analysis on samples of all four different treatments also showed that different fertilizers explained 26.5% of the variation (p = 0.001). Results showed that the bacterial community structure of the rhizosphere soil was significantly changed by different fertilizers including MF-HZ23.

[image: Figure 3]

FIGURE 3
 Principal component analysis (PCA) of the rhizosphere bacterial communities based on ASVs abundance (A), and redundancy discriminant analysis (RDA) of the rhizosphere bacterial community compositions at genus levels with soil physicochemical properties (B). Ellipses have been drawn for each treatment with a confidence limit of 0.95. Sph, Sphingomonas; Bur, Burkholderia; Fla, Flavobacterium; Rho, Rhodanobacter; Muc, Mucilaginibacter; Sol, Solibacter; Sub, Subgroup2; Bry, Bryobacter; Aci, Acidibacter; and Ell, Ellin6067. OMC, organic matter contain; TN, total N; AP, available P; and AHN, alkaline hydrolysis N. Arrows indicate the direction and magnitude of soil physicochemical properties (pH, OMC, total N, AP, and AHN) associated with the different bacterial genus. T1: MF-HZ23 at 3.00 kg/m2; T2: MF-HZ23 at 3.00 kg/m2 plus CCF at 0.02 kg/m2; T3: CCF at 0.04 kg/m2; and T4: control.


Meanwhile, results showed that the application of MF-HZ23 resulted in a significant change in the composition of the bacterial community at the phylum (Figure 4A) and genus levels (Figure 4B) compared to the control. In detail, the top 15 phylum in the rhizosphere soil of pakchoi were selected to generate a relative abundance histogram, in which Protebacteria, Bacteroidota, Acidobacteriota, Actinobacteriota, Chloroflexi, Planctomycetota, Verrucomicrobiota, Patescibacteria, and Myxococcota were the main bacterial phylum with a relative abundance of 25.87–39.01, 5.36–22.40, 4.60–18.79, 7.58–9.88, 3.41–11.10, 4.90–9.06, 4.22–6.12, 1.87–4.02, and 1.37–2.63%, respectively (Figure 4A). Furthermore, the relative abundance histogram based on the top 15 species showed that Sphingomonas, WD2101, Burkholderia, and Mucilaginibacter were the main bacterial genes with a relative abundance of 4.47–7.23, 1.71–5.06, 1.45–4.98, and 1.07–2.41%, respectively (Figure 4B). Compared with that of the control, the relative abundance of Sphingomonas was reduced by 23.80 and 12.54% in MF-HZ23 (T1) and MF-HZ23 plus CCF (T2), but increased by 23.20% in CCF (T3), respectively. The relative abundance of WD2101 was reduced by 66.18, 42.87, and 33.65% in MF-HZ23 (T1), MF-HZ23 plus CCF (T2), and CCF (T3), respectively. The relative abundance of Burkholderia was reduced by 50.67 and 6.68% in MF-HZ23 (T1) and MF-HZ23 plus CCF (T2), but increased by 69.99% in CCF (T3), respectively. The relative abundance of Mucilaginibacter was reduced by 18.90 and 21.42% in MF-HZ23 (T1) and MF-HZ23 plus CCF (T2), but increased by 76.41% in CCF (T3), respectively. Results indicate that the change in the number of specific bacteria in different treatments may be due to the different nutrients under different fertilizers conditions, and different fertilizers including MF-HZ23 could affect the abundance of bacteria in the rhizosphere soil of packchoi to regulate the composition of the bacterial community.

[image: Figure 4]

FIGURE 4
 Relative abundance of bacteria at the phylum (A) and genus (B) level. T1: MF-HZ23 at 3.00 kg/m2; T2: MF-HZ23 at 3.00 kg/m2 plus CCF at 0.02 kg/m2; T3: CCF at 0.04 kg/m2; and T4: control.




3.5. The effect of MF-HZ23 in the rhizosphere microbiome and biomarker

Linear discriminant analysis of effect size (LeFSe, LDA > 4, p < 0.05) was used to reveal the biomarkers with the largest difference between the rhizosphere soil bacterial communities of pakchoi under MF-HZ23 and CCF in different treatments (Figure 5A). A total of 53 bacterial biomarkers were found in MF-HZ23 (T1), MF-HZ23 plus CCF (T2), CCF (T3), and the control. In detail, MF-HZ23 (T1) is enriched with Bacteroidia, Bacteroidota, Gammaproteobacteria, Xanthomonadales, Flavobacteriales, Flavobacteriaceae, Rhodanobacteraceae, Flavobacterium, Rhodanobacter, Cytophagales, Xanthomonadaceae, Chitinophagales, Chitinophagaceae, Cellvibrionales, Verrucomicrobiales, and Cellvibrionaceae, MF-HZ23 plus CCF (T2) is enriched with Sphingobacteriaceae, Sphingobacteriales, Rhizobiales, Sphingobacterium, and Streptosporangiales, two types Actinomadura, Rhizobiaceae, and Thermomonosporaceae, CCF (T3) is enriched with Acidobacteriales, Acidobacteriaceae, Burkholderia, Sphingomonas, and Burkholderiales, JG30, the control is enriched with Acidobacteriae, Acidobacteriota, Chloroflexi, Planctomycetota, Ktedonobacteria, and Ktedonobacterales, two types WD2101, Tepidisphaerales, Phycisphaerae, four types AD3, five types WPS-2, Ktedonobacteraceae, and Thermoleophilia. Furthermore, the difference in relative abundance composition (family level) of the rhizosphere bacterial community under MF-HZ23 and CCF in different treatments was visually explained through heat maps (Figure 5B). MF-HZ23 (T1) was enriched with Xanthomonadaceae, Chitinophagaceae, Rhodanobacteraceae, and Microscillaceae, but was reduced with Xanthobacteraceae, Burkholderiaceae, Micropepsaceae, Acidobacteriaceae, WPS-2, JG30, AD3, Nitrosomonadaceae, WD2101, and Ktedonobacteraceae (p < 0.05). MF-HZ23 plus CCF (T2) was enriched with Sphingobacteriaceae, Rhizobiaceae, and Caulobacteraceae, but none was obviously reduced (p < 0.05). The results demonstrate that different fertilizer treatments such as MF-HZ23 (T1), MF-HZ23 plus CCF (T2), and CCF (T3) can increase or induce the existence of specific species, resulting in a change in the bacterial community structure in rhizosphere soil of pakchoi. In other words, those microbes may have greater potential to colonize and alter soil chemistry and microbial communities in immature soil.
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FIGURE 5
 Linear discriminant analysis (LDA) effect size (LeFSe) of the bacterial taxa (A), which identifies the most differentially abundant taxa among MF-HZ23 and CCF in different treatments. Only taxa with LDA values greater than 4 (p < 0.05) are shown. Hierarchical clustering analysis and heat map at the family level (B). The tree plot represents a clustering analysis of the top 20 bacteria at family levels according to their Person correlation coefficient matrix and relative abundance, the upper tree plot represents a clustering analysis of soil samples according to the Euclidean distance of data. T1: MF-HZ23 at 3.00 kg/m2; T2: MF-HZ23 at 3.00 kg/m2 plus CCF at 0.02 kg/m2; T3: CCF at 0.04 kg/m2; and T4: control.




3.6. The effect of MF-HZ23 on RDA of soil properties and microbial communities

Soil properties exhibited an influence in the composition of bacterial communities in pakchoi rhizosphere soil at the genus levels (Figure 3B; Table 4). Redundancy discriminant analysis (RDA) was carried out to examine the correlation between environmental factors and bacterial communities. Results from this study showed a total of 78.71% of the cumulative variance of the rhizosphere bacterial community-factor correction at the genus level (Figure 3B). Moreover, the p value displayed the significance of the relationship between the individual environmental factor and bacterial communities, and the values were 0.0025, 0.0025, 0.0050, 0.0005, and 0.0005 for pH, OMC, total N, available P, and AHN, respectively. Meanwhile, the contributions of the five main variables: available P, AHN, pH, OMC, and total N, explained 93.56, 89.63, 76.70, 76.16, and 72.62% of the bacterial community at the genus level, respectively. All those suggested that available P, AHN, pH, OMC, and total N were main factors influencing the bacterial communities (Table 4). Results also showed a complex relationship between bacterial growth and soil nutrient elements because the compositions of the bacterial communities in pakchoi rhizosphere soil were significantly affected by different soil properties.



TABLE 4 Contribution of soil environment to bacteria taxa at the genus level.
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3.7. The effect of MF-HZ23 on rhizosphere soil metabolomics

A score map of metabolites was also achieved by using the orthogonal partial least squares-discriminant analysis (OPLS-DA, a supervised statistical method of discriminant analysis; Figures 6A–C; Ren et al., 2021a). Results showed that the distribution of different treatments could be effectively separated between MF-HZ23 (T1), MF-HZ23 plus CCF (T2), CCF (T3), and the control. Indeed, Figure 6A presents the distribution of the sample points of the MF-HZ23 treatment and the control in the positive and negative area of t(1), respectively, while the model values of MF-HZ23 and the control were R2X(cum) = 0.772, R2Y(cum) = 0.999, and Q2(cum) = 0.750 (Q2 ﹥ 0.5). Similarly, Figure 6B presents the distribution of the sample points of the MF-HZ23 plus CCF treatment and the control in the positive and negative area of t(1), respectively, while the model values of MF-HZ23 plus CCF and the control were R2X(cum) = 0.760, R2Y(cum) = 1.000, Q2(cum) = 0.633 (Q2﹥0.5). Meanwhile, Figure 6C presents the distribution of the sample points of the CCF treatment and the control in the positive and negative area of t(1), respectively, while the model values of CCF and the control were R2X(cum) = 0.607, R2Y(cum) = 0.974, Q2(cum) = 0.372 (0.3﹤Q2 ≤ 0.5). Results showed that the interpretation and predication ability of the three groups of models were good due to that the Q2(cum) were greater than 0.3, especially MF-HZ23 and the control, MF-HZ23 plus CCF and the control groups (Q2(cum) greater than 0.5). Therefore, it can be inferred from the obvious separation of samples that the types of metabolites in the control rhizosphere soil were significantly changed by the application of the MF-HZ23, MF-HZ23 plus CCF, CCF, especially MF-HZ23 and MF-HZ23 plus CCF. Furthermore, volcano plot [based on fold change (FC) analysis] also showed that the metabolites in MF-HZ23, MF-HZ23 plus CCF, and CCF treatment were significantly different from the control (Figures 6D–F).
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FIGURE 6
 Orthogonal partial least squares-discriminant analysis (OPLS-DA) score map of pakchoi rhizosphere soil of the MF-HZ23 (A), MF-HZ23 plus CCF (B), and CCF treatment (C). Volcano plot of differentially accumulated metabolites in MF-HZ23 vs. the control (D), MF-HZ23 plus CCF vs. the control (E), and CCF vs. the control (F). Each point represents a metabolite, blue point indicates metabolities with FC ﹤ 0.67 and p ﹤ 0.05, red point indicates metabolities with FC ﹥ 1.5 and p ﹤ 0.05, black point indicates non-significant metabolites.


Furthermore, a total of 4,417 pakchoi rhizosphere soil metabolites were screened in four different treatments, among which 309 metabolites were identified by using non-targeted metabolomics techniques (UHPLC–MS analysis). These metabolites mainly refer to lipids and lipid-like molecules (30.10%), organic acids and derivatives (16.18%), benzenoids (15.53%), organoheterocyclic compounds (11.97%), organic nitrogen compounds (6.80%), organic oxygen compounds (5.50%), phenylpropanoids and polyketides (3.24%), hydrocarbon derivatives (0.32%), organosulfur compounds (0.32%), and others undefined (10.03%; Figure 7A). DEMs among different treatment groups were selected with VIP (variable importance for the projection)﹥1 and p value﹤0.05. Results revealed that there were six DEMs belong to organoheterocyclic compounds, organic acids and derivatives, organic nitrogen compounds between MF-HZ23 and the control, with 4,6-diamino-5-formamidopyrimidine downregulated, and N-acetylhistamine, hexylamine, N2-acetyl-L-ornithine, gly-his-lys, and hydroquinidine upregulated; there were three DEMs belong to organic acids and derivatives, lipids and lipid-like molecules between MF-HZ23 plus CCF and the control, with N-acetylhistamine, 11-dehydrothromboxane b3, Gly-His-Lys up regulated; and there were six DEMs belong to organic acids and derivatives, benzenoids, lipids, and lipid-like molecules between CCF and the control, with N-acetylhistamine, aniline, N2-acetyl-L-ornithine up regulated (Figures 7B–G; Table 5). In detail, N-acetylhistamine and Gly-His-Lys were common metabolites in all three treatment groups; N2-acetyl-L-ornithine and hydroquinidine were common metabolites in MF-HZ23 and the control group and CCF and the control group; hexylamine and 4,6-diamino-5-formamidopyrimidine were unique metabolites in MF-HZ23 and the control group; 11-dehydrothromboxane b3 was unique metabolites in MF-HZ23 plus CCF and the control group; aniline and thymol-beta-d-glucoside were unique metabolites in CCF and the control group. All those results indicated that these metabolites might play a crucial role in the response of pakchoi to MF-HZ23 or CCF.
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FIGURE 7
 Metabolite classification statistics (A), and DEMs in different treatment groups. (B,E) MF-HZ23 vs. the control; (C,F) MF-HZ23 plus CCF vs. the control; (D,G) CCF vs. the control. Red and green represents upregulated and downregulated, respectively.




TABLE 5 List of differentially expressed metabolites (DEMs) by VIP, FC, and p value.
[image: Table5]

In order to understand the correlation of bacteria with metabolites, the metabolites with significant differences were normalized, and the clustering heat map and connection network were drawn (Figures 8, 9). Results indicated that in MF-HZ23 and the control group, six DEMs were significantly positively correlated with 23 genus of bacteria, among which N-acetylhistamine was positively correlated with Massilia, Galbibacter; Luteolibacter, Abditibacterium, Ramlibacter, and Terrimonas; Hexylamine was positively correlated with Chryseolinea, Pedobacter, Pseudoxanthomonsa, Cellvibrio, Prosthecobacter, and Galbibacter; N2-acetyl-L-ornithine was positively correlated with Devosia, env.OPS17, Chryseolinea, Cellvibrio, and Prosthecobacter; Gly-His-Lys and Hydroquinidine were positively correlated with Blrii41, Pseudomonas, Flavobacterium, Pedobacter, and Prosthecobacter; 4,6-diamino-5-formamidopyrimidine was positively correlated with Bradyrhizobium, C0119, Amycolatopsis, Acidibacter, Rudaea, and Edaphobacter. In MF-HZ23 plus CCF and the control group, three DEMs were significantly positively correlated with nine genus of bacteria, among which N-acetylhistamine was positively correlated with Massilia, Rhodopseudomonas, Flavobacterium, and Flavisolibacter; 11-dehydrothromboxane b3 was positively correlated with Chitinophaga and Mesorhizobium; Gly-His-Lys was positively correlated with Taibaiella, Blrii41, and Devosia. In CCF and the control group, six DEMs were significantly positively correlated with 12 genus of bacteria, among which N-acetylhistamine was positively correlated with Mucilaginibacter; Aniline was positively correlated with Dyella, Deyosia, Arthrobacter, Chujaibacter, Ralstonia, env.OPS17, and Mesorhizobium; N2-Acetyl-L-ornithine was positively correlated with Bradyrhizobium, Granulicella, Terracidiphilus, and Aquicella; Hydroquinidine and Thymol-beta-d-glucoside was positively correlated with Arthrobacter, Chujaibacter and Ralstonia; Gly-His-Lys was positively correlated with Arthrobacter, Chujaibacter, Ralstonia, Mucilaginibacter, Dyella, and Deyosia. In general, the DEMs (organic acids, lipid, and secondary metabolites) by the application of different fertilizers especially MF-HZ23 in the rhizosphere soil of pakchoi may enrich the soil bacteria and help coordinate the rhizosphere bacteria.

[image: Figure 8]

FIGURE 8
 Correlation heat map between DEMs and related bacteria in different treatment groups. (A) MF-HZ23 vs. the control; (B) MF-HZ23 plus CCF vs. the control; and (C) CCF vs. the control. Red and blue represent positive correlation and negative correlation, respectively. * indicated a significant correlation at p < 0.05.
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FIGURE 9
 Connection network between DEMs and related bacteria in different treatment groups. (A) MF-HZ23 vs. the control; (B) MF-HZ23 plus CCF vs. the control; and (C) CCF vs. the control. Green dots and orange prisms represent bacteria and metabolites, and the size of nodes and prisms represents the relative abundance of bacteria and metabolites, respectively. Red lines and blue lines represent positive correlation and negative correlation, respectively.





4. Discussion

Land reclamation is regarded as a good way to keep balance of occupation and compensation. However, immature soil is not suitable for plant growth. In most cases, the production capacity of newly reclaimed land is only 10–30% of the occupied cultivated land in China (Wang et al., 2017). In practice, immature soil can be modified by adding organic matter and PGP microbes to promote soil maturity and plant growth (Larney and Angers, 2012; Rashid et al., 2016; Li et al., 2021a). Over the last few years, the continued application of organic amendments, such as planting winter legume crops, promoting the use of commercial organic fertilizer, utilizing animal manure, was carried out to improve the soil quality of newly reclaimed land (Drozdowski et al., 2012; Watkinson et al., 2017; Teixeira et al., 2019). Recently, PGPF-based biofertilizers have attracted significant attention due to the environment friendly and agriculture sustainability abilities (Egamberdieva and Adesemoye, 2016; Hossain and Sultana, 2020). Studies showed that the effect of PGPF was largely dependent on their successful colonization, growth, and efficient adaptation to rapidly changing conditions (Wakelin et al., 2007; Araujo et al., 2020; Li et al., 2021b). Compared to the large number of PGPF identified in the laboratory, only a small fraction of them was applied in field condition (Hossain and Sultana, 2020). Whereas development of appropriate application methods could improve the performance of PGPF in the field (Lyn et al., 2010), including protecting biological actives from stress, ensuring viability and microbial actives in the field (Lyn et al., 2010). In the literature, several studies have reported the pig corpses, corn and sugarcane bagasse was potential carriers for PGPF (Doni et al., 2014; Oancea et al., 2016). In our study, sheep manure and mushroom residue was choosen to carry A. brunneoviolaceus HZ23, and the effect of microbial fertilizer based A. brunneoviolaceus HZ23 (MF-HZ23) on packchoi growth, soil properties, rhizosphere bacterial community structure, and metabolites in newly reclaimed land was explored systematically at the very first time.

In our recent study, HZ23 has been reported to cause an obvious increase in leaf size, root and seedlings length, fresh weight, and dry weight of eggplants compared to the controls on newly reclaimed land (Li et al., 2021b). As we known, the effect of PGPF is largely depending on their successful survival, colonization, growth, and efficient adaptation to environmental conditions. HZ23 may have great potential to colonize in immature soil, and have the capacity to enhance the solubilization of insoluble phosphate compounds, produce siderophore and IAA (Li et al., 2021b). Similarly, MF-HZ23 generally had a greater effect on pakchoi growth compared to CCF and the control in our study. Moreover, some previous studies also reported that the use of microbial fertilizer could improve the production of crop. For example, Zhang et al. (2018) showed that yield of facility tomato was improved after the application of microbial fertilizers (especially ABA-2). Li et al. (2022c) reported that the application of Tuzangjin microbial fertilizer, carbonergic microbial agent, and seaweed fertilizer resulted in a greater promotion effect on corn production in newly reclaimed land, and the applied amount of microbial fertilizers could be reduced as the soil fertility improves.

The soil properties in the packchoi field were differentially affected by different treatments, and the effect was dependent on the soil parameters and the kind of fertilizer. Indeed, results showed that the soil pH and OMC can be improved by microbial fertilizer (MF-HZ23, T1, and T2), and reduced by CCF (T3), and similar observation was observed by Li et al. (2021a, 2022c), which may be due to the proportion of microaggregates (<0.25 mm) of soil decreased by heavy use of CCF. Previous studies revealed the fertility and quality of immature soil could be improved by enhancing the low pH and OMC, which have been regarded as the basis for soil fertility and quality (Li et al., 2022a,b). As well known, planting winter legume crops, application of commercial organic fertilizer, utilizing farmyard manure and crop straw, and application of microbial fertilizer can not only increase crop yield but also can maintain a sustainable increasing trend in crop yield owing to the improvement of soil fertility (Asghar and Kataoka, 2022), and the OMC has been proposed to exhibit a greatest effect on microbial communities than the other soil parameters (Baran et al., 2019; Qu et al., 2019). Results also showed that the application of microbial fertilizer (MF-HZ23, T1, and T2) resulted in the greater increase in all the other nutrient elements than that of CCF (T3) and the control. In particular, MF-HZ23 (T1) and MF-HZ23 plus CCF (T2) caused significantly increase in available P. The available P of MF-HZ23 (T1), MF-HZ23 plus CCF (T2) were 854.09 and 498.30 mg/kg, respectively, greater than that of CCF (T3) and the control (48.99 and 38.82 mg/kg, respectively). Li et al. (2015) showed that large areas of Chinese arable land with Olsen p values were lower than 20 mg/kg (the critical fertility level for most field crops), and the great challenge for P management in China was to improve the fertility of low-P soils, increase P use efficiency, and minimize the risk of environmental P losses (only 20% of fertilizer P could be used by crops during the growing season in China). As we know, the pH of soil could be reduced by CCF, whereas the main P minerals become more soluble assoil pH increases (especially, variscite, strengite, and calcium P become more soluble in pH 6–6.5; Li et al., 2015). In our study, the soil pH of MF-HZ23 (T1), MF-HZ23 plus CCF (T2; 6.35 and 5.35, respectively) was higher than CCF (T3) and the control (4.55 and 4.86, respectively). Thus, compared to CCF and the control, the pH of MF-HZ23 (T1), MF-HZ23 plus CCF (T2) was more friendly to HZ23 to solubilize P, especially MF-HZ23 (T1). Therefore, it can be inferred that MF-HZ23 may be able to have great effect in improvement of newly reclaimed soil.

We measured the bacterial community diversity in the packchoi rhizosphere with different fertilizers (MF-HZ23, MF-HZ23 plus CCF, CCF, and the control) using 16S rRNA gene high-throughput sequencing. High microbial diversity promotes soil ecosystem functioning (Maron et al., 2018). We used the number of ASVs and the alpha diversity (Chao1 and Shannon index) to measure the bacterial diversity under different fertilizer treatment conditions (Figures 2A–C). Results showed that the bacterial ASVs number was significantly increased by MF-HZ23, and MF-HZ23 increased the Chao1 index but had no significant effect on the Shannon index. We considered that MF-HZ23 had the obvious effect on increasing the richness of bacterial communities in short term (55 days), and it should be worth to elucidate the effect of MF-HZ23 on the diversity of bacterial communities in long term in future. The role of different fertilizer in soil microbe has been reported in previous studies. For example, 3 consecutive years application of three kinds of microbial fertilizer (CMA, TMF, and SMF) could increase the number of OTUs and Chao1 index of the bacterial community of corn rhizosphere soil in newly reclaimed land, but no significant difference was observed in the Shannon index (Li et al., 2022c). Two kinds of commercial organic fertilizer, including PMMR-OF and SM-OF, could cause changes in the bacterial OTUs, Chao1, and Shannon index of corn rhizosphere soil (Li et al., 2022a). The bacterial OTUs and Chao1 index of sweet potato rhizosphere soil in newly reclaimed land was reduced by CCF (Li et al., 2022b). Applying bio-organic fertilizer in combination with 30% chemical fertilizer could increase the number of bacteria species in the community (Jiang et al., 2019). According to previous studies, the soil fertility is associated with the richness of some special microbes, which can mediate nutrient mobilization through nitrogen-fixing, solubilization inorganic P, producing IAA, and siderophore to promote plant growth (Plassard et al., 2011; Ahemad and Kibret, 2014; Mendes et al., 2014; Ikram et al., 2018). In other words, the improvement of the soil quality by different fertilizer (for instance, MF-HZ23) may be partially attributed to the enrichment of specific microbes. Further study was carried out to elucidate the role of specific microbes in the fertility improvement in immature soil. PCA results showed that the rhizosphere bacterial communities were well separated according to different fertilizer treatments (Figure 3A, PERMANOVA, p < 0.05), and the different fertilizer explained 26.5% (p = 0.001) of the variation. Therefore, there were significant differences in bacterial community composition between different fertilizer treatments. In accordance with the results of this study, continuous application of commercial organic fertilizer (COF, MR) in immature soil caused a significant change in bacterial communities in sweet potato soil (Li et al., 2022b); the application of four different fertilization regimes (100% bio-OF, 70% bio-OF +30% CF, 30% bio-OF +70% CF, and 100% CF) caused a significant change in the PCA of the bacterial communities in tomato coastal saline soil (Jiang et al., 2019). Taken overall, the application of MF-HZ23 could reshape the rhizosphere bacterial community of packchoi in newly reclaimed land.

At the phylum level, all different treatments included Protebacteria, Bacteroidota, Acidobacteriota, Actinobacteriota, Chloroflexi, Planctomycetota, Verrucomicrobiota, Patescibacteria, and Myxococcota (Figure 4A), while at the species level, all different treatments included Sphingomonas, WD2101, Burkholderia, and Mucilaginibacter in four species (Figure 4B). The change in the number of specific bacteria in different treatments may be due to the different nutrients between microbial and chemical fertilizers. Indeed, more attention should be paid to Sphingomonas, Burkholderia, and Mucilaginibacter. Sphingomonas is reported to play a role in plant growth by producing plant growth hormones during salinity, drought, and heavy metal stress conditions in agricultural soil (Jiang et al., 2016). Burkholderia has been reported to have a great potential in promoting the growth of eggplants in immature soil by phosphate solubilization, nitrogen fixation, siderophore production, and indole acetic acid production (Li et al., 2021c). Mucilaginibacte not only have the ability to hydrolyze organic matter, such as pectin, xylan, and laminarin, produce large amount of extracellular polysaccharides containing the sugars glucose, mannose, and galactose, and but also can promote cotton growth (Pankratov et al., 2007; Urai et al., 2008; Madhaiyan et al., 2010; Han et al., 2012). Our previous studies also showed that the application of organic or microbial fertilizer in immature soil could improve the soil quality, which may be due to the change in the genera abundance distribution by enriching specific microbe in soil (Li et al., 2022a,b,c).To further explore the impact of MF-HZ23 on bacterial groups, we used liner discriminant analysis of the effect size (LeFSe, LDA > 4, p < 0.05), and a total of 53 bacterial biomarkers were got in four different treatments. Furthermore, heat map indicated that MF-HZ23 could significantly enrich Xanthomonadaceae, Chitinophagaceae, Rhodanobacteraceae, Microscillaceae, Sphingobacteriaceae, Rhizobiaceae, and Caulobacteraceae. It is worth noting that some species of Xanthomonadaceae, Chitinophagaceae, Sphingobacteriaceae, and Rhizobiaceae play an important role in enhancing resilience to plant pathogens and promoting plant growth (Jiang et al., 2016; Luo et al., 2019). Previous studies also showed that microbial fertilizers, including Tuzangjin microbial fertilizer, carbonergic microbial agent, and seaweed microbial fertilizer, could improve the soil fertility by changing the microbial community structure in rhizosphere soil (Li et al., 2022c). In addition, we have also isolated several fungal and bacterial strains from new reclamation soil, which have great ability to solubilize phosphate, fix nitrogen, and produce siderophores and indole acetic acid in immature soil (Li et al., 2021b,c). In other words, those microbes may have greater potential to colonize and alter soil chemistry and microbial communities in immature soil.

A total of 4,417 metabolites were screened from pakchoi rhizosphere soil in different treatments. Results of OPLS-DA showed that metabolites were significantly changed by MF-HZ23, which was also verified by volcano plot (Figure 6). A total of 309 metabolites were identified by UHPLC–MS analysis, which mainly belong to lipids and lipid-like molecules (30.10%), organic acids and derivatives (16.18%), benzenoids (15.53%), and organoheterocyclic compounds (11.97%; Figure 7A). As we known, organic acids, lipids, and other secondary metabolites are the essential biological sources for soil bacteria rhizosphere colonization, growth, and symbiosis; they also play an important role in plant root growth, including energy storage and regulating cell signaling and ion transport (Sonnino and Prinetti, 2013; Lucie et al., 2016). To further explore the correlation of bacteria with DEMs, the clustering heat map and connection network were drawn (Figures 8, 9). Results showed that there were six DEMs in MF-HZ23 and the control group, with five DEMs upregulated and one DEM downregulated (Figures 7B,E; Table 5). And those six DEMs were significantly positively correlated with 23 genus of bacteria, which showed complicated interactions between bacteria and DEMs in pakchoi rhizosphere soil.



5. Conclusion

In summary, our results showed that MF-HZ23 had a great effect on the growth of pakchoi, and also had great effect on improving soil pH, OMC, total N, AHN, and available P. This suggests that HZ23 can be a good plant promoting microbe, and sheep manure and mushroom residue was good carriers for HZ23 used in newly reclaimed land. Compared with the control, MF-HZ23 caused a differential change in bacterial community of the newly reclaimed land. Some specific plant growth promoting bacteria, such as Sphingomonas, Burkholderia, Mucilaginibacter, Xanthomonadaceae, Chitinophagaceae, Sphingobacteriaceae, and Rhizobiaceae, have been found to be closely related to the soil improvement by MF-HZ23, indicating the relationships among bacteria, micro-fertilizer, and soil. Furthermore, the composition of bacterial communities in packchoi rhizosphere soil was affected significantly by avaiable P, AHN, pH, OMC, and total N at the genus level. In particular, MF-HZ23 resulted in a great change in the kinds and the relative contents of metabolites in the rhizosphere soil. Correlation heat map and connection network revealed a significant correlation at the genus levels between related bacterial groups and DEMs of packchoi rhizosphere soil of MF-HZ23. All the above results revealed that MF-HZ23 could improve packchoi growth, and influence the interaction among soil properties, bacterial community, and secondary metabolites. Overall, the result of this study clearly revealed that MF-HZ23 played an important role in improving the soil quality and pakchoi production in newly reclaimed land.
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Drought is a major abiotic stress that threatens crop production. Soil microbiomes are thought to play a role in enhancing plant adaptation to various stresses. However, it remains unclear whether soil microbiomes play a key role when plants are challenged by drought and whether different varieties are enriched with specific bacteria at the rhizosphere. In this study, we measured changes in growth phenotypes, physiological and biochemical characteristics of drought-tolerant alfalfa (AH) and drought-sensitive (QS) under sterilized and unsterilized soil conditions with adequate watering and with drought stress, and analyzed the rhizosphere bacterial community composition and changes using 16S rRNA high-throughput sequencing. We observed that the unsterilized treatment significantly improved the growth, and physiological and biochemical characteristics of alfalfa seedlings under drought stress compared to the sterilized treatment. Under drought stress, the fresh and dry weight of seedlings increased by 35.24, 29.04, and 11.64%, 2.74% for unsterilized AH and QS, respectively, compared to sterilized treatments. The improvement was greater for AH than for QS. AH and QS recruited different rhizosphere bacteria when challenged by drought. Interestingly, under well-watered conditions, the AH rhizosphere was already rich in drought-tolerant bacterial communities, mainly Proteobacteria and Bacteroidetes, whereas these bacteria started to increase only when QS was subjected to drought. When drought stress was applied, AH was enriched with more drought-tolerant bacteria, mainly Acidobacteria, while the enrichment was weaker in QS rhizosphere. Therefore, the increase in drought tolerance of the drought-tolerant variety AH was greater than that of the drought-sensitive variety QS. Overall, this study confirmed the key role of drought-induced rhizosphere bacteria in improving the adaptation of alfalfa to drought stress, and clarified that this process is significantly related to the variety (genotype). The results of this study provide a basis for improving drought tolerance in alfalfa by regulating the rhizosphere microbiome.

KEYWORDS
 drought stress, alfalfa (Medicago sativa L.), 16S rRNA sequencing, rhizosphere bacteria, plant-microbe interactions


Introduction

Global climate change exacerbates the frequency and duration of drought stress, which severely impacts crop yield and quality. Drought can reduce yields of major crops by 50–80% (Griffiths and Paul, 2017; Lamaoui et al., 2018). Below ground, plant roots can interact with soil microbes to form unique rhizosphere microbial communities that respond to environmental conditions (Pascale et al., 2019). Plant-driven rhizosphere microbes undergo transformation under drought stress to improve drought resistance for plant growth and development under drought conditions (Zeng et al., 2018). Although the mechanisms associated with plant responses to drought stress have been extensively studied from the perspectives of morphology, physiology and genetics, the effects of drought on plant rhizosphere microbiota are still poorly understood (Munoz-Ucros et al., 2022).

Plants employ a variety of strategies to overcome drought stress, including a combination of stress avoidance and regulation of drought tolerance, depending on their genotype. The interaction between plants and the soil microbiomes that colonize the rhizosphere and root system is considered a key factor in the rapid adaptation of plants to soil environmental stress (Pascale et al., 2019). However, changes in the rhizosphere microbial community under drought stress depend on the influence of the host plant and the surrounding soil (Bazany et al., 2022). Differences in plant varieties (genotypes) can lead to different levels of drought tolerance. For instance, drought-resistant plants have evolved various strategies for adapting to drought compared with water-sensitive plants (Hilker et al., 2016) and they can rapidly activate drought tolerance mechanisms at the physiological and molecular levels in response to drought stress. However, a succession of studies have now suggested that this difference in drought tolerance levels between varieties (genotypes) is partly due to rhizosphere microbial differences (Song Y. et al., 2021). Studies on sugarcane (Liu Q. et al., 2021), tomato (Gaete et al., 2021), cotton (Ullah et al., 2019), soybean (Kuzmicheva et al., 2017), rice (Santos-Medellin et al., 2017), and switchgrass (Liu T. Y. et al., 2021) have all supported this view. Host plants are able to alter rhizosphere microbial composition by influencing root structure and secretions (Wen et al., 2020), which, in turn, enhances plant resistance through rhizosphere interactions, although this effect varies widely among species and genotypes. In rice, differences between the microbial communities recruited by indica and japonica rice in the same soil resulted in differences in N use efficiency, and this process was regulated by the NRBT.1 gene (Zhang et al., 2019). However, quantifying the effects of various factors on rhizosphere microbes under drought stress is complex and needs to be further explored.

Alfalfa (Medicago sativa L.) is a globally important, widely cultivated leguminous forage crop due to its high biomass production and nutritional value for livestock (Annicchiarico et al., 2015). In China, alfalfa is generally grown in the arid northern regions. With global climate change and the scarcity of water resources, alfalfa cultivation is facing serious challenges. Extreme water shortages can lead to significant yield reductions and reduced quality of alfalfa. Most of current research focuses on improving alfalfa yields and breeding varieties resistant to abiotic stresses (Shi et al., 2017). However, there is still a large knowledge gap about the potential functions of alfalfa rhizosphere microbes in improving its resistance, which has been explored in other plants (Zhao et al., 2020). For example, different core communities of rhizosphere microbiomes constructed from unique varieties of plants such as tomato (Adedayo et al., 2022), citrus (Penyalver et al., 2022), and wheat (Azarbad et al., 2018) were able to improve their environmental adaptability. Similarly, genetically diverse rice varieties respond to drought stress by using specific rhizosphere microbial communities (Santos-Medellin et al., 2017). Currently, most studies of plant-associated microbial communities have been conducted by means of ribosomal amplicon-based approaches (Glick and Gamalero, 2021). Certainly, the advent of metagenomic can further provide taxonomic, genomic, and functional information for a given community and provide reliable technical support for determining the functional mechanisms mediating plant–microbiome interactions and defining the core microbiome of plant species (Xu et al., 2021).

As the second genome of plants, microbiomes have great potential to improve plant resistance. One future direction is to take rhizosphere microbiomes as one of the breeding objectives, and improve stress resistance and yield by transforming plant roots and recruiting beneficial microbiomes through rhizosphere secretions (Mavrodi et al., 2021; Sun et al., 2021). To achieve this, of course, a lot of groundwork still needs to be done. We hypothesized that the diversity of the rhizosphere microbial communities of different alfalfa varieties is the result of long-term selection and shaping of the rhizosphere environment by alfalfa, and that differences in its rhizosphere microbes are one of the important factors contributing to varietal differences in resistance to stress. Therefore, the aim of this study was to analyze the main changes in microbial diversity in the rhizosphere of alfalfa under drought stress. Our aim was not only to demonstrate that soil microbiomes can play a role in plant resistance to drought stress, but also to understand which bacterial communities are specific to the rhizosphere of alfalfa plants with varying drought tolerance. To this end, we selected the drought-tolerant alfalfa variety “Aohan (AH)” and the drought-sensitive alfalfa variety “Stockpile (QS)” and studied their microbial communities under well-watered and drought conditions. Our main research questions were: (1) Can soil microbiomes act to improve the drought tolerance of alfalfa in the face of drought stress?, (2) What are the specific bacterial communities recruited between the rhizosphere of different drought-tolerant alfalfa varieties?, and (3) What are the response pathways of drought-tolerant bacteria in alfalfa rhizosphere under drought stress?



Materials and methods


Plant materials and soil

In this study, the drought tolerance performance of eight alfalfa varieties commonly used in production in northern China was compared through preliminary pre-experiments (Supplementary Table 1). By observing the phenotype of alfalfa after sustained drought stress (experimental methods and conditions were the same as in this study), one relatively drought-resistant variety, Aohan (AH), and one relatively drought-sensitive variety, Stockpile (QS), were selected for use in this study (Supplementary Figure 1).

We collected field soil from the experimental site of Inner Mongolia Agricultural University (Hohhot, China) (111 ° 22 ´ 30 “E, N40 ° 41 ´ 30” N), which had not been planted or fertilized, and transported it back to the laboratory for air drying. The air-dried soil was sieved through a 2 mm mesh to remove the debris and large clods, and stored at 4°C.



Plant germination, transplanting, and cultivation in the greenhouse

AH and QS seeds were first sandpapered and then rinsed with sterile water to break up the seed coat. Surface sterilization was then carried out, by treating seed surface with 4% NaClO for 5 min, and washing it with sterile water six times. Sterilized seeds were placed in a 9 cm Petri dish (two layers of sterile filter paper on the bottom and 5 ml of sterile water). The dish was placed in dark culture at 4°C for 2d, followed by dark culture at 25°C for 2d, then removed and placed at room temperature for 1d. The soil substrates were divided into sterilized (M) and unsterilized (W) treatments. Specifically, vermiculite, volcanic stone, and some field soil were sterilized twice by autoclaving for 30 min. 150 g of volcanic stone and 75 g of vermiculite were weighed separately in 10 × 10 cm pots and the sterilized and unsterilized treatments were defined by adding 25 g of sterilized or unsterilized soil and mixing thoroughly. We then add 1/2 Hoagland nutrient solution to 100% soil water content (250 ml of saturated water content). Seedlings of AH and QS were selected at the same germination status and transplanted into pots containing sterilized and unsterilized soil, with five plants per pot, and 16 pots per treatment. Also, we used pots without transplanted seedlings as bulk soil (BS) controls. The seedlings were grown in an artificial climate chamber under 16/8 h light/dark and 25°C/22°C day/night with approximately 60% relative humidity, and watered with sterilized water every 2 d to 70% saturated water content.



Drought stress treatment and sample collection

Healthy 4-week-old alfalfa seedlings of approximately uniform growth were selected for the experiment. The sterilized and unsterilized treatments of AH and QS were divided into two groups, one with normal watering (AHMCK, AHWCK, QSMCK, and QSWCK) and one with continuous drought (AHMDr, AHWDr, QSMDr, and QSWDr), with eight pots per treatment as replicates. During the growing period, we used the weighing method to irrigate with sterile water every day. The well-watered group was maintained at 70% saturated water content during the growth period by daily irrigation, while drought stress was applied to the treated group by withholding irrigation until the end of the experiment. Every 2–3 days the pots were randomly rearranged to eliminate the effect of location on the experiment. We measured the soil water content of each treatment every day, and measured the plant height of each alfalfa seedling. During the drought period, plants gradually consumed water and nutrient reserves in the matrix, which simulated field conditions, and no visual symptoms of nutrient deficiency were observed. Sampling was carried out when the plants were observed to show signs of wilting. The chlorophyll fluorescence parameter (Fv/Fm) was measured using a Handy PEA (Hansatech, England). Three pots were selected to measure the height, leaf length and width of each plant, then the aboveground part of each plant was cut off from the base and immediately weighed for fresh weight, after which it was dried in an oven at 65°C for 48 h and the dry weight was measured. At the same time, rhizosphere soil was collected and the rhizosphere soil was separated from the roots of the alfalfa as previously described (Schmitz et al., 2022). In brief, we carefully removed the roots from each pot, then shook them manually to remove the bulk soil. The roots were washed in sterile phosphate buffer (6.33 g NaH2PO4.H2O, 16.5 g Na2HPO4.7H2O, and 200 μl Silwet L-77 in 1 l ddH2O, pH = 7.0) and vortexed briefly. After removing the roots, the suspension was filtered through a 100 μm cell strainer and spun down for 10 min at 4000 x g. The supernatant was discarded and the remaining pellet was the rhizosphere. All samples were frozen in liquid nitrogen and stored at −80°C. Leaves from the remaining replicate pots were collected for immediate determination of relative conductivity and chlorophyll content, and the remainder were snap-frozen in liquid nitrogen and placed at −80°C for physiological index determination. The roots were also removed to determine root length, fresh weight, and dry weight.



Measurement of plant phenotypic and physiological features

Plant height was measured from the base of the shoot to the tip of the tallest leaf. Main root length was measured from the base of the shoot to the end of the root, and leaf area was calculated using the formula: leaf area = leaf length (leaf base notch to leaf tip) × leaf width (the widest part of the leaf) × 0.87. Each treatment of the above indexes had 15 replicates. Leaf water content (LWC) was measured by taking 5–10 leaves from the top of the plant, immediately determining the fresh weight, and then placing them in an 80 ° C oven for 16 h to measure their dry weight. The LWC was calculated with the following equation: LWC = (fresh weight – dry weight)/fresh weight × 100 (Song X. Y. et al., 2021). Relative electrical conductivity (REC) was analyzed as described by Quan et al. (2015). The detached leaves were placed in 50 ml tubes containing 15 ml ddH2O and gently shanked for 6 h at room temperature. Then, the leaves were boiled at 100°C for 20 min. When the leaves were cooled to room temperature, measured by the formula REC (%) = (Ci /Cmax) × 100, where Ci and Cmax, respectively, represent the conductivity before and after boiling of the detached leaves. Chlorophyll fluorescence parameters of leaves representing the maximum photochemical efficiency of photosystem II (PSII) (Fv/Fm) were measured with a Handy PEA (Hansatech, England). Leaves were incubated in the dark for 30 min before fluorescence measurements. Chlorophyll content was determined by spectrophotometry, as described by Jiao et al. (2017). Chl in leaves was extracted with 80% acetone The extract was centrifuged for 10 min at 5300 × g and the supernatant liquid was used to test absorbance under 645 mm and 663 mm wavelengths, respectively. The level of lipid peroxidation, an indicator of cellular damage, was determined from the measurement of malondialdehyde (MDA) content resulting from thiobarbituric acid reaction, as described by Christou et al. (2013). 0.5 g sample was added 5 ml TCA and ground them into homogenate. After centrifugation, removed supernatant, added 2 ml TBA, mixed, bath at 95°C for 25 min, and then cooled to room temperature, reading at a wavelength of 450, 532, and 600 nm. Free proline content was determined using the ninhydrin reaction according to the method of Bates et al. (1973). Proline was extracted with 3% (w/v) sulfosalicylic acid, and the extractions were injected to the compounds of ninhydrin reagent and glacial acetic acid. Then, the mixture was boiled at 100°C for 40 min. When it cooled to the room temperature, the proline content was assayed through the absorbance of 520 nm and determined from a proline standard curve. Soluble protein concentration was determined according to Bradford (1976) using bovine serum albumin as a standard. 100 mg fresh leaves were ground well in 10 ml of 50 mM cooled phosphate buffer (pH 7.8). The homogenate was centrifuged at 6000 × g for 20 min at 4°C. The supernatant was used to determine the total soluble proteins. Catalase (CAT) activity was assayed by monitoring H2O2 reduction by following the methodology of Maehly and Chance (1954). The reaction mixture consisted of 50 mM potassium phosphate buffer (pH 7), 10 mM H2O2, and 150 μl enzyme extract to a final volume of 1.5 ml. Each treatment of the above indexes was repeated three times.



DNA extraction, PCR amplification, sequencing, and raw data analysis

DNA from soil and rhizosphere samples was isolated using the PowerSoil DNA Isolation Kit (Mobio Laboratories, United States) according to the manufacturer’s instructions. The concentration and quality of the DNA were evaluated with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, MA, United States). The V3–V4 region of the 16S rRNA gene was amplified using the universal primers (341F: 5′ -CCTACGGGNBGCASCAG-3′ and 806R: 5′ -GACTACNVGGGTATCTAATCC-3′) (He et al., 2021). Every 50 μl PCR reaction contained 2 μl of diluted DNA, 25 μl of 2X Phanta Max Master Mix (Vazyme P515-01, China), 10 pM of forward and reverse primers, and 21 μl of Nuclease-Free Water (PROMEGA). The thermal cycling consisted of initial denaturation at 95°C for 30 s, followed by 28 cycles of 95°C for 15 s, 55°C for 15 s and, 72°C for 30 s, and finally at 72°C for 5 min (Li et al., 2022). The PCR products were purified using the QIA quick Gel Extraction Kit (QIAGEN Germany) according to manufacturer’s instructions and quantified using Quantus™ Fluorometer (Promega, United States). The sequencing library was generated using the KAPA Library Preparation Kit (Kapa, MA, United States) by following the manufacturer’s instructions and was quantified with an Agilent Bioanalyzer 2100 system. Finally, the quantified library was sequenced on the NovaSeq 6000 platform (Illumina, CA, United States). Raw reads were firstly filtered by Trimmomatic (v.0.33). Reads containing N or quality score below 20 or with a length < 50 bp were discarded. Then the primer sequences were identified and removed by Cutadapt (v.1.9.1), which finally generated high-quality reads without primer sequences. Paired-end high-quality reads were merged using FLASH (v.1.2.11) based on the overlap between these reads, which generated clean reads. The minimum length of overlap was set to 10 bp, and the maximum allowable error ratio of the overlap region was 0.1. A total of 1,436,895 high-quality clean reads were obtained from the replicated samples in 6 groups. De-noise was processed by DADA2 (Callahan et al., 2016) in QIIME2 in order to remove chimeric sequences, generating ASVs. Conservative threshold for ASVs filtration is 0.005%. Chloroplast sequences in all samples were removed. To mitigate the impact of the inconsistent sequences, all samples were rarefied to 20,000 sequences for analysis. Taxonomy analysis of ASVs based on the Sliva 16S rRNA gene database (v.138) using the classify-sklearn algorithm with the Naive bayes classifier in QIIME2.



Statistical and bioinformatics analyses

Statistical analysis was performed with SPSS software (v.26.0.0.2). Student’s t-test were used for significance analysis between different groups (*p < 0.05, **p < 0.01, and ***p < 0.001 were considered to be significant). Bar graphs were plotted with Prism 8.4.3 (GraphPad Software, LLC). The alpha diversity of each sample was analyzed based on four alpha diversity indices: Chao1, Shannon, Simpson, and Ace. All sample indexes were calculated using QIIME (v.1.9.1) and t-tests were used to evaluate the differences in alpha diversity index between different treatments. Principal Coordinate Analysis (PCoA) based on weighted_unifrac distance was performed with the R Package vegan (v.2.5.7). A histogram of species distribution and a heat map were generated with the ggplot2 (v.3.3.5) package. Linear discriminant analysis effect size (Lefse), for which the logarithmic LDA score was set to 4.0 with statistical significance (p < 0.05), and the functional potential of a bacterial community predicted by PICRUSt2 were both performed on the BMK Cloud platform.1




Results


Phenotypic response of soil microbiomes to improve drought tolerance of alfalfa

We found that the unsterilized treatment significantly increased the drought tolerance of alfalfa and improved the growth of alfalfa under drought stress compared to the sterilized treatment. Interestingly, soil microbiomes were more effective for the drought-tolerant variety AH (Figure 1A). Specifically, there was no significant difference in relative plant height increase, leaf area, main root length, and fresh weight or dry weight of aboveground and underground parts between the sterilized and unsterilized alfalfa varieties under well-watered conditions. However, under drought stress, these indexes for unsterilized AH were significantly higher than those for sterilized AH. The plant height growth of AHWDr (5.48 cm) significantly higher than that of AHMDr (4.55 cm) (Figure 1B). With a continuous decrease in water content (Supplementary Figure 2, Supplementary Table 2), the growth rate of AHMDr was higher than that of AHWDr in the first 3 days, but from day 5 onward, that of AHWDr was significantly higher than that of AHMDr. However, the growth rate of QSWDr was significantly higher than QSMDr only on day 4, with no significant differences at any other days (Figure 1C).
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FIGURE 1
 Effects of soil microbiomes on growth phenotype, plant height growth, and growth rate of alfalfa. (A) Photographs of growth phenotypes of two treatments (sterilized and unsterilized) and two varieties (AH and QS) during drought stress, (B) Plant height growth of AH and QS in sterilized and unsterilized soil under well-watered and drought stress conditions from day 0–12, and (C) Changes in growth rate of AH and QS in sterilized and unsterilized soil during drought stress. Student’s t-test was used to analysis the significance difference of sterilized and unsterilized on plant height growth and growth rate of the two varieties under well-watered and drought stress. Data are the means of 15 replicates, and error bars indicate standard deviations. Asterisks indicate statistical significance, *p < 0.05, **p < 0.01, and ***p < 0.001.


We found that drought stress significantly reduced the leaf area of alfalfa under sterilized conditions, but soil microbiomes could effectively improve this situation, with AHWDr having a significantly higher leaf area than AHMDr (Figures 2A,B). Drought stress resulted in higher length of the main roots of alfalfa than the well-watered treatment, but microbial effects on main root length were not significant (Figures 2C,D). We also measured the biomass of above- and belowground parts. Although soil microbiomes did not increase the biomass of aboveground parts of alfalfa under well-watered conditions, the aboveground biomass of the unsterilized treatment was higher than that of the sterilized treatment during drought stress, with only 136.17 and 31.03 mg fresh and dry weight for AHMDr compared to 184.15 and 40.04 mg for AHWDr (Figure 3A), which were higher than AHMDr by 35.24 and 29.04%, respectively. However, the microbial improvement in QS was not significant. For belowground plant parts, there were also no significant differences under well-watered conditions, but microbiomes significantly increased both fresh and dry weights of the belowground parts under drought stress (Figure 3B). Our results show that soil microbiomes can significantly improve the drought tolerance of alfalfa and its growth status under drought conditions, but this effect is variety-specific, with soil microbiomes being significantly more effective on AH than on QS.
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FIGURE 2
 Effects of soil microbiomes on leaf area and main root length. (A) Leaf area of AH and QS in sterilized and unsterilized soil under well-watered and drought stress conditions, (B) Leaf photographs of AH and QS in sterilized and unsterilized soils under drought stress, (C) Main root length of AH and QS in sterilized and unsterilized soil under well-watered and drought stress conditions, and (D) Main root photographs of AH and QS in sterilized and unsterilized soils under drought stress. Student’s t-test was used to analysis the significance difference of sterilized and unsterilized on leaf area and main root length of the two varieties under well-watered and drought stress. Data are the means of 15 replicates, and error bars indicate standard deviations. Asterisks indicate statistical significance, *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 3
 Effects of soil microbiomes on above- and belowground biomass. (A) Fresh and dry weights of AH and QS shoot in sterilized and unsterilized soil under well-watered and drought stress conditions, (B) Fresh and dry weights of AH and QS roots in sterilized and unsterilized soil under well-watered and drought stress conditions. Student’s t-test was used to analysis the significance difference of sterilized and unsterilized on above- and belowground biomass of the two varieties under well-watered and drought stress. Data are the means of 15 replicates, and error bars indicate standard deviations. Asterisks indicate statistical significance, *p < 0.05, **p < 0.01, and ***p < 0.001.




Physiological and biochemical responses of soil microbiomes to improve drought tolerance in alfalfa

We further analyzed the role of soil microbiomes in improving drought tolerance in alfalfa at the level of physiological characteristics and the differences in physiological and biochemical indicators of different alfalfa varieties. Leaf water content (LWC) is one of the most important indicators of the extent to which plants are affected by drought. We found that microbiomes significantly increased the LWC of AH under well-watered and drought conditions, while LWC of QS only increased under drought conditions and was even lower than the sterilized treatment under well-watered conditions (Figure 4A). REC of the leaves can characterize the extent of damage to plant cell membranes. Drought led to significant increase in REC, but REC of both AH and QS in the unsterilized treatment was extremely significantly lower than those of the sterilized treatment (Figure 4B). Microbiomes were able to help AH maintain a higher maximum photochemical efficiency (Fv/Fm) during drought stress, while this effect was not evident on QS (Figure 4C). We also measured the chlorophyll content. Under well-watered conditions, microbiomes had no significant effect on Chla, Chlb, or Chlt content. Drought stress inhibited the synthesis of chlorophyll content, but the microbiomes were able to significantly increase the Chla content of AH and QS during drought compared to the sterilized treatment (Figure 4D), and were able to increase the Chlt content of AH extremely significantly (Figure 4F), with no significant effect on Chlb (Figure 4E).
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FIGURE 4
 Effects of soil microbiomes on physiological characteristics. (A) Leaf water content, LWC, (B) Relative electrical conductivity, REC, (C) Chlorophyll fluorescence parameters, Fv/Fm, (D) Chlorophyll a, Chla, (E) Chlorophyll b, Chlb, and (F) Total Chlorophyll, Chlt. Student’s t-test was used to analysis the significance difference of sterilized and unsterilized on physiological characteristics of the two varieties under well-watered and drought stress. Data are the means of 15 replicates, and error bars indicate standard deviations. Asterisks indicate statistical significance, *p < 0.05, **p < 0.01, and ***p < 0.001.


Under well-watered conditions, the proline content of both AH and QS was low and did not differ significantly between the bacterial and sterile treatments. After drought stress, the proline content of both varieties increased significantly, and interestingly, the increase in proline was very significantly lower in both the AH and QS bacterial treatments than in the sterile treatment (Figure 5A). Soluble proteins are important osmoregulatory substances and their increase and accumulation improve the water retention capacity of cells. We found that microbiomes can also help AH to significantly increase its soluble protein content during drought (Figure 5B). MDA is a product of oxidation of plant cell membrane systems and is a marker of plant exposure to adverse stress. We found that drought stress significantly increased MDA content of alfalfa, but the increase in MDA for both AH and QS in the unsterilized treatment was extremely significantly lower than in the sterile treatment (Figure 5C). CAT activity is related to the metabolic intensity of the plants, and drought stress inhibits plant metabolism. Our results showed that drought stress reduced the CAT activity of both alfalfa varieties, but the reduction for AH in the unsterilized treatment was relatively small, and its activity was significantly higher than that of the sterilized treatment (Figure 5D). In summary, our results illustrated that microbiomes can help alfalfa to effectively mitigate the drought stress to which it is subjected by reducing the degree of damage to cell membranes and increasing metabolic enzyme activity, thereby improving drought tolerance in alfalfa. However, this effect is variety-specific, with soil microbiomes having a more significant effect on AH than QS.
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FIGURE 5
 Effects of soil microbiomes on biochemical indicators. (A) Proline content, (B) Soluble protein, (C) MDA content, and (D) CAT activity. Student’s t-test was used to analysis the significance difference of sterilized and unsterilized on biochemical indicators of the two varieties under well-watered and drought stress. Data are the means of 15 replicates, and error bars indicate standard deviations. Asterisks indicate statistical significance, *p < 0.05, **p < 0.01, and ***p < 0.001.




Effects of drought on the diversity of rhizosphere microbial communities of alfalfa

We have found that microbiomes play a key role in alfalfa in the face of drought and have a greater effect on AH than QS. To further explore rhizosphere microbial differences in different varieties of alfalfa in response to drought stress, we collected rhizosphere soil samples from two alfalfa varieties under well-watered or drought conditions, along with bulk soil. The rhizosphere bacterial composition of different alfalfa varieties under well-watered and drought stress conditions was analyzed by sequencing 16S rRNA amplicons on the Illumina NovaSeq 6000p platform. The Shannon index was used to analyze the alpha diversity of the rhizosphere bacterial community of alfalfa under different treatments (Figure 6A). The results showed that there were significant differences in rhizosphere bacterial diversity between bulk soil, AH, and QS under well-watered and drought stress treatments. The differences between BS and QS were not significant under well-watered conditions. Under drought conditions, the differences between BS and AH were not significant. However, there were extremely significant differences in rhizosphere bacterial abundance between AH and QS under drought stress. ACE, Chao1, and Simpson indexes also showed the same results (Supplementary Table 3).

[image: Figure 6]

FIGURE 6
 Analysis of differences in microbial diversity based on water treatment and variety differences. (A) The Shannon index based on t-test represents the variation of alpha diversity in each treatment and (B) PCoA analysis (for principal coordinates PCo1 and PCo2) of beta diversity based on weighted_unifrac distance shows that the different water treatments and varieties were separated in the area on the abscissa.


Principal coordinate analysis (PCoA) of weighted_unifrac distance was performed to reveal the overall dissimilarity of rhizosphere bacterial compositions (Figure 6B). The samples of each treatment were gathered together, but the community distribution of the treatment was scattered. BS was less affected by drought, but AH and QS were more affected by drought stress, and the communities under well-watered and drought stress treatments of AH and QS were distributed on both sides of the first principal coordinate (PCo1), with a significant difference. The communities under AH and QS drought stress were also distributed on both sides of the second principal coordinate (PCo2), indicating that drought and variety had a great impact on the composition of rhizosphere bacterial phylogeny of alfalfa.



Effects of drought stress on the composition of rhizosphere microbial communities of alfalfa

A phylum-based population structure analysis of the rhizosphere bacteria under different treatments revealed the dominant microflora in the rhizosphere based on their relative abundance (Figure 7A, Supplementary Table 4). The top three relatively abundant phyla were found to be Proteobacteria, Actinobacteria, and Gemmatimonadota. Drought had a small effect on bacterial community composition and abundance in BS, with only Cyanobacteria increasing in abundance. Compared to BS, alfalfa was specifically enriched for certain types of bacteria in soil, and drought, in turn, led to changes in the abundance of various types of bacteria. We found that when AH was well-watered, the rhizosphere significantly enriched Proteobacteria (74%) and Bacteroidetes (14%), while under drought, the abundance of Proteobacteria (48%) and Bacteroidetes (4%) decreased, and the abundance of Acidobacteria (19%) and Gemmatimonadota (10%) increased. However, QS had the opposite trend. Under well-watered conditions, the rhizosphere of QS significantly enriched Proteobacteria (64%) and Acidobacteria (10%), while under drought the abundance of Acidobacteria (2%) decreased, and the abundance of Proteobacteria (68%) and Bacteroides (10%) increased. Interestingly, the diversity of microbial composition of AH was low under well-watered conditions, but higher under drought conditions. By contrast, QS was high under well-watered and low under drought conditions. Perhaps AH can recruit more microbiomes to help with drought stress, while QS can recruit more microbiomes to promote growth when well-watered.
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FIGURE 7
 Differences in the composition of bacterial communities in different water conditions and varietal treatments. (A) The percentage of the bacterial community (relative abundance top 10) on the phylum level in different water and varietal treatments, (B) The percentage of the bacterial community (relative abundance top 10) on the genus level in different water and varietal treatments, and (C) A heat map clustering shows the average relative abundance of the top 30 genera of all samples.


At the genus level, the top three relatively abundant bacteria were found to be unclassified_ Gemmatimonadaceae, Massilia, and unclassified_Vicinamibacteraceae (Figure 7B, Supplementary Table 5). We found that AHWCK and QSWDr had similar bacterial community composition and relative abundance, and both were quite different from BS. Among them, Massilia had the highest abundance, accounting for 12 and 13%, respectively. The bacterial community composition of AHWDr and QSWCK was similar to that of BS, but the abundance was different. The highest abundance bacteria of AHWDr were unclassified_ Gemmatimonadaceae (9%), and the highest abundance in QSWCK was unclassified_ Comamonadaceae (7%). The top 30 genus from all samples were selected to further investigate the composition of alfalfa rhizosphere bacteria (Supplementary Table 6), and a heatmap of these bacteria was generated (Figure 7C). We can see that there was little difference between bulk soil treatments. AH and QS showed opposite trends in rhizosphere bacteria abundance under well-watered and drought stress conditions. Massilia, Stenotrophomonas, Pseudomonas, Lysobacter, Delftia, unclassified_Comamonadaceae, Roseisolibacter, Pontibacter, Novosphingobium, Ensifer, and Dyadobacter, whereas very few were found in QS, for which only unclassified_ Comamonadaceae, Novosphingobium, unclassified_ Gemmatimonadaceae, and Sphingomonas were relatively more numerous. Under drought stress, AH contained more unclassified_ Gemmatimonadaceae, unclassified_ Vicinamibacteraceae, unclassified_Vicinamibacterales, unclassified_ Bacteria, Sphingomonas, Lysobacter, MND1, and Novosphingobium, while these were less abundant in QS, which contained more Massilia, Stenotrophomonas, Roseisolibacter, unclassified_ Micrococcaceae, Novosphingobium, Bacillus, and Ensifer. Interestingly, we found that Novosphingobium was enriched in each treatment, and it may be considered a core microorganism associated with alfalfa.



Variety-driven differences in rhizosphere drought-tolerant bacteria

Although we observed the effect of drought and variety on the shift in abundance of the alfalfa microbiome and identified a group of abundant taxa in rhizosphere soils, biomarkers in rhizosphere soils remain unidentified. Therefore, we sought to identify microbes as biomarkers that most likely explained the observed differences between drought treatments or varieties by performing linear discriminant analysis effect size (LEfSe). In this study, microbes with LDA score > 4 were identified as biomarkers. Results showed that the rhizosphere microbes we identified as biomarkers to alfalfa differed significantly under well-watered and drought stress conditions. Moreover, different varieties had their own specific biomarkers under different water treatment conditions. Specifically, at the phylum level, Bacteroidota and Acidobacteriota were considered potential biomarkers in well-watered AH and QS rhizosphere soil, respectively. However, after drought stress, Acidobacteriota and Proteobacteria had high LDA scores in AH and QS rhizosphere soils, respectively (Figure 8A). At the genus level, Massilia and Novosphingobium were considered potential biomarkers in well-watered AH and QS rhizosphere soil, respectively. However, after drought stress, Sphingomonas and Massilia had high LDA scores in AH and QS rhizosphere soils, respectively (Figure 8B), pointing to their potential value as novel biomarkers for screening plant growth-promoting rhizobacteria (PGPR) of two alfalfa varieties under drought conditions.
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FIGURE 8
 Specific biomarkers of AH and QS rhizosphere under well-watered and drought stress conditions. (A) Phylum level biomarkers identified using linear discriminant analysis effect size (LEfSe) analysis using the Kruskal–Wallis test (p < 0.05) with linear discriminant analysis (LDA) score > 4.0 and (B) Genus level biomarkers identified using linear discriminant analysis effect size (LEfSe) analysis using the Kruskal–Wallis test (p < 0.05) with linear discriminant analysis (LDA) score > 4.0.




Functional prediction of rhizosphere bacterial community

Although our results showed that alfalfa has an increased ability to recruit certain bacteria when facing drought stress and that the recruited bacteria are variety-specific, the functions of these bacteria remain largely unknown. Therefore, we performed a functional prediction analysis of the rhizosphere bacterial communities of the two varieties of alfalfa. The rhizosphere bacterial community differences of the two varieties of alfalfa were exhibited by contrasting the KEGG pathways (Level 3) of the functional abundance TOP10 (Supplementary Table 7). We found that under well-watered conditions, rhizosphere bacteria from AH and QS were significantly enriched in 10 functional pathways including Metabolic pathways, Biosynthesis of secondary metabolites, and Biosynthesis of antibiotics, but these functional pathways were not significantly different between rhizosphere bacteria from AH and QS. However, the rhizosphere bacteria of AH and QS were significantly different in response to drought stress (Figure 9). Rhizosphere bacteria of AH were highly enriched in Biosynthesis of secondary metabolites, Biosynthesis of amino acids, Ribosome, Metabolic pathways, Biosynthesis of antibiotics, Purine metabolism, Carbon metabolism, and were significantly higher than for QS. These pathways suggest that AH rhizosphere bacteria interact more strongly with each other during drought than QS. There is strong compound and energy exchange between them. Notably, metabolic pathways, biosynthesis of secondary metabolites, and biosynthesis of antibodies were the more enriched pathways. We also noticed that other significantly enriched metabolic pathways, such as microbial metabolism in diverse environments and two-component system were more significant in QS rhizosphere bacteria, and these two pathways played more important roles during QS drought stress.
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FIGURE 9
 Differences in rhizosphere bacterial KEGG pathways between AH and QS in response to drought stress.





Discussion

Drought is probably the abiotic stress that has the strongest effect on soil biota (Leng and Hall, 2019). Drought affects plant water potential and swelling, interferes with plant function, and alters plant physiological and morphological characteristics (Wahab et al., 2022). As also found in our results, drought significantly reduced seedling plant height and leaf area. Drought also increases soil heterogeneity, limits the access and flow of phytotoxic nutrients, and increases soil oxygen, often leading to significant decreases in microbial biomass (Naylor and Coleman-Derr, 2018; Jansson and Hofmockel, 2020). Thus, drought can strongly affect both above- and belowground processes. Plants can use soil microbiomes to improve drought tolerance and physiological and biochemical characteristics (Fitzpatrick et al., 2019). However, the contribution of plant-microbiome interactions to drought tolerance in alfalfa remains unclear. In this study, we used an innovative experimental approach to investigate the role of soil microbial communities in improving drought tolerance in alfalfa and to provide new insights into plant drought resistance.

Our first hypothesis was that soil microbiomes play a key role in enhancing drought stress in alfalfa. This was supported by our data. We found that a sustained decrease in water content significantly reduced the relative growth rate and biomass production of alfalfa seedlings, which is consistent with previously reported studies (Anower et al., 2015). However, drought-induced growth inhibition and biomass reduction were significantly lower in unsterilized soil treated alfalfa seedlings under drought stress, and growth performance was better than that of the sterilized treatment (Figures 1–3), as indicated by faster growth rate and larger leaf area, which is consistent with previous observations that plants are enriched with beneficial soil microbiomes to maintain growth when subjected to drought stress (Xi et al., 2018; Bhattacharyya et al., 2021). In other words, high microbial diversity could have stimulated lateral root branching, thus enhancing root prospection in the soil and water perception by roots and leading to a higher stomatal conductance (Prudent et al., 2020). Moreover, some soil microbial species, known as PGPR, secrete compounds capable of altering root structure (Mabood et al., 2014), and can improve water and nitrogen uptake by plant roots under water deficit conditions (Khan et al., 2020). Specifically, drought stress can induce the growth and enrichment of certain gram-negative bacteria to the rhizosphere, promote lateral root growth and main root elongation, increase osmotic pressure, maintain bulking pressure, and protect the macromolecular structure of plant tissues (Schimel et al., 2007). In turn, they delay plant dehydration and maintain plant water status at optimal levels, thus showing high tolerance to water deficit conditions. The physiological and biochemical indices also supported our hypothesis. It has been widely confirmed that rhizosphere bacteria increase the content of leaf water which results in increased plant resistance under drought stress (Cheynier et al., 2013; Durán et al., 2016). At the same time, plants under drought stress maintain lower plasma membrane permeability and stomatal conductance, reduce malondialdehyde content, and promote the synthesis of proline and related hormones, which significantly improves plant drought resistance (Yasmin et al., 2021, 2022). Similar results were found in our study. We observed that unsterilized alfalfa seedlings exhibited higher levels of leaf water content, chlorophyll content, and chlorophyll fluorescence under drought stress conditions (Figure 4). In addition, relative conductivity, proline content, soluble protein content, and lipid peroxidation level (MDA) were lower in unsterilized seedlings compared with sterilized seedlings, suggesting that soil microbiomes enriched at the root interval can alleviate drought stress (Figure 5). Microbiomes were able to effectively maintain water content and provide osmotic protection by regulating soluble protein and proline homeostasis, thus limiting redox damage to cells. All these results demonstrate that soil microbiomes play an important role in improving drought tolerance in alfalfa.

Our second hypothesis was that alfalfa varieties with different drought tolerance would recruit different specific bacterial communities. Again, our data support this hypothesis. 16 s combined with plant growth assays of two alfalfa varieties (drought-resistant AH and drought-sensitive QS) demonstrated that drought-induced rhizosphere bacteria rescue AH and QS from drought challenges. This implies that, despite the importance of genetic differentiation, plants appear to exhibit broadly similar phenotypic and physiological and biochemical response characteristics in the presence of drought. That is, the recruitment of specific root-associated rhizosphere bacteria capable of enhancing plant adaptation to drought stress mitigates the plant’s exposure to drought stress and enables it to sustain growth. However, although drought-induced rhizosphere bacteria could maintain sustained growth in alfalfa, drought-resistant and drought-sensitive varieties recruited different bacterial species and associated functions when challenged by drought, respectively. This means that plants employ variety-specific strategies to recruit beneficial soil bacteria, which can help them solve water challenges. In fact, plants are powerful drivers and selective forces in the evolutionary history of natural microbiomes. For example, the rhizosphere of alfalfa shows a strong preferential enrichment mainly for the three major phyla Proteobacteria, Acidobacteria, and Bacteroidetes (Xiao et al., 2017). Even different varieties have a largely similar species composition. Further, plant adaptation to stress can change the bacterial composition and abundance in the rhizosphere (Kichko et al., 2022), as was confirmed in our experiments. We found large differences between bulk soil and root-associated microbial communities, with reduced relative abundance of rhizosphere bacteria compared to bulk soil (Figure 6), which supports previous findings in crop species (Turner et al., 2013). In addition, we found Proteobacteria, Acidobacteria, Gemmatimonadota, Bacteroidetes, and Actinobacteriota to be the main bacterial phyla in alfalfa rhizosphere. In particular, Proteobacteria and Bacteroidetes were also detected in bulk soil with relatively lower abundance compared to rhizosphere samples. Notably, there was an absolute increase in the abundance of Proteobacteria at the rhizosphere after the drought treatment, which is consistent with previous studies showing the enrichment of Aspergillus under drought stress (Xu et al., 2018; Ullah et al., 2019). Proteobacteria are more sensitive to environmental changes because they contain large numbers of non-dormant cells, resulting in increased or decreased abundance (Jones and Lennon, 2010). Interestingly, the relative abundance of Proteobacteria and Bacteroidetes of drought-sensitive varieties increased significantly under drought stress, while the relative abundance of drought-resistant varieties under well-watered conditions was already high. Exposure to drought stress increased the abundance of Acidobacteria in the drought-resistant varieties, while a decrease in abundance occurred at the rhizosphere of the drought-sensitive varieties (Figures 7A, 8A). Actinobacteriota was also found to increase in abundance during drought stress in both varieties. We suggest that rhizosphere bacteria with increased relative abundance under drought stress usually have some degree of drought tolerance and can maintain the rhizosphere environment under stress. Actinobacteriota is known as a PGPR that promotes the adaptation of host plants under drought stress (Naylor et al., 2017). Our results indicate that under adequate watering conditions, the drought-tolerant alfalfa variety AH already had abundant communities of drought-resistant bacteria, such as Ensifer (Ardley, 2017), Massilia, and Stenotrophomonas (Yang et al., 2021) in the rhizosphere, and that these bacteria began to increase only when the drought-sensitive variety QS was subjected to drought (Figures 7B,C). When drought stress occurred, AH was enriched with more drought-tolerant genera of bacteria such as Nitrospira (Xu et al., 2018) and Sphingomonas, while the enrichment of this bacteria was weaker in the rhizosphere of QS (Figures 7B, 8B). In addition to the enrichment of some bacteria under normal water conditions, AH was also specifically and significantly enriched with other genera of bacteria, such as Bacillus (Hashem et al., 2019). Thus, drought-sensitive varieties require more time to cope with drought stress and are therefore more susceptible to damage. In conclusion, our results demonstrate that alfalfa is enriched with drought-resistant bacteria at the rhizosphere level to help maintain growth when subjected to drought stress and that this effect is variety-specific. That is, alfalfa varieties with different drought tolerance recruit different specific bacterial communities.

So, what are the response pathways and pathways of action of drought-tolerant bacteria in alfalfa roots under drought stress? Numerous studies have shown that plants are strongly associated with their rhizosphere microbiome assembly (Edwards et al., 2015). When plants sense stress, they send distress signals (Rolfe et al., 2019) and then regulate the expression of relevant genes (Zhang et al., 2019) to recruit relevant rhizosphere microbiomes to help alleviate stress by regulating their metabolism and producing various chemical elicitors in the form of root secretions (Stringlis et al., 2018). The amount and composition of exudates varies among plant varieties and genotypes, leading to selective recruitment of associated microbiome members (Naylor and Coleman-Derr, 2018), and these enriched bacterial communities may be important for plants to maintain basic functions. For example, differences in root secretions of major organic components (organic acids, sugars and amino acids) between varieties of soybean lead to specific enrichment and metabolism of rhizosphere bacteria and plant responses (photosynthesis, nodulation, yield, and nutrient uptake) (Kuzmicheva et al., 2017). Our study found that despite the differences between plant varieties and their bacterial taxa, for drought-tolerant or drought-sensitive alfalfa, both Pseudomonas and Novosphingobium were enriched in AH and QS under drought stress (Figure 7C). This suggests that Pseudomonas and Novosphingobium have a high potential to enhance the adaptation of alfalfa to drought stress because of their high adaptability to drought environments and affinity for alfalfa roots. In fact, recent studies have shown that most species of Pseudomonas can improve plant stress by producing stress-relieving metabolites such as extracellular polysaccharides, gibberellins, ACC deaminases, and indoleacetic acid (Etesami and Glick, 2020). We also noted that Nitrospira, Sphingomonas, and Lysobacter enriched in the rhizosphere. AH has a strong resistance morphology and resistance function, which could inhibit harmful fungi, increase hormone levels, nitrogen fixation, and water retention of the host to improve host resistance (Laborda et al., 2020; Guo et al., 2021). However, Bacillus and Massilia, which were significantly enriched in QS rhizosphere, can dephosphorylate, induce nutrient uptake and host plant growth, and stimulate host plant defense mechanisms under stress conditions (Sivasakthi et al., 2014; Zheng et al., 2017). For functional prediction of alfalfa rhizosphere bacteria, we found no difference in rhizosphere bacterial function between the two varieties under well-watered conditions. However, under drought stress, the rhizosphere bacterial functions of AH were superior to those of QS in several metabolic-related pathways, including metabolic pathways, biosynthesis of secondary metabolites, biosynthesis of antibodies, biosynthesis of amino acids, and carbon metabolism. Amino acids such as glutamine, proline, and glycine betaine are known to enhance the drought tolerance of plants (Bouskill et al., 2016; Vurukonda et al., 2016). Carbohydrates such as trehalose and raffinose are also known to be drought tolerance enhancers in plants (Santana-Vieira et al., 2016). We speculate that rhizosphere drought-tolerant bacteria can produce a series of secondary metabolites and through these pathways can effectively regulate the C and N content of soil under drought stress, maintain plant C and N balance, promote nutrient uptake and cycling, increase water uptake and retention properties, and improve the rhizosphere environment, which, in turn, can help improve plant drought tolerance (Khan et al., 2020; Poudel et al., 2021). Furthermore, the role of rhizosphere bacteria played a greater role for AH than for QS.



Conclusion

We investigated the role of soil microbiomes in improving drought tolerance in alfalfa and the changes in the rhizosphere bacteria of two alfalfa varieties with different drought responses. It was demonstrated that soil microbiomes are able to improve drought tolerance in alfalfa and maintain its normal growth under water deficit conditions by improving the rhizosphere environment and significantly improving its physiological and biochemical response, and that this effect is clearly driven by the variety (genotype). We found that the drought-tolerant varieties already had high abundance of its rhizosphere drought-resistant bacteria under well-watered conditions, whereas the abundance of rhizosphere drought-resistant bacteria of drought-sensitive varieties started to increase only after being subjected to drought stress. Thus, drought-tolerant varieties can respond to drought stress in a timely and more efficient manner, whereas drought-sensitive varieties need more time to respond to drought stress and are therefore more susceptible to damage. Overall, our study provides some new insights into the importance of soil microbiomes in improving drought tolerance in alfalfa and cultivar-driven rhizosphere bacterial variation under drought stress conditions. We consider that in the future, we will try to isolate drought-tolerant rhizosphere bacteria from drought-tolerant varieties for future development as PGPR inoculants. In addition, it is important to consider the influence of microbiomes on plant yield and stress tolerance when breeding new varieties with the rhizosphere microbiome as a selective trait. Future efforts to clarify the mechanisms of recruitment of drought-tolerant bacteria in drought-tolerant varieties in terms of gene regulation and rhizosphere secretions are recommended to lay the foundation for future breeding of new varieties that can autonomously recruit beneficial bacteria against environmental stresses using biological breeding.
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Introduction: Soil salinity is a prevalent environmental stress in agricultural production. Microbial inoculants could effectively help plants to alleviate salt stress. However, there is little knowledge of the biocontrol strain Pseudomonas alcaliphila Ej2 mechanisms aiding rice plants to reduce the adverse effects caused by salt stress.

Methods: We performed integrated field and greenhouse experiments, microbial community profiling, and rice proteomic analysis to systematically investigate the Ej2 mechanism of action.

Results: The results displayed that biocontrol strain Ej2 increased shoot/root length and fresh/dry weight compared with control under salt stress. Meanwhile, strain Ej2 has the ability to control rice blast disease and promote rice growth. Furthermore, the microbial community analysis revealed that the alpha-diversity of Ej2-inoculated plants was higher than the control plants, expect the Shannon index of the bacterial microbiome and the Ej2-inoculated samples clustered and separated from the control samples based on beta-diversity analysis. Importantly, the enriched and specific OTUs after Ej2 inoculation at the genus level were Streptomyces, Pseudomonas, Flavobacterium, and Bacillus. Moreover, we observed that Ej2 inoculation influenced the rice proteomic profile, including metabolism, plant-pathogen interactions, and biosynthesis of unsaturated fatty acids. These results provide comprehensive evidence that Ej2 inoculation induced the rice endophytic microbiome and proteomic profiles to promote plant growth under salt stress.

Discussion: Understanding the biocontrol strain effects on the endophytic microbiome and rice proteomics will help us better understand the complex interactions between plants and microorganisms under salt stress. Furthermore, unraveling the mechanisms underlying salt tolerance will help us more efficiently ameliorate saline soils.
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Introduction

Climate change, a very important ongoing topic, has affected our planet in different ways. Crop productivity is affected by climate change, with serious implications for food security (Vaishnav et al., 2019; Nawaz et al., 2020). Among them, soil salinity is one of the current major and widespread agricultural challenges that hinder global food security (Mukhopadhyay et al., 2021). An almost 70% yield loss has been reported in cereal crops, such as rice, wheat, and maize, due to soil salinity and sodicity (Rajendran et al., 2009; Nawaz et al., 2020). Moreover, 20% of total cultivated and 33% of irrigated agricultural lands worldwide are afflicted by soil high salinity (Shrivastava and Kumar, 2015). Several strategies, including plant genetic engineering and the utilization of plant growth-promoting bacteria, have been investigated and implemented to decrease the adverse effects caused by high salinity on plant growth (Vaishnav et al., 2019). Although effective, plant genetic engineering is time-consuming and cost-intensive. The application of beneficial microorganisms represented a useful approach to increase salt tolerance (Berg, 2009; Vaishnav et al., 2019). Most bacterial genera, including Agrobacterium, Bacillus, Pseudomonas, and Rhizobium, have frequently been reported to improve plant salt tolerance. Pseudomonas syringae and Pseudomonas fluorescens increased plant growth, yield, and leaf chlorophyll content under salt stress (Vimal et al., 2018; Nawaz et al., 2020). Meanwhile, Bacillus could promote proline biosynthesis in pepper plants under osmotic stress (Sziderics et al., 2007). To improve the tolerance and increase the yield of crop exposed to salinity stress, it is necessary to determine the underlying acclimatization and tolerance mechanisms.

Plants hosts a plethora of microorganisms, the plant microbiota (Vogel et al., 2022). There is increasing evidence indicating that the microbiome impacts host performance, such as plant growth promotion, nutrient uptake, increased abiotic stress tolerance, and pathogen growth inhibition (Cadot et al., 2021; Schmitz et al., 2022). More evidence indicates that the plant microbiome is shifting upon biotic and abiotic influences such as pathogen infection and salt and drought stresses. Importantly, wheat plants infected by pathogens could recruit beneficial microbes to protect the plants and maintain plant growth (Kusstatscher et al., 2019; Yuan et al., 2019; Liu et al., 2021a; Li et al., 2022). Meanwhile, the key plant growth-promoting bacteria of garlic such as Pseudomonas could promote plant growth (Zhuang et al., 2021). Furthermore, Sphingomonas and Microcoleus as the predominant genera in salt-treated rhizosphere soils as plant growth-promoting rhizobacteria might enhance salt tolerance (Xu et al., 2020). Moreover, organic fertilizers altered the plant microbiome and promote the enrichment of beneficial microorganisms. For example, bacteriophages could control pathogens and they do not alter the existing rhizosphere microbiome and enrich bacterial species to inhibit pathogen growth and virulence (Wang X. et al., 2019). Meanwhile, bio-organic fertilizers promote Ralstonia solanacearum suppression, inducing changes in community composition rather than only through the abundance of the introduced strains (Deng et al., 2022). Microorganisms play a vital role in protecting plants against multiple environmental stresses. Importantly, bacterial inoculation has limited success in the field, partially due to the inoculants being outcompeted by the native microbial communities in plants (French et al., 2021). Although the mechanism of action of individual microorganisms has been investigated thoroughly, their impact on plant endophytic microbiome composition is still not fully explored.

Plants can also cope with different stress conditions. Plants have a highly coordinated immune system in which different physiological mechanisms are involved in signaling cascades and induce stress tolerance (Vaishnav et al., 2019). Salt stress tolerance mechanisms are highly complex, and pathways are coordinately linked (Culligan et al., 2012). Importantly, plant-associated microbes have key roles contributing to plant survival under stress conditions. The beneficial effects evoked by endophytes are osmotic adjustment, detoxification, phytohormone regulation, and nutrient acquisition, alleviating salt stress negative effects (Vaishnav et al., 2019). For example, bacterial ACC deaminase activity reduced the host plants’ salinity-induced oxidative and osmotic damage. Specifically, P. migulae 8R6 can produce ACC deaminase and ameliorate salt stress in tomato (Ali et al., 2014). Meanwhile, P. pseudoalcaligenes inoculation induces glycine betaine accumulation, which improves salinity tolerance in rice plants (Jha et al., 2011). At the same time, the microbes induce plant stress resistance by enhancing antioxidant enzymes activity and other non-enzymatic antioxidants (Gururani et al., 2013). Salt and bacterial inoculation in canola increased photosynthesis, antioxidative processes, transportation across membranes, and pathogenesis-related proteins, according to a proteome analysis (Cheng et al., 2012). Furthermore, the bacterial associations increased nutrients (N, P, K, Ca, and Mg) and decreased sodium accumulation under salinity. Stress-responsive genes include dehydration-responsive element binding protein, ethylene-responsive factor, high-affinity K+ transporter, and pyrroline-5-carboxylase synthetase (Vaishnav et al., 2019). During salt stress, plants accumulate stress-responsive proteins to combat the adverse effects of osmotic and ionic stress. However, there is little knowledges of how the Pseudomonas alcaliphila strain Ej2 help rice plants alleviate salt stress.

Rice is a model crop used in research for saline-alkali land improvement. High soil salinity reduces plant yield and thus causes major economic losses. It is important to understand rice responses to salt stress comprehensively. In this study, we isolated the endophytic P. alcaliphila Ej2 from rice leaves. This strain inhibited Magnaporthe oryzae growth and promoted rice growth under salt stress. This objective of this study was to investigate the P. alcaliphila mechanism of action on rice growth and yield enhancement under salt stress. To address these questions, we used metabarcoding sequencing and proteomic analysis to determine how strain Ej2 affects the endophytic microbiome and protein expression in rice under salt stress. We aimed to address (1) the endophytic microbiome taxonomic differences between inoculated and control plants; (2) how Ej2 inoculation affects the protein expression in rice roots under salt stress. Understanding the effects of the Ej2 biocontrol strain on rice endophytic microbiome and proteome will help us to better understand the complex interactions between plants and microorganisms under salt stress. Furthermore, elucidating the mechanisms underlying salt tolerance in plants will aid the more efficient saline soil amelioration.



Materials and methods


Strains and growth conditions

The strain Pseudomonas alcaliphila Ej2 and pathogens Fusarium solani N18-1-2, F. moniliforme N19-2-2, F. oxysporum f.sp. niveum M8, Colletotrichum gloeosporioides ZDP21, Alternaria alternata f.sp. mali BJ-A5, A. alternata BJ-ST24, and M. oryzae P131 were used in this study. The biocontrol strain Ej2 was isolated from rice leaf (Ninggeng No. 48) which collected from Pingluo, Ningxia (38.26–38.91°N, 105.53–106.52°E) (Sha et al., 2021). All the pathogen were donated by China Agricultural University and Institute of Plant Protection, Beijing Academy of Agricultural and Forestry Sciences. They were stored at the Institute of Plant Protection, Ningxia Academy of Agriculture and Forestry Sciences, Yinchuan, China. The bacterial and fungal strains were cultured in King’s B (KB, Proteose peptone No.3, 10 g/L; K2HPO4, 1.5 g/L; MgSO4·7H2O, 1.5 g/L; glucose, 20 g/L; and agar, 18 g/L) and potato dextrose agar (PDA, potato 200 g/L; glucose 20 g/L; and agar, 18 g/L) plate, respectively. Then, the fungal strains incubated at 30°C for 5–7 days and the bacterial strain grown at 28°C for 24 h (Zhao et al., 2019; Liu et al., 2021b).



Strain identification

Bacterial strains Ej2 were identified based on their 16S rRNA gene sequences. Firstly, the overnight cultures of Ej2 were harvested in a microcentrifuge tube at 13,000 × g for 2 min. Then, the total DNA of Ej2 was extracted using DNA extraction kit based on the instruction (Accurate, Hunan, China). The 16S rDNA sequence was amplified using the universal primer 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) primers (Shanghai Sangon Biotech Co., Ltd) (Zhao et al., 2019). All PCR reactions were performed in 5 μl of 10× Taq buffer, 4 μL of 2.5 mM dNTPs, 1 μL of each primer (10 μM), 2 μL of bacteria DNA, 0.5 μL of Taq DNA polymerase, and ddH2O to a 50 μL final volume. Thermo cycler conditions were 5 min at 95°C; 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 90 s; 72°C for 10 min. The PCR products were sequenced by Majorbio Co. Ltd., Shanghai, China. BLAST was performed with the resulting sequences against the National Center for Biotechnology Information (NCBI) database. Then, the homologous sequences were downloaded from NCBI database. Next, the highly homologous sequences were selected for multiple sequence alignment using CLUSTAL X in the MEGA 7.0 software (Kumar et al., 2016). A phylogenetic tree was constructed via a Neighbor-Joining (NJ) approach, with 1,000 replicate Bootstrap analyzes used to calculate node support (Chen et al., 2016).



Antifungal assays

The dual culture technique was used to detect Ej2 antagonistic activities toward pathogenic fungi. The pathogens were cultured on PDA medium for 5–7 days, and then a 10 mm mycelial plug was placed in the center of a fresh PDA plate (Liu et al., 2021b). The tested bacteria were streaked around the fungal plug and cultured at 28°C for 5 days to examine potential antagonistic effects. Three replicates were performed for the assay. Plates that were only inoculated with pathogenic fungi served as negative controls. The antagonistic effect was assessed by measuring the inhibition zones and colony diameters (Liu et al., 2021b).



Evaluation of biocontrol efficacy of Ej2 under greenhouse and field condition

The Ej2 strain biocontrol efficacy was tested using spray inoculation on rice cultivar G19 (Sha et al., 2020). Rice seeds were surface sterilized with 1% sodium hypochlorite solution for 30 min and were subsequently washed with autoclaved distilled water five times. For inoculum preparation, a single Ej2 colony grown on KB medium in plates was transferred to 5 ml KB broth and incubated at 30°C on a shaker (200 rpm) for 24 h. The grown culture was harvested by centrifuging at 5000 rpm for 5 min at 4°C, and the cell pellets were resuspended in phosphate-buffered saline (PBS) to obtain an optical density of ~1.0 at 600 nm (~1.0 × 108 CFU/mL). For the greenhouse experiments, after 20 days of the plantation, the rice plants were inoculated with 50 ml (1 × 108 CFU/ml) by leaf-spraying, tricyclazole (75% WP, 1:1000 dilution), and sterile water used as a positive and negative control. Then, 20 ml of M. oryzae suspension (1 × 106 conidia/mL) was spray inoculated on the rice plants after 24 h. The experiment was performed in 4 replicates per treatment, with 90 seedlings per replicate. The disease incidence and severity were investigated at 7 days after inoculation.

The effects of the bacterial strain Ej2 on rice growth under salt stress were investigated in a controlled environment using rice cultivar Ningjing No.61. Field soil was brought to the greenhouse, mixed with nutrient soil (3:1 ratio), and used as the planting soil. The field soil physicochemical characteristics were: pH = 8.5; Phosphorus 5.5 mg/kg; Organic matter 5.7 g/kg; total nitrogen 0.5 g/kg. The bacterial Ej2 strain inoculation was performed by soaking the sterilized rice seeds in a bacterial suspension (1.0 × 108 CFU/mL) for 6 h, while for the control treatment, seeds were soaked in autoclaved distilled water. Meanwhile, the seeds were dried under a clean bench. Then, the seeds soaked in 5 mL, 0.2% NaCI concentration, were germinated in Petri dishes for 48 h at 28°C. Subsequently, six seeds were sown in each plastic pot filled with soil. 25 days after sowing, the plants were uprooted. All samples were kept in cold conditions, transferred to the lab, and stored at −80°C before DNA extraction.

The field experiments were performed during the 2020 growing season in the main rice production fields in Lingwu (106.18 E, 37.59 N) and Wuzhong (106.14 E, 37.94 N) in Ningxia province, northwest China. The two sites are in a temperate continental climate zone. The average altitude is 1,133 m. The rice cultivars used were the same as those planted by local farmers, Qiuyou 88 and Jinggu No. 8. The field was separated into four plots, and each plot had an area of 600 m2. The Ej2 strain (>1 × 109 CFU/mL, 7,500 mL added in 2400 L water for every hectare), tricyclazole (75% WP, 1200 g added in 750 L water for every hectare), and water were applied in the tillering, booting, and rupturing stage. The leaf and stem disease index of rice blast were calculated at tillering and maturity stage. The rice yield was investigated at the maturity stage. The experiment was performed with 4 replicates per treatment. The rice blast incidence and severity were quantified at the stem or leaf using a 0–9 scale, as reported previously (Sha et al., 2020). The disease index (DI) was calculated according to the following formulae: Disease index = [∑(Rating×the number of diseased leaves rated)/The total number of leaves × Highest rating] × 100. Disease incidence (%) = (Total number of diseased leaves/total number of investigated leaves) × 100. Moreover, the plant height, panicle weight, and thousand kernel weight were measured at the maturity stage for control and inoculation plants.



DNA extraction and amplicon sequencing

The rice roots were thoroughly washed under distilled water. Then, the root samples were rinsed with 75% ethanol for 3 min. This procedure was repeated three times, and then the roots were finally washed five times with sterile water. The last wash water was inoculated on a nutrient agar plate and incubated for 48 h at 37°C. No viable colonies formed, which indicated that the disinfection procedure was efficient (Liu et al., 2021a). The roots were placed in liquid nitrogen and ground to a fine powder for DNA extraction. DNA was extracted using the Fast DNA™ SPIN Kit (MP Biomedicals) according to the manufacturer’s instructions. DNA concentration and quality were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, United States).

The universal primers 799F/1193R and ITS1F/ITS2R were used to amplify the 16S and ITS genes to analyze the bacterial and fungal community (Gardes and Bruns, 1993; Caporaso et al., 2011). The PCR reaction was performed in 20 μL volume, containing 0.8 μL of both primers (5 M), 10 ng of template DNA, 4 μL of 5× TransStart FastPfu Buffer and 0.4 μl TransStart FastPfu DNA polymerase (TransGen, Beijing). Amplification was carried out with the following cycling conditions: 3 min initial denaturation at 95°C, followed by 27 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, with a final 10 min elongation at 72°C. The PCR products were quantified using QuantiFluor™-ST (Promega, United States) and then diluted to reach an equal concentration. The library quality was assessed on the Qubit 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2,100 system. The libraries were indexed using the TruSeq DNA Sample Prep Kits for Illumina. They were sequenced on an Illumina MiSeq platform at Majorbio Co., Ltd. (Shanghai, Beijing), and 250 paired-end reads were generated.



Protein extraction, digestion, and TMT labeling

The rice root samples were ground into a fine powder in liquid nitrogen. Subsequently, the powder was suspended in a lysis buffer (1% sodium deoxycholate, 8 M urea) containing an appropriate protease inhibitor. The mixture was allowed to settle at 4°C for 30 min, during which the sample was vortexed every 5 min and was subsequently treated by ultrasound at 40 kHz and 40 W for 2 min. After centrifugation at 16,000× g at 4°C for 30 min, the protein supernatant concentration was determined by the bicinchoninic acid (BCA) method using BCA protein Assay Kit (Pierce, Thermo, United States). Protein quantification was performed according to the kit protocol.

100 μg of protein sample was taken, and the volume was replenished to 90 μl adding the lysate. Tris-(2-carboxyethyl)-phosphine (TCEP) (10 mM) was added, and the mixture was incubated at 37°C for 1 h. Then, iodoacetamide (40 mM) was added, and the mixture was incubated at room temperature in the dark for 40 min. Prechilled acetone (v:v = 6:1) was subsequently added and incubated for 4 h at-20°C before centrifugation at 10,000 g for 20 min. The pellet was re-suspended with 100 μl riethylammonium bicarbonate (TEAB, 50 mM) buffer. All collected proteins were transferred to a new tube, and trypsin digestion with a substrate ration of 1:50 (w/w) was performed at 37°C overnight, according to the manufacturer’s instructions.

The digested peptides were labeled with a TMT reagent kit according to the manufacturer’s instructions for TMT labeling (Thermo Fisher, United States). After tagging, the TMT-labeled samples were pooled and analyzed with a Thermo Scientific Vanquish F UHPLC system connected to a Q-Exactive hybrid quadrupole Orbitrap mass spectrometer (Thermo Fisher, United States). The TMT-tagged peptides were mixed and fractionated into fractions by ACQUITY Ultra Performance liquid chromatography (Waters, United States) with ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 mm × 150 mm, Waters, United States) to increase proteomic depth. Briefly, peptides were separated first with an elution gradient (phase B: 5 mM ammonium hydroxide solution containing 80% acetonitrile, pH = 10) over 48 min at a flowrate of 200 μL/min. 20 fractions were collected from each sample, and were subsequently pooled, resulting in 10 total fractions per sample.



LC–MS/MS analysis

Labeled peptides were analyzed by nano-flow liquid chromatography tandem mass spectrometry performed on a 9RKFSG2_NCS-3500R system (Thermo Fisher, United States) connected to a Q Exactive Plus Quadrupole Orbitrap mass spectrometer (Thermo Fisher, United States) through a nanoelectrospray ion source. Briefly, the C18 reversed-phase column (75 μm × 25 cm, Thermo Fisher, United States) was equilibrated with solvent A (A: 2% formic acid with 0.1% formic acid) and solvent B (B: 80% ACN with 0.1% formic acid). The peptides were eluted using the following gradient: 0–4 min, 0–5% B; 4–66 min, 5–23% B; 66–80 min, 23–29% B; 80–89 min, 29–38% B; 89–91 min, 38–48% B; 91–92 min, 48–100% B; 92–105 min, 100% B; 105–106 min, 100–0% B) at a flow rate of 300 nL/min. The Q Exactive Plus was operated in the data-dependent acquisition mode (DDA) to automatically switch between full scan MS and MS/MS acquisition. The full scan MS spectra (m/z 350–1,300) were acquired in the Orbitrap with 70,000 resolution. The automatic gain control (AGC) target was set 3e6, and the maximum fill time was 20 ms. Then, the top 20 precursor ions with the highest intensity were selected into collision cells for fragmentation by higher-energy collision dissociation (HCD). The MS/MS resolution was set at 35000 (at 100 m/z), the automatic gain control (AGC) target at 1e5, the maximum fill time at 50 ms, and dynamic exclusion was 18 s.



Statistical analysis

Raw sequences were split according to their unique barcodes and trimmed of the adaptors and primer sequences using a proprietary script from the sequencing provider. Firstly, the paired-end reads were combined by the FLASH software (version 1.2.11) to obtain full-length sequences with default parameters (Magoc and Salzberg, 2011). The resulting sequences were processed using VSEARCH (version 11.0.667) and QIIME (version 1.9.1) (Caporaso et al., 2010; Zgadzaj et al., 2016). Quality control (fastq_maxee_rate = 0.01), singleton and chimera removal were performed for the resulting sequences. The sequence reads were then clustered into operational taxonomic units (OTUs) at a 97% similarity level using the UPARSE pipeline. Representative sequences were classified using the BLAST algorithm with SILVA v.13.2 and UNITE v8.0 reference databases (Quast et al., 2012; Nilsson et al., 2019). Mitochondrial and chloroplast DNA sequences and OTUs with a total relative abundance of <0.00001 in all samples were discarded. For the fungal community, only OTUs annotated at kingdom level were retained for analysis.

The significant differences were assessed with one-way ANOVA in GraphPad Prism 8. The OTU table was rarefied to reads (the lowest number was 25,273 and 62,294 for the bacterial and fungal community, respectively) for alpha-diversity and was normalized using the cumulative sum scaling (CSS) method for beta-diversity analysis. Both alpha-diversity and beta-diversity were calculated with the QIIME software. Permutational multivariate ANOVA (PERMANOVA) statistical tests were performed using the R package, vegan, with the adonis function having 1,000 permutations (Xiong et al., 2021). The Venn diagram was analyzed using the OECloud tools1 to analyze common and specific OTUs for control and treated samples. Using the STAMP software, Welch’s test calculated the significance of differences between control and treated samples (Parks et al., 2014). Differential abundance analysis was performed using EdgeR’s generalized linear model (GLM) approach. The differential OTUs with false discovery rate-corrected p-values <0.05 were identified as indicator OTUs (Robinson et al., 2010).

The RAW data files were analyzed using Proteome Discoverer (Thermo Scientific, Version 2.2) (Against the Mus_musculus database,2 Assembly Version GRCm38, 67,856 s). The MS/MS search criteria were as follows: Mass tolerance of 10 ppm for MS and 0.02 Da for MS/MS tolerance, trypsin as the enzyme allowing up to two internal trypsin cleavage sites missed, cysteine carbamidomethylation, the TMT of N-terminus and lysine side chains of peptides as fixed modifications, and methionine oxidation as dynamic modifications, respectively. The peptide identification false discovery rate (FDR) was set at FDR ≤ 0.01. A minimum of one unique peptide identification was used to support protein identification.

A total of 6,353 proteins expressed were identified in the rice root proteome in this study. The fold change (>1.2 or < 0.83) and value of p < 0.05 thresholds were used to identify differentially expressed proteins (DEPs). All identified proteins were annotated using GO3,4 and the KEGG pathway5. Then, DEPs were further used for GO and KEGG enrichment analysis. The proteomics data were analyzed on the online Majorbio Cloud Platform6.




Results


The Pseudomonas alcaliphila Ej2 strain is a potential biocontrol agent for Magnaporthe oryzae

The strain Ej2 was isolated from rice leaves and displayed obvious inhibition to Magnaporthe oryzae on petri dish assays (Figure 1A). Meantime, the results showed that Ej2 exhibited broad-spectrum antagonistic activities (Supplementary Table S1). Furthermore, the potential biological control abilities of Ej2 on rice blast disease were assessed in greenhouse experiments and field trials. We observed that Ej2 significantly decreased rice blast severity in pot experiments than leaves treated with water (Figure 1B, p < 0.01). In field trials, the rice leaf and stem blast disease indices in Ej2-treated plants were significantly reduced at Lingwu and Wuzhong sites compared to the control (p < 0.01, Figure 1D). In addition, we observed that the biocontrol efficiency in the Wuzhong field trial was higher compared to Lingwu. Thus, strain Ej2 showed excellent biocontrol efficiency in the field. Moreover, the growth-promoting traits of Ej2 were also examined. Rice yield attributes (the weight of panicle and thousand kernel weight) were significantly affected by Ej2 inoculation. However, the effect on plant height was not significant (Figures 1E–G). The above results showed that the strain Ej2 was a potential biocontrol candidate for the suppression of M. oryzae. Based on 16S rDNA sequence alignments, Ej2 exhibited a high similarity with P. alcaliphila. A phylogenetic tree was constructed based on closely related 16S rDNA sequences. The results showed that Ej2 was most closely related to P. alcaliphila (Figure 1C). Therefore, strain Ej2 was identified as P. alcaliphila (16S rDNA accession number: MN756644.1).

[image: Figure 1]

FIGURE 1
 The general characteristics and growth-promoting traits of strain Ej2. (A) Inhibition of hyphal growth of Magnaporthe oryzae by strain Ej2. Left: M. oryzae CK. Right: M. oryzae at the presence of strain Ej2. The photograph was taken 5 days after inoculation. (B) Effect of strain Ej2 on rice blast disease index in the greenhouse experiment. (C) Phylogenetic tree based on 16S rRNA sequences obtained by the NJ method with 1,000 replicates. (D) Effect of strain Ej2 on rice leaf and stem blast disease index in a field trial. Rice yield attributes of Ej2-inoculated and control rice plants for (E) plant height, (F) weight panicle, and (G) thousand kernel weight. Each value represents the mean of four replicates ± standard error (SE). The significance test was performed based on a t-test using Prism 9. *p < 0.05, **p < 0.01.




Effects of strain Ej2 inoculation on the growth of rice plants under salt stress conditions

Different plant growth characteristics, mainly the seed germination, emergence rate, root length, shoot height, and root fresh and dry weight, were recorded compared to the control. In terms of seed germination, the results showed that the germination rate was improved compared to the control under different NaCl concentrations. Only the germination at NaCl concentration below 0.2% was significantly increased between Ej2-inoculated and control rice plants (Figure 2A). The seed germination responses were fitted and could be calculated by the regression equation Y = −54.67X + 97.09 (R2 = 86.83) and Y = −51.69X + 91.71 (R2 = 85.32%) for Ej2 inoculation and control (Figure 2B). The progressive NaCl concentration increase leads to a reduction in seed germination. Similar results were obtained for the emergence rate (Supplementary Figure S1A).
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FIGURE 2
 The rice growth-promoting capacity of strain Ej2 under different NaCI concentrations. (A) Rice seed germination after Ej2 inoculation and the control under different NaCI concentrations. (B) Correlation analysis between seed germination and different NaCI concentration in Ej2-inoculated and control plants. Effect of strain Ej2 on plant growth attributes (C) root length and (D) shoot height. Each value represents the mean of four replicates ± standard error (SE). The significance test was performed based on a t-test using Prism 9. *p < 0.05, **p < 0.01.


Strain Ej2 inoculation improved root length and shoot height at all levels of salt stress compared to the control. The Ej2 inoculation increased root length as compared to the control by 6.22%, 16.45, 5.13%, 6.51%, 13.30%, 15.33%, and 24.82% at 0, 0.1, 0.15, 0.2, 0.25, 0.3, and 0.35% NaCl concentration, respectively (Figure 2C). However, no significant differences in root length between Ej2 inoculation and control under salt stress were observed. Similarly, shoot height followed a similar trend as root length. The Ej2-inoculated plants exhibited an improvement in shoot height by 20.40%, 8.35%, 4.27%, 1.03%, 22.24%, 23.55%, and 24.43%, compared to control plants after 20 days later (Figure 2D). Notably, in control plants, the root fresh weight decreased with increasing NaCl concentrations, while in Ej2-inoculated plants, there was a noticeable enhancement of root fresh weight by 0.55, 6.61, 5.16, 4.33, 2.07, 2.85, and 5.07%, respectively, compared to control plants. The root dry weight was increased by 23.87% in Ej2-inoculated plants under 0.1% NaCl concentration compared to the control plants (Supplementary Figures S1B,C). Furthermore, leaf water content was improved in the Ej2-inoculated plants compared to control plants under different NaCl concentrations. The maximum differences were observed in Ej2-inoculated plants treated with 0.15% NaCl (Supplementary Figure S1D). These results indicated that strain Ej2 enabled the inoculated rice plants to grow better under salt stress compared to the control rice plants. Thus, strain Ej2 is a potent bioinoculants candidate to promote plant growth under saline conditions.



Microbiome structure alterations between control and Ej2 inoculation rice plants

Bacterial and fungal microbiomes associated with rice roots were characterized by metabarcoding rDNA sequencing. Paired-end sequencing, after quality control, resulted in 667,275 and 844,120 high-quality reads. Sequences from each sample ranged from 50,510 to 153,032 and 70,231 to 172,381, with an average of 111,212 and 140,686 for the bacterial and fungal microbiome, respectively. Based on 97% similarity, these sequences were clustered into 1,533 and 158 OTUs for bacterial and fungal microbiomes.

Alpha-diversity of root endophytes was measured by the Shannon and Observed OTUs indices. The Ej2-inoculated plants exhibited a higher alpha-diversity compared to the control plants, expect for the Shannon index of the bacterial microbiome. However, no differences between control and Ej2-inoculated plants were observed in the bacterial and fungal microbiome alpha-diversity (Figures 3A,B). Furthermore, the NMDS revealed that the Ej2-inoculated samples clustered and separated from the control samples (R2 = 37.19% and R2 = 39.50%, p = 0.1, Figures 3C,D). Based on the OTU classification, Gammaproteobacteria (47.12%), Alphaproteobacteria (43.54%), Bacteroidetes (4.85%), Actinobacteria (2.90%), and Firmicutes (1.23) were the dominant phyla in the root bacterial endophytic community of Ej2-inoculated and control samples. In comparison, Sordariomycetes (20.58%) and Dothideomycetes (19.59%) were the dominant classes of the fungal endophytic community (Supplementary Figures S2A,B). The dominant genera of the bacterial microbiome included Pseudomonas, Hydrogenophaga, Devosia, Mesorhizobium, and Shinella, while Preussia, Fusarium, Podospora, Olpidium, and Schizothecium were the dominant genera for the fungal community. Compared with the control, strain Ej2 inoculation resulted in a significant enrichment in Alphaproteobacteria, while the control plants were enriched in Gammaproteobacteria and Dothideomycetes (Welch’s test, Supplementary Figures S2C,D).
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FIGURE 3
 Influence of Ej2 on rice root bacterial and fungal community. The alpha-diversity index was based on the bacterial (A) and fungal (B) endophytic community in the control and Ej2-inoculation. Non-metric multidimensional scaling (NMDS) ordinations of bacterial (C) and fungal (D) communities across all root samples. Volcano plot illustrating the enriched OTUs in the bacterial (E) and fungal (F) microbiome in the control and Ej2-inoculated samples. Venn diagrams showing the shared and specific OTUs of bacterial (G) and fungal (H) microbiomes in the control and Ej2-inoculated samples.


To examine the effect of Ej2 inoculation on bacterial and fungal communities under salt stress, we identified specific and significantly enriched OTUs in control and Ej2-inoculated plants. The Ej2-inoculated and control plants possessed 13 and 17 enriched bacterial microbiome OTUs, while there was no enriched fungal microbiome OTUs (Figures 3E,F). Interestingly, Ej2-inoculated plants possessed more specific bacterial and fungal microbiome OTUs than the control plants (Figures 3G,H). Furthermore, we analyzed the microbial compositions of enriched and specific OTUs to obtain a detailed overview of the Ej2 inoculation effects. The enriched OTUs after Ej2 inoculation were annotated as Pseudomonas, Flavobacterium, Bauldia, Mesorhizobium, Devosia, Raoultella, Actinoplanes, Yeosuana, and Mariniflexile and the enriched OTUs of the control belonged to Leucobacter, Bacillus, Pseudomonas, Sphingosinicella, Devosia, Sphingobium, Methyloversatilis, Hydrogenophaga, Kerstersia, Kribbella, and Comamonas at the genus level (Supplementary Table S2). Notably, specific OTUs after Ej2 inoculation were affiliated with Streptomyces, Pseudomonas, Flavobacterium, and Bacillus at the genus level. These results suggested that the Ej2 inoculation significantly affects the root endophytic microbiome composition.



Proteome profile of rice roots inoculated with strain Ej2 in response to salt stress

A proteomic approach was used to identify the proteins related to salt tolerance in rice roots inoculated with Ej2 under salt stress. Firstly, the PCA analysis showed that the two groups of samples could be clearly separated. The two main coordinates explained 73.70% of the variation, with PC1 accounting for 43.10%, and PC2 for 30.60% of the total variation (Figure 4A). Then, we identified the differentially expressed proteins (DEPs) for Ej2-inoculated and control plants. A total of 116 differentially expressed proteins were identified between the control and Ej2-inoculated plants, including 78 upregulated and 38 downregulated proteins. Volcano plots were generated to visualize the distribution of protein expression variation (Figure 4C).
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FIGURE 4
 Proteomic profile of rice roots inoculated with strain Ej2 in response to salt stress. (A) Principal component analysis of the Ej2-treated and control group under salt stress. (B) GO enrichment analysis of all differentially expressed proteins between the control and Ej2 inoculation group. ***p < 0.001, **p < 0.01. (C) Identification of differentially expressed proteins between control and Ej2-inoculated rice plants. Red points represent downregulated proteins, blue represent upregulated proteins, and nosing gray represents unchanged proteins. (D) KEGG enrichment analysis of all differentially expressed proteins between the control and Ej2 inoculation group. Only the top 20 pathways are displayed.


To better understand the biological process altered by Ej2 inoculation under salt stress, the differentially abundant proteins were functionally classified using GO annotation. In the biological process, gene ontology, sucrose catabolic, photosystem II stabilization, oligosaccharide catabolic, disaccharide catabolic, protein binding, response to brassinosteroid, protein refolding, regulation of photosynthesis, light reaction, sucrose metabolic, benzene-containing compound metabolic, regulation of growth, and regulation of generation of precursor metabolites and energy were notably enriched. Only cytoplasmic stress granule was significantly enriched in the cellular component gene ontology. In the molecular functions, gene ontology, calcium ion binding, unfolded protein binding, alpha-amylase activity, calcium-dependent phospholipid binding, and RNA helicase activity were enriched dramatically (Figure 4B). In addition to the functional GO annotation, KEGG pathway analysis was also conducted on the significant DEPs, to provide a comprehensive understanding of the proteomic profile after Ej2 inoculation under salt stress. Most pathways related to metabolism included thiamine, propanoate, phenylalanine, carbon, butanoate, and alpha-Linolenic acid metabolism, plant-pathogen interactions, biosynthesis of unsaturated fatty acids; protein processing in the endoplasmic reticulum, RNA transport, nucleotide excision repair, and homologous recombination. Only the spliceosome pathway was significantly enriched (Figure 4D).




Discussion

In the present study, the P. alcaliphila Ej2 strain was isolated from rice leaves and assayed for its biocontrol and plant-growth-promoting properties under salt stress. Strain Ej2 exhibited significant properties in terms of disease control, rice growth promotion, and regulating the structure of the rice endophytic microbiome and protein expression. These findings provide comprehensive evidence that strain Ej2 contributes to salt stress alleviation in rice plants. Unraveling the mechanisms underlying salt tolerance in plants will improve our capacity to achieve a more efficient way to ameliorate salinity stress.


Ej2 is a potential biocontrol and plant growth-promoting strain for rice

Using antagonistic microorganisms or microbe-derived bioactive compounds to control plant diseases is a suitable alternative and sustainable method of plant protection (Chakraborty et al., 2021). Microorganisms such as Bacillus spp., Pseudomonas spp., and Streptomyces spp., have been identified as biocontrol agents to control rice blast (Wu et al., 2018; Chaiharn et al., 2020; Zhou et al., 2021a). However, the major challenge when selecting biocontrol agents that appear effective in in vitro experiments is that they might not be effective in controlling plant diseases in field conditions (Law et al., 2017). In the present study, strain Ej2 showed a stronger antagonistic effect to rice blast in greenhouse and field experiments. While the efficacy of Ej2 in different experimental site displayed discrepancy, and the prevention effect of Ej2 in Wuzhong was better than in the Lingwu site (Figure 1D). The efficacy of biocontrol agents is affected by the soil’s organic matter, pH, and moisture (Law et al., 2017). Because of the variations of environmental conditions in different locations, the biocontrol agent performance might show variation in the field experiments. Moreover, the formulation and application method can also affect the outcomes of field experiments. A seed coating treatment consisting of Paenibacillus alvei K-165 xanthan gum and talc was the most effective in reducing disease symptoms compared to other treatment (Schoina et al., 2011). The promotion effect of biocontrol strain Bacillus tequilensis JN-369 was highest when the concentration of JN-369 suspensions reached 108 CFU/ml (Zhou et al., 2021b). The appropriate application methods, therefore, play a vital role in the success of biocontrol agents in the field. As a result, we need to confirm the biocontrol efficacy of Ej2 under different treatments in the future.



Impact of the biocontrol agent on the endophytic community for salt tolerance improvement

Plant sustain enormous diverse communities of microorganisms, the plant microbiome, important for plant health and robustness and tolerance to biotic and abiotic stresses (Mendes et al., 2013). There is an increasing recognition that plant stress tolerance relates to their associated microbiome. For example, upon Diaporthe citri infection, the phyllosphere microbiome shifted and was enriched with beneficial microbes (Li et al., 2022). The salinity-induced changes in rhizosphere microbial communities tend to promote Hibiscus hamabo germination and growth (Yuan et al., 2019). Drought triggered a compartment-specific restructuring of rice root microbiota, with endosphere communities displaying a more pronounced response than rhizosphere communities (Santos-Medellin et al., 2017). Studies focusing on synthetic microbial communities have emerged, driven by the great application potential to provide sustainable agriculture solutions. For example, five bacterial strains isolated from the root of the desert plant could protect, as synthetic bacterial communities, tomato plants growing in high salinity (Vorholt et al., 2017; Schmitz et al., 2022). Moreover, organic fertilizers supplemented with the biocontrol strain B. amyloliquefaciens W19 improved resistance against plant pathogens due to their impacts on the resident soil microbiome structure and function, specifically increasing Pseudomonas species. Furthermore, B. velezensis stimulated the resident rhizosphere bacterium P. stutzeri through metabolic interactions, and the two-species consortium helped plants alleviate salt stress (Tao et al., 2020; Sun et al., 2022). Microbial products could suppress potato scab disease, increase the yield, and increase the relative abundance of taxa representing beneficial bacteria such as Agrobacterium, Bacillus, and Pseudomonas. Furthermore, the microbial product amount applied significantly influenced the diversity and bacterial community (Wang Z. S. et al., 2019). Finally, the bacterial and fungal communities were significantly altered after applying bio-organic fertilizers in cotton Verticillium wilt and decline disease of bayberry (Tian et al., 2016; Ren et al., 2021).

Only selected soil microbiome members may move from soils to the plant and form complex co-associations with plants (Xiong et al., 2021). A previous report found that Proteobacteria, Actinobacteria, Bacteroidetes and Gemmatimonadetes was dominant in saline soil (Canfora et al., 2014; Kadam and Chuan, 2016). In our study, we identified Gammaproteobacteria, Alphaproteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes as the dominant classes (Supplementary Figure S2). They showed remarkable convergence at the phylum level and lower taxonomic ranks with differences among soil and plant. Furthermore, the relative abundance of Proteobacteria and Bacteroidetes was positively, and Acidobacteria was negatively correlated with salinity (Canfora et al., 2014). The OTUs annotated as Gammaproteobacteria and Alphaproteobacteria showed a high-salinity niche preference (Zhang et al., 2019). Our results revealed that the Ej2 inoculation significantly enriched Alphaproteobacteria, while the control plants were enriched in Gammaproteobacteria (Supplementary Figure S2). Thus, the differences are potentially caused by plant compartment niches. Based on the enriched and specific OTUs results, we found that the enriched OTUs belonging to Pseudomonas and Flavobacterium at the genus level (Figure 3). The Flavobacterium probably plays an important role in salt tolerance for plants. But this needs to be confirmed in the further study. Network analysis and synthetic community experiments have identified some key taxa that play a central role in the microbiome’s structure and function, such as Bacillus, Streptomyces, Rhizobium, and Flavobacterium (Xiong et al., 2021). In addition, B. velezensis JC-K3 significantly altered the diversity and abundance of endophytic microorganisms in wheat, increasing the diversity of bacterial communities in the leaves (Ji et al., 2021). Similarly, we found that the inoculation increased the diversity in our study (Figure 1).



The biocontrol strain help plants to alleviate salt stress

Plants are multi-cellular organisms that cope with various environmental stresses by producing and accumulating diverse functional compounds (proline, glycine betaine, phenolic, flavonoids and glutathione), and enzymatic antioxidants (peroxidase and catalase), which mitigate the oxidative damage caused by high salinity. Furthermore, many studies have documented that microbes have beneficial activities such as reducing pathogenesis, stimulating plant growth, and alleviating abiotic stresses. Significant differences were observed in inoculated plants’ antioxidant enzymes (ascorbate peroxidase, catalase and peroxidase), proline content, and total antioxidative capacity (Fan et al., 2020). For example, the expression of salt stress-responsive genes related to proline biosynthesis was upregulated in Arabidopsis after short-term treatment with Enterobacter sp. (Kim et al., 2014). In addition, several salinity-responsive marker genes, such as AtRSA1, involved in detoxifying reactive oxygen species, and AtWRKY8 and AtVQ9, involved in maintaining ion homeostasis, were increased (Sukweenadhi et al., 2015). Alcaligenes faecalis emits hexanedioic acid and butanoic and induces plant salt tolerance through reprogramming the auxin and gibberellin pathways (Bhattacharyya et al., 2015). In addition, proteomic analysis revealed that the expression levels of diverse proteins involved in photosynthesis, antioxidative processes, transportation across membranes, and pathogenesis-related responses were altered in the presence of microbes (Cheng et al., 2012). P. fluorescens helped canola plants endure salinity through the enrichment of proteins related to energy metabolism and cell division, especially related to amino acid metabolism and the tricarboxylic acid cycle (Banaei-Asl et al., 2015). In our study, we only found that the spliceosome pathway was significantly enriched. However, other biological process gene ontologies such as sucrose catabolic, regulation of photosynthesis, sucrose metabolic, benzene-containing compound metabolic, regulation of growth, and regulation of generation of precursor metabolites and energy were notably enriched (Figures 4B,D). Elucidating the mechanisms of Ej2 underlying salt tolerance in plants will help us to develop more efficient products for saline soil amelioration.
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SUPPLEMENTARY FIGURE S2 | Relative abundance of the dominant bacterial (A) and fungal (B) taxa in control and treatment samples. Differential abundance analysis of bacterial (C) and fungal (D) OTUs in control and Ej2-inoculated samples. Welch’s test was performed to calculate the significance of differences at the phylum and class levels.
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Mycorrhizal inoculation was widely reported to alleviate the damage resulting from NaCl by various physiological ways. However, the symbiotic benefit under distant NaCl concentrations and the relationship among different responsive physiological processes were elusive. In this study, saline resistant plant Xanthoceras sorbifolium was selected as the experimental material and five concentrations of NaCl in the presence or absence of Arbuscular Mycorrhiza Fungi (AMF) were conducted, in order to understand the differences and similarities on the photosynthesis, antioxidant activity, and osmotic adjustment between arbuscular mycorrhizal (AM) plants and non-arbuscular mycorrhizal (NM) plants. Under low salt stress, X. sorbifolium can adapt to salinity by accumulating osmotic adjustment substances, such as soluble protein and proline, increasing superoxide dismutase (SOD), catalase (CAT) activity, and glutathione (GSH). However, under high concentrations of NaCl [240 and 320 mM (mmol·L−1)], the resistant ability of the plants significantly decreased, as evidenced by the significant downregulation of photosynthetic capacity and biomass compared with the control plants in both AM and NM groups. This demonstrates that the regulatory capacity of X. sorbifolium was limiting, and it played a crucial role mainly under the conditions of 0–160 mM NaCl. After inoculation of AMF, the concentration of Na+ in roots was apparently lower than that of NM plants, while Gs (Stomatal conductance) and Ci (Intercellular CO2 concentration) increased, leading to increases in Pn (Net photosynthetic rate) as well. Moreover, under high salt stress, proline, soluble protein, GSH, and reduced ascorbic acid (ASA) in AM plants are higher in comparison with NM plants, revealing that mycorrhizal symbiotic benefits are more crucial against severe salinity toxicity. Meanwhile, X. sorbifolium itself has relatively high tolerance to salinity, and AMF inoculation can significantly increase the resistant ability against NaCl, whose function was more important under high concentrations.
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1. Introduction

Environmental stresses have many negative effects on the growth and development of many kinds of species. Salinity stress, which often occurs in arid and semi-arid regions and causes ionic, including osmotic and oxidant stresses (Rengasamy, 2006; Ashraf et al., 2008; Katerji et al., 2009; Munns, 2010), is one of the most complex and serious environmental problems. Over 6% of the world’s land area and approximately 20% of the farmland are currently influenced by saline soils (Munns, 2010). The effect of salinity, especially of high concentrations, can be firstly noticed at the whole plant level in the form of decline in biomass (Parida and Das, 2005). As for the concrete adverse influence of saline soil on plants, excessive Na+ could induce water deficiency by reducing the osmotic potential of soil, thus making it difficult for roots to absorb water (Rengasamy, 2006). Therefore, salt tolerance has universally been reported in relation to regulatory systems of ionic and osmotic homeostasis (Yeo, 1998; Zhu, 2002). Some biochemical molecules such as proline and proteins are vital properties for evaluating osmotic adjustment ability of plants (Zhu, 2002). Meanwhile, not only does salinity cause ionic and osmotic imbalance, but also alter various physiological and biochemical processes as evidenced by the parameters including enzyme activity, antioxidant substances, and photosynthetic rate (Iqbal et al., 2015; Elhindi et al., 2017). Excessive ROS under salinity is a result of disturbance of cellular homoeostasis, and it cause damages to protein oxidation, membrane integrity, and enzyme system, ultimately leading to the death of cells (Kohler et al., 2009; Ahmad et al., 2010; Alqarawi et al., 2014). Moreover, important antioxidant enzymes, especially peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT), could rapidly clear deleterious [image: image]and promote the decomposition of H2O2, which was proved in the study of olive trees (Sofo et al., 2004). In terms of photosynthetic responses, except for the change in gas exchange characteristics, there are also distinct performances in light response curves under different NaCl treatments. The parameters such as apparent quantum efficiency (AQY), light saturation point (LSP), light compensation point (LCP), and maximum net photosynthetic rate (Pnmax) are significant in assessing the light energy utilization ability of plants under salt stress (Yu et al., 2019).

Arbuscular mycorrhizal fungi (AMF) have no strict host specificity, which can form beneficial symbiotic relationship with a variety of plants (Hooker et al., 1994). AMF has synergistic effect with many rhizosphere microorganisms, such as rhizobium and phosphor bacteria, and can alleviate many abiotic stress damage of plants (Xavier and Boyetchko, 2002). AMF colonization can facilitate the assimilation of mineral elements and enhance photosynthetic capability (Zhu et al., 2016), thus is beneficial for plant growth and biomass accumulation (Song et al., 2015; Mickan et al., 2016). In addition, AMF colonization also improves water use status in sweet basil under salinity (Elhindi et al., 2017). In recent years, there have been increasing studies on the effects of AMF on nutrition metabolism and stress resistance ability of plants (Latef and He, 2011; Rivero et al., 2015; Zhao et al., 2015). When exposed to salinity, positive effects of AMF inoculation were reported in many species, such as Robinia pseudoacacia, Acacia gummifera, Retama monosperma, and Malus × domestica Borkh (Yang et al., 2014; Chen J. et al., 2017; Fakhech et al., 2021), attributed to greater activity of antioxidant enzymes (Latef and He, 2011), accumulation of osmolytes (He et al., 2007), stimulation of phytohormone level (Abd Allah et al., 2015), and better acquisition of water and mineral nutrients.

Xanthoceras sorbifolium Bunge is an oil seed tree and is widely planted in the north of China (Fu Y. J. et al., 2008). As a native tree, X. sorbifolium performs well under abiotic stresses such as cold, drought, and salinity (Quanxin and Wenbin, 2014). Apart from the ecological functions and excellent resistant ability, X. sorbifolium also has valuable seeds, from which the oil extracted can be used to produce high-quality healthcare products, since the component in the oil is potentially effective for the treatment of Alzheimer’s disease, rheumatism, gout, and learning and memory impairment (Ji et al., 2017; Wu et al., 2018; Li et al., 2020). In our previous study, it was found that X. sorbifolium Bunge could cope with the salt stress by osmotic, enzyme, and photosynthesis regulations, which could effectively alleviate the damage caused by saline treatment (Zong et al., 2021). Wang et al. also investigated the physiological changes and molecular mechanisms underlying the responses of X. sorbifolium to salt and saline-alkali stress (Wang et al., 2020). The research about X. sorbifolium seedlings with AMF only answered the questions of mycorrhizal colonization and improvement in growth (Liu et al., 2020). To date, there have been few evidence confirming that symbiotic fungi will improve the condition of X. sorbifolium under salt stress, especially from the aspect of several physiological processes. In this study, the effect of AMF on the growth, physiology, and photosynthesis of X. sorbifolium under salt stress was studied. It may help develop thorough understanding of the mechanisms of symbiotic effect on promoting the application of AMF in saline soils.



2. Materials and methods


2.1. Plant material

The experiment was conducted at the research greenhouse with humidity of 60–75% and the temperatures was controlled at 18–35°C in Zhengzhou (113″ 80′ E, 34″ 80’ N), Northern China. Seeds of Xanthoceras sorbifolium Bunge were acquired from Jinshan Agricultural Science and Technology Co., Ltd. (Yangling, China). 10% (v/v) sodium hypochlorite aqueous solution (NaClO) was used for seed sterilization before the seeds were buried in sand in December 2019. In March 2020, healthy seedlings were selected and transplanted to flowerpots (inner diameter: 38.5 cm; height: 28.5 cm) containing 6.28 kg of substrate (The volume ratio of peat soil, coconut soil, and sand is 2:2:1). The pots were pre-sterilized by 10% NaClO. One seedling was planted in one pot. The substrate nutrient properties were measured (mg·g−1): organic matter, 51.2; ammonium nitrogen, 51.4; effect phosphorus, 37.0; and available potassium, 382.3. The substrate was autoclaved at 120°C for 2 h to remove all microorganisms. Then the plants were watered and weeded regularly in the greenhouse.



2.2. AMF inoculation and salinity inducement

In March 2020, for inoculation, prepared mycorrhizal inoculum was laid at the surrounding of roots. AMF (Funneliformis mosseae) was purchased from Root Mycorrhiza Research Institute of Changjiang University. Using white clover as a host, the microorganism agent was propagated by pot culture, and AMF inoculant was a mixture of mycorrhizal fungal spores, the root segment of the host plant, and the culture medium. The average spore density is 18–20 per 1 g of dried soil.

In August 2021, we set five NaCl stress concentrations in the experiment, including 0, 80, 160, 240, and 320 mM NaCl. Each treatment was divided in mycorrhizal treatment (AM) and non-mycorrhizal treatment (NM). A total of 10 treatment combinations were formed, and there were nine replicants for each treatment, with a total of 90 pots. In the experiment, the leaves of the third to fifth segments at new shoots were selected as samples, and at least three biological repeats were used for each determination.

The stress treatment was induced by NaCl solution. In order to avoid the salt shock, the solution was gradually added to the target concentration (irrigated four times, 100, 200, 300, and 400 mL, respectively). At the same time, a tray was put under the pot to collect the outflow solution, and the solution was poured back into the flowerpot in time after each watering. After adding salt, the NaCl content of the substrate was re-determined, and the subsequent experiment was continued after all treatments reach the set concentration. After 8 days of salt treatment, the experiments below were conducted in order.



2.3. Assessment of root colonization infection

Fresh roots were used to determine mycorrhizal colonization. Distilled water was used in washing process, and the roots were cut into about 1 cm length pieces. Following the method in Phillips (1970), the root pieces were more transparent after soaking in 5% potassium hydroxide (KOH), then they were acidified in 1% hydrochloric acid solution (HCl) and stained in 0.05% trypan blue dissolved in lactophenol before observation under an optical microscope. The gridline intersect method (Giovannetti and Mosse, 2010) was applied to determine the mycorrhizal colonization.



2.4. Determination of biomass

Deionized water was used to carefully clean the leaves, shoot, and the root of the X. sorbifolium. Three plants were randomly selected with consistent great growth in every treatment. After leaves, roots, and shoots were thoroughly dried at 80°C in a heating oven for about 48 h, dry weight was noted.



2.5. Concentration of Na+ and K+

The harvested fresh roots were dried and grounded into powder. Each sample (0.1 g) was digested with a mixture of 8 ml nitric acid (HNO3) and 2 ml perchloric acid (HClO4), and the solution was heated to 220°C. After cooling to 27°C, the extraction solution was diluted. The concentrations of Na+ and K+ were determined by using Z-2000 atomic absorption spectrophotometer (Shimadzu, Japan).



2.6. Determination of relative electrical conductivity and malondialdehyde

Relative electrical conductivity (REC) was determined in fresh by employing the methods of Maribel (Dionisio-Sese and Tobita, 1998). 0.2 g fresh leaf samples were cut into 6 mm length segments and soaked in deionized water. The test tubes containing samples stood still for 12 h before a conductivity meter DDS-307 (Leici Corporation, China) was employed to measure the first conductivity value (S1). The homogenate was heated in boiling water for 20 min to destroy the tissue cells, then cooled down to 27°C and ultimately all electrolytes were released. Afterward, the second conductivity value (S2) was recorded. The REC was expressed following the formula:

[image: image]

To determine the concentration of malondialdehyde (MDA), a method described by Stewart and Bewley was applied (Stewart and Bewley, 1980). In short, 0.5 g of each fresh leaf sample was grounded in 10 mL of 10% trichloroacetic acid solution. After centrifugation at 14,000 × g for 7 min, the supernatant from crude extract was collected and thoroughly mixed with 0.6% of thiobarbituric acid and heated up to 95°C for 30 min, and then the reaction was suspended by an ice bath. The mixture was then centrifuged at 10,000 × g for 10 min, and the absorbance of the supernatant was recorded at 532 and 660 nm.



2.7. Determination of soluble proteins and proline

Soluble protein contents were determined by using the method of Bradford (1976). Bovine serum albumin was applied as the determination standard. Fresh leaf samples (0.5 g) from each treatment were collected, and grinded in 2 mL of distilled water. Afterward, the mortar was rinsed using 6 mL of distilled water. The homogenate and washing liquid were poured into the tube and then centrifuged at 4,000 × g for 10 min. The resulting supernatant was moved into a 10 mL graduated bottle, which was then filled to its scale and then swayed evenly. Moreover, the extract of 0.1 mL was transferred into a tube with stopper. 5 ml of Coomassie bright blue G-250 was added into the tube and mixed thoroughly. Standing still for 2 min, the absorbance of final solution was measured at 595 nm by using a spectrophotometer (UV-2100, UNIC, United States).

Proline concentration was measured by using method illuminated by Bates (Bates et al., 1973). 0.3 g of leaves was grounded in 5 mL of sulfosalicylic acid solution (3%) and then the homogenate was centrifugated at 10,000 × g for 15 min. 2 ml glacial acetic acid and 3 ml acid ninhydrin were added in to 2 ml of the supernatant and the mixture was heated at 100°C for 1 h. Thereafter, the tube was placed into an ice bath to finish the reaction. Proline was extracted with 4 ml of toluene. The absorbance was measured at 520 nm with toluene as the standard.



2.8. Determination of glutathione and reduced ascorbic acid

To determine glutathione (GSH) and ascorbic acid (ASA), the standard curves of ASA and GSH concentrations were estimated respectively, and then ASA and GSH in 0.5 g fresh leaf samples were extracted using 5% metaphosphoric acid and 1 mM ethylene diaminetetraaceticacid (EDTA) at 11,500 × g centrifugation for 15 min. Then, after collecting the supernatant, ASA and GSH were determined by the method depicted by foyer (Foyer et al., 1983) and Yu (Yu et al., 2003). The content of ASA was estimated employing spectrophotometry method. The content of GSH was calculated by subtracting GSSG (oxidized glutathione) from the total GSH.



2.9. Gas exchange parameters

Taking Li-6800 Portable Photosynthesis System (LI-COR, Lincoln, Nebraska) as a measuring tool, net photosynthetic rate (Pn), transpiration rate (E), stomatal conductance (Gs), and intercellular CO2 concentration (Ci) were evaluated in a sunny day. The CO2 concentration of the reference chamber was set as 400 μmol·mol−1, the temperature of the leaf chamber was set at 30°C, the relative humidity of the leaf chamber was set as 50%, and the light intensity was set as 1,200 μmol·m−2 s−1 photosynthetically active radiation (PAR). The fully developed leaves at the same leaf position from each treatment were used for gas exchange parameter measurements.



2.10. Pn-PAR curves and photosynthetic parameters

Using LI-6800 Portable Photosynthesis System analyzer to measure the Pn-PAR curve, PAR was set as: 1,800, 1,500, 1,200, 900, 600, 300, 200, 150, 100, 70, 30, and 0 μmol·m−2 s−1. Before each measurement, the measured leaves were induced for about 20–30 min at light intensity of 1,200 μmol·m−2 s−1. CO2 concentration was controlled by an external CO2 small cylinder, and the concentration was set to 400 μmol·mol−1, which was similar to the atmospheric CO2 concentration. The light compensation point (LCP, μmol·m−2 s−1), light saturation point (LSP, μmol·m−2 s−1), apparent quantum efficiency (AQY, μmol·m−2 s−1), and maximum net photosynthetic rate (Pnmax, μmol·m−2 s−1) dark respiration rate (Rd., μmol·m−2 s−1) were obtained according to the modified rectangular hyperbola model since it has a larger R2 value compared to the other three models (Li et al., 2019).

[image: image]



2.11. Determination of antioxidant enzymes.

For enzyme assays, the leaves of X. sorbifolium were picked and cleaned in deionized water. The fresh leaf samples (0.5 g) were first stored in a freezer and then grounded in 5 ml of icy 50 mM potassium phosphate buffer (pH = 7.0) consisting of 1 mM EDTA, 1% (w/v) polyvinylpolypyrrolidone (PVPP) and 2 mM ascorbic acid (ASA) into homogenate using prechilled mortars and pestles. The mixture was centrifuged at 12,000 × g for 20 min and the resulting supernatant was collected for determining the activities of SOD, POD, and CAT.

Superoxide dismutase activity was assayed based on the ability to inhibit the reduction of nitro blue tetrazolium (NBT) on the basis of the method expounded by Rossum (van Rossum et al., 1997). To a buffer (2.8 mL) including 50 mM potassium phosphate buffer (pH 7.8), 13 mM methionine, 75 mM NBT, 0.1 mM EDTA, and 0 or 100 μl of the enzyme extract solution was added 20 μM riboflavin. After adding riboflavin, the reaction started. The tubes were shaken and illuminated in a light box with two 15 W fluorescent lamps for 20 min. This reaction was permitted to run for 10 min, afterward the light was switched off and the reaction stopped. The absorbance was read at 560 nm. One unit of SOD activity was defined as the quantity of enzyme required to cause 50% inhibition in comparison with tubes lacking enzymes.

Catalase activity was estimated as the consumption of H2O2 by the method illustrated by Cohen and Somerson (1969). The reaction buffer (3 mL) consists of 50 mM phosphate buffer (pH = 7.0), 200 mM hydrogen peroxide (H2O2), and 100 μl enzyme extracts solution. H2O2 decrease was recorded as the decline in optical density at 240 nm for 1 min. One unit of CAT activity was calculated as the decrease of absorbance at 240 nm by 0.1 unit per min.

Peroxidase activity was measured according to the guaiacol oxidation method described by Lundquist and Josefsson (1971), with some modifications. The assay mixture (3 mL) contained 10 mM potassium phosphate buffer (pH = 7.0), 0.33 mM guaiacol, and 100 μL of enzyme extract solution. The reaction started with 40 mM H2O2. The oxidation of guaiacol in the presence of H2O2 was estimated at 470 nm over a 2 min interval. One unit of peroxidase activity was defined as the quantity of 1% (w/v) guaiacol oxidized per minute.



2.12. Statistics

The data were analyzed by the SPSS 25.0 statistical software (SPSS Inc., Chicago, IL, United States). According to one-way ANOVA and post comparisons (Duncan’s test, p < 0.05), the significance was calculated and labeled if compared to controls. Figures were drawn in Origin 2021 software (ORIGIN, Massachusetts, United States). Principal component analysis (PCA) was performed to characterize the salt tolerance of the X. sorbifolium.




3. Results


3.1. Root AM colonization

Non-inoculated plants did not show any colonization, root colonization by the arbuscular mycorrhizal fungi was observed with highest without salt stress. Increased salinity significantly reduced the colonization rate of arbuscular, hyphae, and colonization rate compared to control plants in AM groups (p < 0.05), while the vesicle colonization showed an increasing trend (Table 1).



TABLE 1 Mycorrhizal fungal hyphae, vesicles, and arbuscules colonization of the experimental plants.
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3.2. Biomass

The DWs of the leaves, shoots, roots, and total biomass of AM plants were significantly higher than those of NM plants at corresponding salinity levels (Figure 1). Nevertheless, compared with corresponding control plants, the DWs of roots and leaves in AM and NM group did not decrease significantly at 80 mM NaCl (p > 0.05). However, when exposed to NaCl concentrations above 160 mM, the DWs of both leaves and roots declined significantly (p < 0.05), but other than this, compared with NM treatment, the DWs of the leaves, shoots, roots, and total biomass of AM plants significantly increased by 8.23, 27.63, 8.63, and 13.51% at 320 mM NaCl, respectively.

[image: Figure 1]

FIGURE 1
 The dry weights (DWs) of the leaves (A), shoots (B), roots (C), and the total biomass (D) in Xanthoceras sorbifolium were affected by NaCl stress levels and AMF inoculation. Different letters indicate significant differences (p < 0.05). AM, arbuscular mycorrhizal; NM, non-mycorrhizal.




3.3. Concentration of Na+ and K+

Salinity can result in the accumulation of Na+ in both NM plants and AM plants (Figure 2A). No significant differences of Na+ concentration in NM plants and AM plants at 0 and 80 mM NaCl were observed. However, when treated with 240 and 320 mM NaCl, the Na+ concentration in AM plants was significantly lower than that of NM plants (p < 0.05), by 41.61 and 11.82%, respectively, (Figure 2A). It is worth noting that K+ concentration was less than that of NM plants at 0 and 80 mM NaCl, but under higher concentrations (160, 240, and 320 mM NaCl), the value was greatly improved by AM symbiosis (Figure 2B).

[image: Figure 2]

FIGURE 2
 Concentration of Na+(A) and K+ (B) in the roots of Xanthoceras sorbifolium. Plants were affected by salt stress levels and AMF inoculation. AM, arbuscular mycorrhizal; NM, non-mycorrhizal. Different lowercase letters indicate significant differences among different NaCl concentration (Duncan’s test, p < 0.05).




3.4. Relative conductivity and malondialdehyde

Figure 3A shows that upon exposed to 0, 240, and 320 mM NaCl, there is a significant decline in the REC of AM plants, which were 10.74, 4.83, and 23.66% lower than NM plants, respectively (p < 0.05). MDA of AM plants increased under low salt stress and reduced when NaCl was supplied more than 160 mM. Besides, MDA of NM plants increased continuously except for 160 mM NaCl (Figure 3B). In addition, under 80, 240, and 320 mM NaCl, MDA of AM plants under salt stress were significantly lower than those of NM plants (p < 0.05). Surprisingly, mycorrhizal colonization caused the largest reduction by 34.08% at 320 mM NaCl in comparison to NM plants.
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FIGURE 3
 Relative conductivity (A) and Malondialdehyde (B) in Xanthoceras sorbifolium were affected by salt stress levels and AMF inoculation. AM, arbuscular mycorrhizal; NM, non-mycorrhizal. Different lowercase letters indicate significant differences among different NaCl concentration (Duncan’s test, p < 0.05).




3.5. Soluble protein and proline

Increasing salinity caused significant increase in soluble protein of AM and NM plants versus corresponding control plants (p < 0.05; Figure 4). Besides, inoculation of AMF can improve the amounts of soluble protein and proline of X. sorbifolium upon exposure to salinity. As shown in Figure 4A, the soluble protein of NM plants reached to the maximum at 240 mM NaCl, but that of AM plants peaked at 320 mM NaCl. The peak of proline in both AM and NM plants was close to that of soluble protein, but other than this, under 320 mM NaCl, proline in AM plants significantly increased by 15.10% in comparison with NM plants (p < 0.05). Interestingly, compared with NM, proline content of AM plants was lower under 80, 160, and 240 mM.

[image: Figure 4]

FIGURE 4
 Soluble protein (A) and Proline (B) in Xanthoceras sorbifolium were affected by salt stress levels and AMF inoculation. AM, arbuscular mycorrhizal; NM, non-mycorrhizal. Different lowercase letters indicate significant differences among different NaCl concentration (Duncan’s test, p < 0.05).




3.6. Glutathione and reduced ascorbic acid

Figure 5A indicates that except for 80 mM, arbuscular mycorrhizal yielded a significant increase in the GSH level in comparison to NM plants (p < 0.05). What is more, colonization with AMF caused dramatic increase in the GSH content under higher NaCl concentrations (160, 240, and 320 mM). A similar trend for ASA was observed (Figure 5B). The maximum of NM plants occurred at 160 mM, but after inoculation, the peak value appeared under 320 mM NaCl treatment.

[image: Figure 5]

FIGURE 5
 Glutathione (A) and reduced ascorbic acid (B) in Xanthoceras sorbifolium were affected by salt stress levels and AMF inoculation. AM, arbuscular mycorrhizal; NM, non-mycorrhizal. Different lowercase letters indicate significant differences among different NaCl concentration (Duncan’s test, p < 0.05).




3.7. Photosynthesis

Salinity negatively affected the Gs and E in NM and AM plants (Figure 6). Nevertheless, Pn showed an upward trend at 80 mM NaCl, followed by a return to minimum levels at the highest concentration. Pn of NM plants reached its maximum value at 80 mM NaCl, 39.74% higher than the control plants in NM group (Figure 6A). Notably, mycorrhizal colonization markedly improved Gs, E and Pn in comparison to the non-mycorrhizal plants. The mycorrhization process led to a strong increase of Gs in comparison with NM plants when the salinity was supplied at 320 mM (Figures 6A–C). Whether inoculated or not, increasing salt stress caused the decrease in Ci (Figure 6D). Indeed, the mycorrhization in itself induced a notable increase in Ci, especially under high concentrations.
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FIGURE 6
 (A) Pn, (B) E, (C) Gs, and (D) Ci in Xanthoceras sorbifolium were affected by salt stress levels and AMF inoculation. AM, arbuscular mycorrhizal; NM, non-mycorrhizal. Different lowercase letters indicate significant differences in concentration (Duncan’s test, p  < 0.05).




3.8. Light response

As shown in Figure 7, Pn initially increased sharply and then reached a plateau upon increasing PAR. No matter low and high NaCl treatment, photosynthetic ability of X. sorbifolium can be enhanced by AM inoculation. Surprisingly, when PAR was set during 800–1,800 μmol·m−2 s−1 (close to LSP), Pn of AM plants obviously exceeded NM plants, and the difference was most prominent at 80 mM NaCl. It revealed that the effect of inoculation was more vital to photosynthesis under 80 mM NaCl. More likely, photosynthetic performance is sensitively affected by AMF.

[image: Figure 7]

FIGURE 7
 Light response curves of Xanthoceras sorbifolium treated with different salt concentrations. NM (A), non-mycorrhizal; AM (B), arbuscular mycorrhizal.


From Table 2, it can be seen that AQY, Pnmax, and LSP of AM and NM plants all showed an increasing trend under low salt stress and then decreased under high salt stress. AQY of AM plants was greater than NM plants at 0 and 80 mM NaCl. However, when treated with higher concentrations, AM plants failed to change AQY compared with NM plants, which showed that the promotion of AMF on AQY was not obvious under severe salt stress. It was worth noting that the Pnmax, and LSP of AM plants were higher than that of NM plants at either treatment, and the values of AM plants increased by 44.33 and 6.60% even under 320 mM NaCl. Among all salt stress treatments, the value of LCP in AM plants was lower than that of NM plants, suggesting that AM inoculation can increase the minimum light energy radiation available to the leaves.



TABLE 2 The light compensation point (LCP), light saturation point (LSP), apparent quantum efficiency (AQY), and maximum net photosynthetic rate (Pnmax) of Xanthoceras sorbifolium were affected by salt stress levels and AMF inoculation.
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3.9. Antioxidant enzymes

Salinity and AMF symbiosis significantly altered the antioxidant enzyme activities (Figure 8). The mycorrhization process led to a strong increase in SOD activity. Unlike, SOD showed an upward trend at low-to-medium salt concentrations up to 160 mM NaCl, followed by a return to minimum levels at the highest concentration. Moreover, POD activity of NM plants showed the highest value under salt stress of 80 mM and minimum value at 320 mM NaCl. By contrast, the POD increased gradually in salt affected AM plants. Generally, POD of AM plants under most of concentrations is higher than NM plants. In terms of CAT activity, it increased sharply after inoculation, especially under high salt concentrations (320 mM). Salinity negatively affected CAT activity, causing reductions in the CAT of AM plants of 56.76, 75.68, 232.43, and 316.22% at 80, 160, 240, and 320 mM NaCl versus control plants in AM treatment, respectively. Especially, CAT activity of AM plants was very high compared with non-mycorrhized ones at the corresponding salinity level. On the other hand, the increase in CAT activity resulted from AMF symbiosis at the level of 320 mM NaCl was at least 3-times more versus non-mycorrhized ones (Figure 8).
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FIGURE 8
 The SOD activity (A), POD activity (B), and CAT activity (C) in Xanthoceras sorbifolium leaves were affected by salt stress levels and AMF inoculation. AM, arbuscular mycorrhizal; NM, non-mycorrhizal. Different lowercase letters indicate significant differences in concentration (Duncan’s test, p < 0.05).




3.10. Principal component analysis

In this study, 23 growth, photosynthesis, antioxidant enzyme activity, inorganic ions, and physiological parameters were analyzed with principal component analysis (PCA). Figure 9A shows that photosynthetic parameters and biomass are the main drivers of the first component (PC1). In contrast, proline, soluble protein and MDA are the main drivers of the second component (PC2). Figure 9B shows the score plot of PC1 and PC2 separating NM and AM plants under salt stress. The results indicated that the plants inoculated with mycorrhizal fungi and the plants without mycorrhizal fungi could be well divided into two groups, which was mainly determined by the significant changes in photosynthesis and biomass of AM and NM plants. The changes in proline, soluble protein, and other indicators also participated in and affected the distribution of AM and NM plants on the score plot. Finally, this result revealed that AMF inoculation has a remarkable impact on the resistance of X. sorbifolium to salt stress.
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FIGURE 9
 Principal components analysis of the whole data involving growth, physiology, photosynthesis, antioxidative enzyme activities and inorganic ion in Xanthoceras sorbifolium after salt stresses. Loading plot (A); Score plot (B).





4. Discussion

Many possible physiological and biochemical processes about the interaction of AMF and salinity have been reported to test the effect of certain kind of mycorrhizal and the concrete modulate mechanism (Türkmen et al., 2008; Zai et al., 2014; Gao et al., 2020). Moreover, mycorrhizal inoculation can reduce Na+ uptake, change the osmotic equilibrium of roots, and ultimately improve the salt tolerance of plants (Garg and Manchanda, 2010). In the meanwhile, AMF can retain Na+ in the hyphae outside the root and reduce the amount of Na+ entering the plant root (Wu et al., 2015). Our results revealed that the difference between AMF-inoculated seedlings and non-inoculated ones can be partly explained by the symbiotic benefit, which can be evaluated from membrane permeability and the photosynthetic, osmotic, and antioxidant systems. Under the harsh environment of saline soils, mycorrhizal fungi may be an accessible strategy to alleviate the damage of salt stress and improve the growth condition in X. sorbifolium.

Saltiness diminishes colonization by smothering hyphal development, sporulation, and spore germination (Juniper and Abbott, 2006). In the experiments reported here, salinity caused a reduction in mycorrhizal colonization in X. sorbifolium, indicating that salinity inhibited the spread of mycorrhizal colonization (Table 1). In fact, it can be seen that the colonization rate was significantly lower as a result of high salt stress (240 and 320 mM), as compared with control plants in AM treatment (Table 1). Similar results have been seen on lettuce and Trigonella foenum-graecum (Aroca et al., 2013; Evelin and Kapoor, 2014). In addition, the change in plant biomass is the most obvious appearance reflecting plant tolerance under abiotic stress and the symbiotic benefits of AMF (Heikham et al., 2009; Ruiz-Lozano et al., 2012; Porcel et al., 2016). In our study, although the DWs of leaves, shoots, root, and total biomass in both NM and AM plants decreased when exposed to increasing salt pressure, above parameters were significantly enhanced by mycorrhizal across all salinity levels, suggesting that the mycorrhizal can alleviate the damage from salt stress in X. sorbifolium to a certain extent. Beneficial impact of AM on biomass creation in plants when salt pressure is present has also been reported in other plant species, including tomato, rice, lettuce, maize, black locust, and poplar (Hajiboland et al., 2010; Min et al., 2011; Aroca et al., 2013; Wu et al., 2015; Porcel et al., 2016; Chen J. et al., 2017). AMF did not change the downward law that the biomass of X. sorbifolium upon exposure to salinity, while among various biomass indicators, the increase of biomass of shoot in AM plants is most pronounced at high concentrations. The promotion (symbiotic benefit) of leaves, shoot, root and total biomass resulted from AMF inoculation was stable under different NaCl concentrations, and AM colonization decreased gradually, which showed that the colonization is not a decisive factor to symbiotic benefit. Further research on the decisive factor of AMF symbiotic benefit needs to be established.

Absorption and distribution of Na+ is the first step of salinity influence, and it can reflect the salt tolerance of plants to a certain degree (Porcel et al., 2016). Previous studies have reported a decrease in Na+ accumulation in AM plants especially in roots (Chen J. et al., 2017). As expected, cytosolic Na+ concentration in the roots of AM plants is significantly lower than that of NM plants upon exposure to salinity, but this situation only occurs in the NaCl concentrations of 240 and 320 mM, suggesting that mycorrhizal inoculation can inhibit the accumulation of Na+ into the root especially under high concentrations (Parihar et al., 2020). In contrast, compared with NM plants, K+ concentration of AM plants significantly increased under 160, 240, and 320 mM. Several researchers reported that K+ concentration increased whereas Na+ concentration decreased after inoculation (Al-Karaki et al., 2001; Garg and Manchanda, 2010; Wang et al., 2022), and our study observed a similar inclination. The mycorrhizal mainly alleviates the ionic toxicity by decreasing Na+ uptake and promoting accumulation of K+ in the root of X. sorbifolium.

Salt stress will acutely injure the cell membrane by influencing the stability of the intracellular metabolic environment. REC in present study reflects alteration in the permeability of plant cells and the degree of cell membrane damage under salinity. The greater damage the plant will suffer, the higher REC is (Dinneny, 2015). Similarly, as an end product of reactive oxygen and membrane lipid, the content of MDA also reflects the degree of cell damage (Wha et al., 2020). Our data show that the REC of X. sorbifolium increased sharply upon increasing salt concentration. It demonstrates that salt stress destroys the cell membrane of the plant leaves, leading to the outflow of osmotic substances, and thus the increase of the REC and MDA. The damage from slight concentrations of NaCl can be relieved by the salt tolerance of the plants itself, while the AMF symbiotic benefit played a more important role under high salt stress (above 240 mM). Although performance of MDA in AM plants was not ideal in response to 160 mM, we believe that the alleviation of AMF began to produce a marked effect above 160 mM, as the trend of SOD also proved this point of view.

0Plants can adjust the osmotic balance of cells by synthesizing osmotic regulating substances to increase their own salinity tolerance, thereby alleviating the damage caused by salt stress (Sperdouli and Moustakas, 2012). In NM plants, the regulation of proline almost depended on plant resistance itself under 240 mM NaCl. Proline of NM plants reached the maximum upon 240 mM NaCl and decreased at 320 mM NaCl. Therefore, salt-resistant ability is the strongest upon 240 mM NaCl and then turns to downward trend under the highest concentration. In contrast, the proline of AM plants peaked under 320 mM NaCl, and the value is higher than corresponding NM plants, which showed that AM plants possess stronger resistance. Plants can resist salt stress by accumulating soluble protein and proline, and AMF can effectively alleviate the damage of osmotic metabolism system caused by high concentrations of NaCl (Dudhane et al., 2011; Todea et al., 2020). Studies have shown that AMF can maintain a low intracellular osmotic potential and normal cellular metabolism by promoting the accumulation of proline in mycorrhizal plants under salt stress (Feng et al., 2002). However, when treated with 80, 160, and 240 mM NaCl, proline of AM plants is lower than NM plants. It may be explained by delayed effect of AMF (activated only at higher concentrations), and it is close to the result of MDA.

By maintaining the rapid and effective operation of ASA-GSH cycle, plants can effectively reduce the reactive oxygen species (ROS) under stress (Miller et al., 2010). In this study, the GSH and ASA of NM plants increased significantly at the concentration of 160 and 240 mM NaCl in comparison with control plants in NM group, but they significantly decreased at 320 mM NaCl. It reflects the role of antioxidants in alleviating salt damage, but the function is limited. For AM plants exposed to NaCl concentrations above 160 mM, the GSH and ASA content continued to increase. It is likely that mycorrhizal fungi on average accelerate the process of ASA-GSH cycle (Andres and Andrea, 2002). Similar results showed that AMF can enhance ASA-GSH cycle in many plants (Degola et al., 2015; Yang H. et al., 2015). This study suggests that X. sorbifolium may protect the plant mainly by increasing GSH and ASA content to eliminate ROS in response to salt stress.

Salinity-induced reduction in plant growth is often related to a downregulation in their photosynthetic capacity (Ashraf et al., 2009). In this study, in the AM and NM plants, Pn showed a trend of first increasing and then decreasing, resulting from increasing NaCl concentrations. In addition, Gs, Ci, and E declined significantly compared with corresponding control plants. It can be deduced that high concentrations of salinity could damage the photosynthetic mechanism and decrease the electron transfer rate (Logan et al., 1999), which can be concluded as a non-stomatal factor (Fu Y. et al., 2008). Under 320 mM NaCl, the seedlings could no longer carry out normal photosynthesis. Moreover, AM plants have higher Pn, Gs, and Ci across all treatments as compared with NM plants, which can be explained from the perspective of CO2 diffusion and assimilation process (Chen S. et al., 2017). After inoculation, the openness of stomatal aperture is greater and CO2 diffusion is quicker, which contribute to the normal photosynthesis of plants.

The light response curve describes the relationship between the quantum flux density of light and the Pn of plants. The lower Pn of salt-stress seedlings is probably connected with low water potential around the rhizosphere, which may induce the closure of stomata (Terzi et al., 2014). Under high salt stress (240 and 320 Mm NaCl), the Pn of AM plants initially increased upon increasing PAR, but when the PAR exceeded 1,200 μmol·m−2 s−1, the Pn of AM plants gradually decreased, possibly because AMF alleviated the damage caused by salt stress to plants, and resulted in enhanced photorespiration or photoinhibition caused by high light intensity (Borkowska, 2006). At 160 mM of salt stress, NM plants showed a trend of increasing light intensity at about 1,500 μmol·m−2 s−1. The possible reason for that is that the photosynthetic mechanism of plants is destroyed when the salt damage is severe, and the synergistic effect of AMF and strong light may promote the transfer of photoelectrons and improve the efficiency of light energy utilization (Porcel et al., 2015). AQY could describe the photosynthetic efficiency under low light intensity (Lambers and Oliveira, 2019). Reduction of AQY and Pnmax in our study under high salt stress may be due to the decline of Calvin cycle efficiency, especially the utilization of ATP and NADPH (Yang et al., 2010). Moreover, under high concentrations, LSP shows a downward trend and LCP shows an upward trend, and the phenomenon may be attributed to the more limiting processes such as electron transport and the metabolism of triose phosphates (Yang et al., 2010). These observations indicated that high salt concentration had a strong inhibitory effect on the photosynthetic ability of X. sorbifolium. Besides, under salt stress, excessive Na+ in the thylakoid membrane inhibits the activity of PSI and PSII (Allakhverdiev et al., 2000), which leads to the change of photosynthetic mechanism and causes the destroy of structure and function of chloroplast. In brief, AMF can maintain the ion homeostasis of roots to a certain extent, prevent excessive Na+ ions from entering, and reduce the degree of damage to the photosynthetic function of X. sorbifolium under salt stress.

Antioxidant enzymes can reduce the harmful effect of oxidative stress by scavenging excessive reactive oxygen species (ROS; Hashem et al., 2015). Salinity-induced H2O2 production causes disorder in intercellular homoeostasis and promote the electrolyte leakage resulting from greater membrane lipid peroxidation (Alqarawi et al., 2014). It can be observed that in NM plants, SOD decreased above 240 mM NaCl, while POD and CAT declined similarly under 320 mM NaCl (Figure 8). Antioxidant enzymes in AM plants showed an upward trend below 240 mM NaCl. The phenomenon showed that the tolerance of oxidative stress is limited in X. sorbifolium, likely because there were not enough antioxidant enzymes activity to scavenge excessive ROS (Yang et al., 2014). More production of SOD can accelerate the reaction of superoxide radicals into H2O and H2O2, which are then transformed into H2O and O2 molecules catalyzed by CAT (Mittler, 2002). In general, the mycorrhizal had the most impact on SOD and CAT among these antioxidant enzymes. Moreover, current data showed that there is higher activity of antioxidant enzymes in mycorrhizal treatments compared with NM plants under 320 mM NaCl, and it can be corroborated with previous findings (Tang et al., 2009; Latef and He, 2011; Wu et al., 2016; Huang et al., 2017; Hashem et al., 2018). It can be speculated that AMF colonization is beneficial to the synthesis of immune-related enzymes and enhances the antioxidant enzyme defense system (Yang Y. et al., 2015). Furthermore, given that the increase of SOD and CAT in AM plants in comparison with NM plants has reached their maximum under 320 mM, we can conclude that among various antioxidant enzymes, SOD and CAT played a crucial role in the elimination of ROS (Foyer et al., 2010), especially under high concentrations. In conclusion, AMF may resist salinity to protect plants by alleviating the NaCl induced oxidative stress.

In general, our results support the view that the beneficial effects of AM symbiosis can contribute to better growth performance of X. sorbifolium upon exposure to salinity by accumulating osmotic regulating substances, enhancing SOD and POD enzyme activity and photosynthetic capacity, as well as reducing the root allocation of Na+. The increasement in photosynthesis by AM symbiosis was correlated with a lower reduction in Gs, a higher and Ci in comparison with NM plants. Notably, the improvement of CAT enzyme activity and accumulation of osmoregulation substances and antioxidants play a more important role in AM plants against high level salinity stress.



5. Conclusion

As noted above, the symbiosis between a X. sorbifolium tree and AMF species (Funneliformis mosseae) were well established under salt stress conditions. As a salt resistant species, X. sorbifolium can adapt to the damage from salinity by accumulating osmotic adjustment substances, increasing SOD and CAT activity. However, under high concentrations of NaCl (240 and 320 mM), the resistant ability of the plant significantly decreased, as evidenced by the significant decrease of Pn and biomass. It indicates that the regulatory capacity of X. sorbifolium against salinity is limited, and it played an important role only up to certain amount of NaCl. After inoculation of AMF, Gs of plant leaves increased and Ci declined compared with NM plants, while Pn and Pnmax were downregulated as well. Under high salt stress, GSH, ASA, proline, and soluble protein of AM plants are higher in comparison with NM plants, revealing that mycorrhizal symbiotic benefits were more crucial against severe salinity toxicity.
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Melatonin is a biomolecule that affects plant development and is involved in protecting plants from environmental stress. However, the mechanisms of melatonin’s impact on arbuscular mycorrhizal (AM) symbiosis and cold tolerance in plants are still unclear. In this research, AM fungi inoculation and exogenous melatonin (MT) were applied to perennial ryegrass (Lolium perenne L.) seedlings alone or in combination to investigate their effect on cold tolerance. The study was conducted in two parts. The initial trial examined two variables, AM inoculation, and cold stress, to investigate the involvement of the AM fungus Rhizophagus irregularis in endogenous melatonin accumulation and the transcriptional levels of its synthesis genes in the root system of perennial ryegrass under cold stress. The subsequent trial was designed as a three-factor analysis, encompassing AM inoculation, cold stress, and melatonin application, to explore the effects of exogenous melatonin application on plant growth, AM symbiosis, antioxidant activity, and protective molecules in perennial ryegrass subjected to cold stress. The results of the study showed that compared to non-mycorrhizal (NM) plants, cold stress promoted an increase in the accumulation of melatonin in the AM-colonized counterparts. Acetylserotonin methyltransferase (ASMT) catalyzed the final enzymatic reaction in melatonin production. Melatonin accumulation was associated with the level of expression of the genes, LpASMT1 and LpASMT3. Treatment with melatonin can improve the colonization of AM fungi in plants. Simultaneous utilization of AM inoculation and melatonin treatment enhanced the growth, antioxidant activity, and phenylalanine ammonia-lyase (PAL) activity, while simultaneously reducing polyphenol oxidase (PPO) activity and altering osmotic regulation in the roots. These effects are expected to aid in the mitigation of cold stress in Lolium perenne. Overall, melatonin treatment would help Lolium perenne to improve growth by promoting AM symbiosis, improving the accumulation of protective molecules, and triggering in antioxidant activity under cold stress.
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1. Introduction

Perennial ryegrass (Lolium perenne L.) is extensively used as a forage or turf crop. It has a very low probability of survival during severe winters and has a semi-lethal temperature (LT50) of 15°C (Mugloo et al., 2023). Hence, its growth and propagation in faraway northern areas are limited. The major objective of the perennial ryegrass extension program involves formulating effective methods to improve their resistance to cold temperatures. Low temperatures greatly threaten the growth and development of tropical and temperate plants (Zhu, 2016). Cold stress disrupts the electron transport chain, leading to an increase in reactive oxygen species (ROS) production, such as hydrogen peroxide (H2O2), superoxide anion radicals (O2•−), and hydroxyl radicals (Wang et al., 2020). Excessive ROS production can cause degradation of proteins, lipids, and nucleic acids, leading to impaired cellular functions (Dreyer and Dietz, 2018; Mittler et al., 2022). Additionally, cold stress disrupts protein or protein complex stability and reduces the activity of enzymes such as ROS scavengers, resulting in photo-inhibition, impaired photosynthesis, and significant membrane damage (Ding et al., 2019). To minimize ROS-mediated oxidative stress, plants have evolved a detoxification strategy involving a network of enzymatic and non-enzymatic antioxidants. For example, enzymatic antioxidants containing catalase (CAT) and superoxide dismutase (SOD) significantly increase the rate of scavenging excess ROS under cold stress (Che et al., 2020; Pasbani et al., 2020). Certain low-molecular-weight compounds like polyamines and proline can also mitigate low-temperature-mediated oxidative damage to plants (Saadati et al., 2021).

Melatonin (N-acetyl-5-methoxytryptamine) was first isolated from the pineal gland of bovines (Lerner et al., 1958). In plants, it is a tryptophan-derived molecule that acts as an antioxidant and protects plants from abiotic stress (Liu et al., 2022). In 1995, melatonin was also found in edible crops, such as the banana (Musa nana Lour.) and tomato (Solanum lycopersicum L.), suggesting its ubiquity among plant species (Dubbels et al., 1995). More recently, melatonin receptor-1 was detected in Arabidopsis thaliana, which confirmed the role of melatonin as a novel growth factor responsible for plant development and stress resistance (Wei et al., 2018; Arnao and Hernandez-Ruiz, 2019). Melatonin is produced in plants through a two-step process involving four enzymes, including tryptamine 5 hydroxylase (T5H), tryptophan decarboxylase (TDC), acetylserotonin methyltransferase (ASMT), and serotonin N-acetyltransferase (SNAT; Lee et al., 2017). The conversion of tryptophan into serotonin occurs in the first step through the activity of T5H and TDC. In the second step, serotonin is converted into melatonin by ASMT and SNAT (Back et al., 2016). ASMT, functioning as the terminal enzyme, regulates the rate-limiting step in melatonin synthesis (Park et al., 2013). Plants exposed to drought and cold stress modulate melatonin production-associated gene levels, such as those of LpASMT1 and LpASMT3, for enhancing stress resistance in L. perenne (Fu et al., 2022). Plants with a high melatonin content or those treated with melatonin exogenously are more likely to show better development and lower stress (Gao et al., 2022).

Arbuscular mycorrhizal (AM) fungi have a symbiotic relationship with the roots of several terrestrial plants (Chaudhary et al., 2023). The association with AM fungi can enhance abiotic stress tolerance in plants exposed to heavy metal stress (Kuang et al., 2023), heat stress, and cold stress (Wei et al., 2023), etc. Zhang et al. (2020) reported that the AM fungus (AMF) Rhizophagus irregularis increased heavy metal (Pb) tolerance in Medicago truncatula by enhancing melatonin synthesis. This observation indicates that symbiotic microorganisms can regulate the endogenous melatonin in host plants to enhance their resistance to abiotic stress. However, it remains unclear whether melatonin and AMF have synergistic effects on the cold resistance of plants along with the underlying mechanisms involved.

To address this, the present study hypothesized that AM inoculation could increase melatonin accumulation in host plants at low temperatures. The application of exogenous melatonin could enhance the development of mycorrhizal plants and their cold stress resistance. Consequently, the impact of melatonin treatment on AM symbiosis and cold tolerance was evaluated based on AM colonization, antioxidant activity, and osmotic compound accumulation. Additionally, the level of melatonin accumulated in cold-stressed AM-associated plants was compared to that in non-mycorrhizal (NM) plants to evaluate the effect of AM inoculation on melatonin synthesis. The present findings provided novel insights into the effect of melatonin on AMF-associated plants.



2. Materials and methods


2.1. Plant materials, AMF inoculum, and substrate

The perennial ryegrass (cv. “remier III”) was provided by the International Grass Industry Co., Ltd., Tianjin, China. The seeds were soaked in 75% ethanol for 5 min to sterilize the surface, after which they were washed four times with distilled water. The seeds were sown in plastic pots (10 × 10 cm – height × diameter) filled with a substrate of sand:peat (1:3, v/v), comprising 5.68 g kg−1 organic matter, 22.01 mg kg−1 readily available phosphorus, 34.53 mg kg−1 available nitrogen, and 71.23 mg kg−1 rapidly available potassium. The seed sowing rate was 20 g m−2. The substrate and the plastic pots were sterilized for 1 h at 121°C in an autoclave for three consecutive days before planting. The seedlings were raised in a growth chamber under optimal temperature conditions [25°C/20°C (day/night)], 60% relative humidity (RH), 14/10 h (light/dark) photoperiod, and photosynthetic active radiation (PAR) of 650 mmol m−2 s−1. To keep the soil moist, the pots were irrigated in the morning and the evening during the initial stage. After the seedlings emerged, the plants were watered once a day, and an acceptable soil water content (SWC) was maintained by regulating the water drainage from the pot. The crop was trimmed every 7 days to maintain a canopy height of 12 cm. It was watered and fertilized every week using half-strength Hoagland’s nutrient solution to ensure sufficient nutrient supply (Hoagland and Arnon, 1950). The use of such a solution aids in enhancing plant growth and development under abiotic stress conditions (Sardar et al., 2023).

In this study, the AMF Rhizophagus irregularis (R. irregularis) used (Bank of Glomales in China, no. BGC BJ09) was obtained from the Forestry and Landscape Architecture College of South China Agricultural University (Guangzhou, China). Zea mays was used as the host plant for propagation and cultured in an autoclaved substrate (1:1 v/v vermiculite/sand) for 3 months. For the propagation of R. irregularis in Z. mays roots, 100 mL of Hoagland’s solution at 1% of the standard Pi concentration (1 mM) were applied directly every 15 days into pots to satisfy the growth requirements of Z. mays and maintain an appropriate low phosphorus condition for R. irregularis. After propagation, the inoculum obtained through sucrose gradient centrifugation was used as the spore agent (Ren et al., 2021). 14-day-old seedlings of perennial ryegrass were inoculated with around 400 spores by applying 1 mL of an aqueous solution near the root system. Each non-mycorrhizal (NM) pot received the same amount of sterilized autoclaved inoculum (15 min in an autoclave at 121°C).



2.2. Experimental design

The pot experiments were conducted at the Forestry and Landscape Architecture College of South China Agricultural University (Guangzhou, China). Two experiments were conducted after 45 days of root colonization by AMF. The first experiment consisted of two factors, including two temperature levels [factor 1—optimal temperature (CK) and low-temperature condition (CS)] and two AM fungi treatments [factor 2—inoculated (AM)/non-inoculated (NM)]. The low-temperature treatment (LT) was administered as per the methodology outlined by Fu et al. (2022). The plants were initially acclimated to 4°C for 24 h. Subsequently, cold stress treatment was initiated, and all plants were exposed to a temperature of −8°C for 12 h. The plants were then allowed to recover from the stress by being exposed to 12 h of thawing, first at 4°C, and then under normal growth conditions. Each treatment was maintained with four sets of replications, with each set consisting of four pots of plants.

The second experiment consisted of three factors with two temperature levels [factor 1—optimal temperature (CK) and low temperature (CS)], two AM fungi treatments [factor 2—inoculated (AM)/non-inoculated (NM)], and two melatonin treatments (factor 3—with/without exogenously applied melatonin). For each treatment, four sets of replications were maintained, with each set consisting of four pots of plants. The low-temperature treatment in the experiment was administered similarly to that in the first experiment, as described by Fu et al. (2022). The seedlings were treated with a 10 μM melatonin solution for a period of 7 days, while a control group received an equivalent volume of double-distilled water.



2.3. Collection of plant samples and determination of biomass

Perennial ryegrass seedlings from different treatment groups (experiments 1 and 2) were collected for analysis on days 0, 3, and 6, after the initial cold stress; four replicates per treatment (four potted plants) were sampled each time. The shoots and roots of the seedlings were separated, and the biomass of dry shoots and roots was weighed. Some parts of the roots were used to assess the effect of AM colonization. The remaining root samples were ground into a fine powder using liquid nitrogen and preserved at −80°C for further analysis. On Day 6, after exposure to cold stress, the AM fungal colonization parameters were assessed, along with plant growth indicators such as shoot height, shoot and root dry weight (DW), net photosynthetic rate (Pn), and photochemical efficiency (Fv/Fm).

The root samples were collected at 0, 3, 6, 9, 12, and 24 h, on the first, third, and sixth days after the initial cold stress. They were marked according to the hour followed by the day in parenthesis, such as 0, 3, 6, 9, 12, 24 h (1 day), (3 days), and (6 days), respectively. In the initial experiment, four potted plants per treatment per sampling (days 3 and 6) were used to measure the expression of four melatonin synthesis genes and the endogenous melatonin content in root samples following exposure to cold stress.



2.4. Determination of AM colonization

First, 5% KOH was added to fix the plant roots at 80°C for 20 min, and then, 2% HCl was added to acidify for 5 min. Following acidification, the samples were treated with 0.12% trypan blue at 80°C for 20 min. The stain was subsequently removed using a solution of glycerol and lactic acid (1:1, v/v), as per the methodology outlined by Koske and Gemma (1989). The mycorrhizal colonization rate was determined using the modified magnified gridline crossing method (Hu et al., 2020) under a light microscope (Leica Microsystems, Wetzlar, Germany) at 200 × magnification. In total, 250–300 intersections were counted for each sample.



2.5. Measurement of the melatonin content

Melatonin was extracted using the acetone–methanol approach (Pape and Lüning, 2006). First, 0.1 g of the root sample was extracted in the dark using the extraction mixture (5 mL; acetone: methanol: water = 89:10:1). Then, the proteins were precipitated with trichloroacetic acid (TCA). After 15 min of centrifugation of the extract (12,000 × g, 4°C), the supernatant was collected, and the related indices were measured. The melatonin level was determined using the plant melatonin ELISA kit following the specified protocols (ZK-P7490, Ziker Biological Technology Co., Ltd., Shenzhen, China).



2.6. Measurement of the net photosynthetic rate and photochemical efficiency

The photosynthetic (Pn) level was measured using a portable infrared gas analyzer Li-COR6400 (LI-COR Inc., Lincoln, NE, United States), following the methodology described in another study (Wang et al., 2022). Using a fluorescence meter (Dynamax, Houston, TX, United States) and following the method described by Oxborough and Baker (1997), the photochemical efficiency (Fv/Fm) was measured.



2.7. Determination of malonaldehyde content and electrolyte leakage

The powdered root samples were first homogenized in 1.5 mL of 5% trichloroacetic acid (TCA) and then centrifuged for 25 min at 14,000 g. Equal volumes of supernatants (0.5 mL) were mixed with 1 mL of 20% TCA and 0.5% thiobarbituric acid (TBA), and the resulting mixture was heated at 100°C for 30 min. The heated solution was rapidly cooled and centrifuged at 10,000 g for 10 min. Additionally, the absorbance (OD) of the obtained supernatants was read at 450, 532, and 600 nm. The malonaldehyde (MDA) levels were detected using the extinction coefficient of 155 mM−1 cm−1 following non-specific OD deduction at 450 nm and 600 nm (Heath and Packer, 1968). The method described by Gao (2006) was used to assess electrolyte leakage (EL) in the roots.



2.8. Determination of the activities of antioxidant enzymes and P5C reductase

The root samples were ground into a fine powder, followed by incubation with the enzyme extraction solution consisting of 1% polyvinylpyrrolidone, 1 mM EDTA, and 50 mM potassium phosphate buffer (4°C). Then, the samples were centrifuged for 30 min (14,000 × g, 4°C). The activity of CAT and SOD was measured by collecting the resulting supernatant based on the methodology outlined by Beyer and Fridovich (1987). The POD activity was measured using the method described by Amako et al. (1994). The activity of ascorbate peroxidase (APX) was determined following the procedure described by Nakano and Asada (1981). Lastly, the activity of P5C reductase (P5CR) was assessed using the methodology outlined by Madan et al. (1995).



2.9. Determination of the content of protective molecules

To analyze the carbohydrate content, the roots were homogenized in 100 mM phosphate buffer (pH 7.5) at 4°C, followed by centrifugation at 12,000 × g for 15 min. Additionally, the supernatant was used to determine the total soluble sugar content. In contrast, the starch content was analyzed from the pellets (residual precipitate after extraction of total soluble sugar; Magne et al., 2006). The proline level was determined following the method described by Bates et al. (1973). The content of soluble phenolics was assessed based on the methodology outlined by Swain and Hillis (1959), while the content of total flavone was determined using the method described by Jia et al. (1999).



2.10. Measurement of phenylalanine ammonia-lyase and polyphenol oxidase activity

The root samples were ground into a fine powder and incubated with an enzyme extraction solution consisting of 1% polyvinylpyrrolidone, 1 mM EDTA, and 50 mM potassium phosphate buffer (4°C), followed by centrifugation at 14,000 × g for 30 min at 4°C.

phenylalanine ammonia-lyase (PAL) activity was measured by extracting it in a buffer solution containing 50 mM sodium borate (pH 7.0), 2 mM EDTA, 18 mM 2-mercaptoethanol, and 2% (w/v) insoluble polyvinylpyrrolidone. The resulting enzyme extract was mixed with 100 mM borate buffer (pH 8.8) and 12 mM L-phenylalanine, followed by incubation for 30 min at 30°C. The absorbance was recorded at 290 nm and the amount of trans-cinnamic acid was calculated using its extinction coefficient of 9,630 M−1. The enzyme activity was expressed as the rate of conversion of L-phenylalanine to trans-cinnamic acid mg−1 protein min−1 (Hajiboland et al., 2013).

Polyphenol oxidase (PPO) was extracted in 200 mM sodium phosphate buffer (pH 6.5). The assay solution consisted of 10 mM pyrogallol and 200 mM sodium phosphate buffer (pH 6.5). To initiate the reaction, the enzyme extract was added at 30°C, and absorbance changes at 334 nm were measured for 10 min to monitor pyrogallol oxidation. PAL activity was then calculated as U mg−1 protein min−1, based on the methodology described by Hajiboland et al. (2013).



2.11. RNA extraction and quantitative real-time PCR assay

TRIzol reagent (Life Technologies, Grand Island, NY, United States) was used for extracting the total RNA from the leaf. Next, TURB DNA-free™ reagent (Life Technologies) was used for removing the contaminated genomic DNA (gDNA) from the RNA extraction solution. The cDNA was prepared from 2 μg of total RNA by reverse transcription using a High-Capacity cDNA Reverse Transcription Kit (Life Technologies, Grand Island, NY, USA). PCR was conducted using the StepOnePlus Real-Time PCR System (Life Technologies, Grand Island, NY, United States), and gene expression levels were measured with the Power SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA, United States). The gene-specific primers of the four melatonin-production-associated genes, LpP5CS, LpPAL, and LpPPO, are shown in Supplementary Table S1. The expression of the target genes was normalized against the reference gene, LpeIHF4A (Huang et al., 2014). Each PCR protocol was conducted with two technical and four biological replicates.



2.12. Statistical analysis

The statistical analysis package SPSS 22.0 (SPSS Inc., Chicago, IL, United States) was used to perform statistical analyses. The homogeneity and normality of the data were verified. The data used in the statistical analyses were found to be normally distributed. For the data obtained from experiment 1, which had two factors (i.e., inoculated AM fungi treatment and temperature conditions), multifactor ANOVA was performed to analyze the results. Fisher’s LSD test was conducted to measure the significance of the difference obtained through ANOVA. Multifactor ANOVA was also performed to analyze the data from experiment 2, which had three factors (i.e., inoculated AM fungi treatment, temperature conditions, and melatonin application). Fisher’s LSD test was conducted to determine significant differences in the ANOVA. Pearson’s test was conducted for correlation analysis (p < 0.05). Based on the factor analysis, which was conducted after the sphericity test of KMO and Bartlett, the principal component analysis (PCA) of all tested parameters related to antioxidants and protecting molecules was performed.




3. Results


3.1. Melatonin levels

Arbuscular mycorrhizal (AM) inoculation did not affect the melatonin levels in the roots of the plants in optimal temperature conditions. After 6 days of low-temperature exposure, the levels of melatonin in the roots of AM plants were 3.15 times and 4.94 times higher than those in NM plants. Cold stress significantly increased (p < 0.05) root melatonin levels in both NM and AM plants compared to those under optimal temperature conditions. Additionally, in perennial ryegrass maintained under cold stress, the melatonin levels were significantly higher after AM inoculation than that in the NM plants (p < 0.05; Figure 1). Cold stress and AM inoculation significantly affected (p < 0.01) the melatonin levels in the roots.
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FIGURE 1
 The melatonin content of mycorrhizal roots under cold stress. The data are presented as the mean ± standard deviation (n = 4). Different letters above the columns indicate significant differences among the means, determined by Fisher’s LSD test (p < 0.05). AM, AM inoculation; NM, non-AM inoculation; CK, optimal temperature condition; CS, cold stress. Significant effect of two-way ANOVA: “*,” “**,” and “***” indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively, and “ns” represents no significant difference.




3.2. Expression of melatonin synthesis genes

Arbuscular mycorrhizal (AM) inoculation led to a significant decrease (p < 0.05) in LpTDC1 and LpTDC2 levels in plants grown under optimal temperatures at all time points, as demonstrated by Figures 2A,B. For NM plants, cold stress significantly downregulated (p < 0.05) LpTDC1 and LpTDC2 levels from 6 h after exposure to the low-temperature condition and significantly reduced (p < 0.05) LpSNAT levels after 3 and 6 days of exposure to the low-temperature condition. In contrast, cold stress significantly upregulated (p < 0.05) LpASMT1 and LpASMT3 levels from 9 h after exposure to the low-temperature condition.
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FIGURE 2
 The relative expression of LpTDC1 (A), LpTDC2 (B), LpT5H (C), LpSNAT (D), LpASMT1 (E), and LpASMT3 (F) in AM roots under cold stress. AM, AM inoculation; NM, non-AM inoculation; CK, optimal temperature condition; CS, cold stress. The data are presented as the mean ± standard deviation (n = 4). Different letters above the columns indicate significant differences among the means, determined by Fisher’s LSD test (p < 0.05); “*” and “**” indicate significant differences at p < 0.05 and p < 0.01, respectively.


Cold stress significantly increased (p < 0.05) the LpT5H gene level in AM roots from 3 h after exposure to low-temperature conditions, peaking at 24 h (Figure 2C). Under optimal temperature conditions, AM inoculation did not affect the relative expression of LpSNAT, LpASMT1, and LpASMT3 at any time point (p > 0.05; Figures 2D–F). AM inoculation significantly increased (p < 0.05) the relative levels of LpASMT1 and LpASMT3 under optimal temperature conditions from 3 h after exposure to the low-temperature condition, which peaked at 12 h. Cold stress exposure resulted in a 6.17-fold and 8.04-fold increase in gene expression levels of LpASMT1 and LpASMT3, respectively, compared to the non-stress condition. On the other hand, the expression of LpSNAT significantly decreased (p < 0.05) in the AM roots from 6 h after cold stress induction (Figure 2C). The levels of LpASMT1 and LpASMT3 at 3 and 6 days of cold stress had a positive association (LpASMT1: r = 0.879, p < 0.001; LpASMT3: r = 0.978, p < 0.001) with the root melatonin levels (Supplementary Figures S1, S2).



3.3. Arbuscular mycorrhizal colonization

The morphological characteristics of AMF, including arbuscules, hypha, and vesicles (Figures 3A,B), were analyzed in the fine roots of the mycorrhizal perennial ryegrass. The application of melatonin significantly increased (p < 0.05) the arbuscular mycorrhizal (AM) colonization in perennial ryegrass roots by 16.35 and 21.04% with and without cold stress, respectively. In contrast, cold stress significantly decreased (p < 0.05) Rhizophagus irregularis colonization in roots by 11.23 and 12.31%, with and without melatonin application, respectively (Figure 3C). The AM plants to which melatonin was applied had the highest colonization of up to 89.65%.
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FIGURE 3
 Photomicrographs of structural colonization of Rhizophagus irregularis in roots (A,B) and colonization (C) in mycorrhizal perennial ryegrass under cold stress. Ar, Arbuscule; V, Vesicles; H, Hypha; CK, optimal temperature condition; CS, cold stress; MT, melatonin application; NT, non-melatonin application. Different letters above the columns indicate significant differences among the means, determined by Fisher’s LSD test (p < 0.05). “**” and “***” indicate significant differences at p < 0.01 and p < 0.001, respectively, and “ns” represents no significant difference.




3.4. Plant growth parameters

Cold stress inhibited growth in perennial ryegrass, whereas single AM inoculation or exogenous melatonin application and their combined use alleviated cold stress-induced growth inhibition (Figure 4). Arbuscular mycorrhizal (AM) inoculation significantly increased (p < 0.05) the shoot height and the shoot and root biomass in perennial ryegrass (Table 1) relative to those of the NM plants, irrespective of the temperature conditions. Under cold stress, both NM and AM perennial ryegrass exhibited significant increases (p < 0.05) in shoot height and shoot and root biomass upon melatonin treatment. Specifically, NM perennial ryegrass showed a 12.63% increase in shoot height and a 39.72% and 28.57% increase in shoot and root biomass, respectively. On the other hand, AM perennial ryegrass showed an 11.88% increase in shoot height and a 22.32% and 21.73% increase in shoot and root biomass, respectively. The shoot height and the shoot and root biomass of cold-stressed plants were significantly lower than those not exposed to stress (p < 0.05).
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FIGURE 4
 Morphological differences in different treatments. CK, optimal temperature condition; CS, cold stress; AM, AM inoculation; NM, non-AM inoculation; MT, melatonin application; NT, non-melatonin application.




TABLE 1 Growth parameters, including shoot and root dry weight (DW), shoot height, net photosynthetic rate (Pn), and photochemical efficiency (Fv/Fm) of perennial ryegrass inoculated with/without the AM fungus Rhizophagus irregularis under cold stress and after melatonin application.
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The net photosynthetic rate (Pn) and photochemical efficiency (Fv/Fm) of perennial ryegrass were significantly lower in cold-stressed plants than that in non-stressed plants (p < 0.05). Under cold stress conditions, the application of melatonin led to a significant increase (p < 0.05) in both net photosynthetic rate (Pn) and photochemical efficiency (Fv/Fm) in non-mycorrhizal (NM) perennial ryegrass, with an increase of 20.01% and 18.18%, respectively. Similar results were observed in NM perennial ryegrass, with an increase of 28.58% and 17.85%, respectively. AM-inoculated plants with exogenously applied melatonin showed significantly higher Pn and Fv/Fm compared to the plants without melatonin application under cold stress (p < 0.05).



3.5. Antioxidant activity

The MDA levels and EL were significantly higher (p < 0.05) in the roots of cold-stressed plants compared to that in the roots of non-stressed plants (Figures 5A,B). Melatonin application remarkably decreased the MDA levels and EL in the cold-stressed AM and NM plants (p < 0.05). However, it did not influence the MDA levels and EL in the non-stressed plants (p > 0.05). Neither AM inoculation nor melatonin application affected the root SOD, POD, and APX activities based on optimal temperature situations (p > 0.05; Figures 5C,D,F). However, AM inoculation combined with melatonin application enhanced the root SOD, POD, CAT, and APX activities in cold-stressed plants. On day 6, in optimal temperature situations, AM inoculation increased the root CAT activity by 24.19% and 31.13% in the presence and absence of melatonin application, respectively (Figure 5E, p < 0.05). Cold-stressed AM-inoculated roots with exogenously applied melatonin recorded the highest SOD, POD, APX, and CAT activities on days 3 and 6, among all treatments.
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FIGURE 5
 The malonaldehyde (MDA) contents (A), electrolyte leakage (EL) (B), superoxide dismutase (SOD) activity (C), peroxidase (POD) activity (D), catalase (CAT) activity (E), and ascorbate peroxidase (APX) activity (F) in AM roots under cold stress and after melatonin application. AM, AM inoculation; NM, non-AM inoculation; CK, optimal temperature condition; CS, cold stress. Different letters above the columns indicate significant differences among means, determined by Fisher’s LSD test (p < 0.05); “*,” “**,” and “***” indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively, and “ns” represents no significant difference. MT, melatonin application.




3.6. Proline level and production

Melatonin application did not have a significant impact (p > 0.05) on proline levels (Figure 6A), P5CR activity (Figure 6B), or LpP5CS transcription (Figure 6C) in AM-inoculated roots when compared to no melatonin application on days 0, 3, and 6 under optimal temperature conditions. However, Cold stress increased the proline level, P5CR activity, and the transcription of LpP5CS in the roots. On day 3 after low-temperature treatment, melatonin application significantly increased (p < 0.05) proline level, P5CR activity, and LpP5CS level (p < 0.05) by 40.13%, 22.64%, and 39.10%, respectively, in NM plants and by 25.92%, 16.39%, and 42.85%, respectively. However, on day 6, melatonin did not significantly affect the proline level and P5CR activity in AM plants.
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FIGURE 6
 The proline content (A), LpP5CS expression (B), and P5CR activity (C) in AM roots under cold stress and melatonin application. AM, AM inoculation; NM, non-AM inoculation; CK, optimal temperature condition; CS, cold stress. Different letters above the columns indicate significant differences among the means, determined by Fisher’s LSD test (p < 0.05); “*,” “**,” and “***” indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively, and “ns” represents no significant difference. MT, melatonin application.




3.7. PAL and PPO activities

Under optimal temperature conditions, AM inoculation and melatonin application did not significantly influence (p > 0.05) PAL and PPO activities (Figures 7A,C). They also did not influence the transcription of LpPAL and LpPPO (Figures 7B,D). However, the activity of PAL and PPO was significantly elevated (p < 0.05) on days 3 and 6, after low-temperature treatment. The plants inoculated with AM fungi and treated with melatonin had the highest PAL activity and LpPAL expression among all treatments on days 3 and 6 after being exposed to cold stress, with values of 1.92 μmol mg−1 protein min−1 and 2.81, respectively.
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FIGURE 7
 The phenylalanine ammonia-lyase (PAL) activity (A), LpPAL expression (B), polyphenol oxidase (PPO) activity (C), and LpPPO expression (D) in AM roots under cold stress and melatonin application. AM, AM inoculation; NM, non-AM inoculation; CK, optimal temperature condition; CS, cold stress. Different letters above the columns indicate significant differences among means, determined by Fisher’s LSD test (p < 0.05); “*,” “**,” and “***” indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively, and “ns” represents no significant difference. MT = melatonin application.




3.8. Free phenolics, total flavone, starch, and soluble sugar contents

Cold stress increased (p < 0.05) the free phenolic content in the roots of perennial ryegrass. Melatonin application did not significantly affect (p > 0.05) its content in the NM plants but significantly increased the free phenolic content in the AM plant roots 3 and 6 days after exposure to cold stress (p < 0.05; Figure 8A). Cold stress significantly increased (p < 0.05) total flavone content on days 3 and 6 in all treatment. The AM plants treated with melatonin exhibited a significant decrease (p < 0.05) in total flavone content by 13.79% and 23.07% on days 3 and 6 after low-temperature treatment, respectively, compared to the non-melatonin-treated plants (Figure 8B). Furthermore, melatonin application significantly reduced (p < 0.05) the starch content in the roots of AM plants by 26.19% compared to those without melatonin treatment on day 6. However, there was no significant effect on the starch content in NM plants at any time point after low-temperature treatment. Cold stress significantly decreased (p < 0.05) starch content in AM and NM plants (Figure 8C). In roots, melatonin application significantly increased (p < 0.05) the soluble sugar content by 26.62% in AM-inoculated plants compared to NM plants on day 3 under low-temperature conditions and in AM and NM plants on day 6 after exposure to low temperatures, compared to that in plants non-treated with melatonin. However, melatonin treatment did not affect the soluble sugar content in the NM roots 3 days after exposure to cold stress (Figure 8D). The roots of AM-inoculated and melatonin-treated plants 3 and 6 days after exposure to cold stress exhibited the highest free phenolic, total flavone, and soluble sugar content among all treatments.
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FIGURE 8
 The free phenolic content (A), total flavone content (B), starch content (C), and soluble sugar content (D) in AM roots under cold stress and after melatonin application. AM, AM inoculation; NM, non-AM inoculation; CK, optimal temperature condition; CS, cold stress. Different letters above the columns indicate significant differences among the means, determined by Fisher’s LSD test (p < 0.05); “*,” “**,” and “***” indicate significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively, and “ns” represents no significant difference. MT = melatonin application.




3.9. Principal component analysis

The principal component analysis (PCA) of antioxidant-related and protective molecule-related parameters in AM/NM roots showed the effects of cold stress and melatonin application (Figure 9). In roots, PC1 covered 64.0% of the variance and PC2 covered 27.4% of the variance. Treatment with AM-MT-CS was the most different from other treatments. Moreover, the samples treated with AM-MT-CS are located in the upper right corner of the figure, indicating that under cold stress, the combined application of R. irregularis and melatonin is more effective in enhancing antioxidant activity and osmotic regulation capacity compared to other treatments. Melatonin application and non-melatonin application treatment as well as optimal temperature and low temperature conditions did not cluster in the same category.
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FIGURE 9
 The principal component analysis of antioxidant-related and protecting molecules-related parameters in the roots of perennial ryegrass inoculated with/without the AM fungus Rhizophagus irregularis under cold stress. The analysis was conducted using data for all antioxidant-related parameters (MDA, EL, SOD, POD, CAT, and APX) and protective molecule-related parameters (proline, free phenolic, total flavone, starch, and soluble sugar content; P5CR, PAL, and PPO activity; LpP5CS, LpPAL, and LpPPO expression) in roots. Each point represents a type of treatment in this experiment. AM-MT-CK, Mycorrhizal plants administered melatonin under optimal temperature conditions; AM-NT-CK, Mycorrhizal plants not administered melatonin under optimal temperature conditions; NM-MT-CK, Non-mycorrhizal plants administered melatonin under optimal temperature conditions; NM-NT-CK, Non-mycorrhizal plants not administered melatonin under optimal temperature conditions; AM-MT-CS, Mycorrhizal plants administered melatonin under cold stress; AM-NT-CS, Mycorrhizal plants not administered melatonin under cold stress; NM-MT-CS, Non-mycorrhizal plants administered melatonin under cold stress; NM-NT-CS, Non-mycorrhizal plants not administered melatonin under cold stress.





4. Discussion

Melatonin acts as an antioxidant and a signaling agent in turfgrass plants (Alam et al., 2018). It has been reported that melatonin helps to protect organelles from oxidative stress caused by abiotic stress, such as drought or heat stress (Arnao and Hernandez-Ruiz, 2019; Sun et al., 2021). Our findings suggest that cold stress can enhance melatonin synthesis in plant roots, which may promote antioxidant activity and provide protection against low-temperature stress. AM inoculation promoted melatonin synthesis in the roots of cold-stressed perennial ryegrass. These results suggested that cold-stressed AM-inoculated plants accumulate abundant levels of melatonin when exposed to cold-induced oxidative stress. The root-derived endophytic bacteria from the grapevine (Vitis quinquangularis) can generate melatonin under abiotic stress (Jiao et al., 2016). According to Liu et al. (2016), Trichoderma asperellum fungi might accumulate melatonin in response to abiotic stress. Also, in this study, due to cold stress, the melatonin generated by the AMF R. irregularis might have facilitated melatonin accumulation within perennial ryegrass roots. Melatonin production efficiency depends on serotonin levels, which helps in determining the amount of melatonin accumulated in plants (Kang et al., 2013; Byeon et al., 2014). In salt-stressed sunflower (Helianthus annuus L) plants, root melatonin concentration was found to increase due to the increase in ASMT activity, which indicated that ASMT promoted melatonin production (Mukherjee et al., 2014). LpASMT1 and LpASMT3 levels showed a significantly positive correlation with melatonin levels. According to Kang et al. (2013), ASMT, but not SNAT, might limit the rate of melatonin generation in plants. The cadmium-stressed rice (Oryza sativa) plants with lower expression of SNAT and higher expression of ASMT accumulated a greater amount of melatonin (Byeon et al., 2015). The stimulation of LpASMT1 and LpASMT3 expression through AM inoculation probably induced melatonin production in the roots. As AM-inoculated plants have greater control over melatonin, they can better withstand low-temperature stress compared to NM plants.

The growth parameters were significantly affected by exposure to low temperatures, which may be due to a reduction in Pn and Fv/Fm. This phenomenon can be attributed to several factors such as compromised CO2 fixation, disturbance in water balance, and decline in nutrient uptake and metabolic activities. Several previous studies on cold stress in plants have also reported similar observations (Waraich et al., 2012; Ihtisham et al., 2023). The reduction in leaf photochemical parameters under low-temperature conditions could be attributed to damage and loss of PSII reaction centers, and disruptions in electron transport that are necessary for reaction center excitation, as previously reported (Baker, 2008). The findings of this study showed that cold stress significantly decreased the root mycorrhizal colonization of perennial ryegrass. Such reduced AMF colonization was probably associated with a decrease in the photosynthesis of plants under cold stress; thus, decreasing fungal carbon allocation, as indicated in the study of Smith and Read (2008). Similar results were found in a study on cold-stressed plants of cucumber (Cucumis sativus; Ma et al., 2015) and maize (Li et al., 2020). In this study, melatonin treatment and AM inoculation enhanced plant development in the cold-stressed perennial ryegrass, as determined by an increase in the shoot height and the shoot and root biomass. Both AM symbiosis and melatonin protected the photosynthetic system of the host plant and increased its photosynthetic rate under cold stress, which increased the biomass, improved carbon allocation to AMF, and enhanced the colonization rate.

Generally, ROS levels in plant cells under suitable growth conditions are in a dynamic state of balance (Baxter et al., 2013). Cold stress can induce excessive ROS generation and peroxidation of membrane lipids, resulting in the dysfunction of plant metabolism (Sies and Jones, 2020). EL and MDA levels were determined by evaluating the oxidative stress levels of plants (Chang et al., 2018). AM inoculation and melatonin treatment decreased the EL and MDA levels to protect perennial ryegrass against oxidative stress. The O2•−/H2O2 system enzymatically converts ROS into harmless products such as H2O, making it crucial for managing oxidative stress (Zhang et al., 2016). In plants, the active oxygen scavenging system mostly contains antioxidant molecules along with antioxidant enzymes, including SOD, APX, and POD (Chen et al., 2020). SOD catalyzes the O2•− disproportion to H2O2, whereas CAT, APX, and POD help in eliminating H2O2 (Zhang et al., 2019). Thus, AM inoculation combined with melatonin treatment facilitated cold resistance, which was probably correlated with increased antioxidant enzyme activity and decreased oxidative stress.

Proline strongly regulates redox potentials, protecting macromolecules from denaturation and scavenging by hydroxyl radicals (Latef et al., 2016). Additionally, proline maintains water homeostasis during cold stress (Hajiboland et al., 2019). It has been found that proline accumulation in plants can enhance their freezing and frost resistance and their winter survival, as shown by studies on proline-accumulating barley (Hordeum vulgare L.) lines (Tantau et al., 2004). The enzymes P5CS and P5CR are crucial in the proline synthesis pathway in plants (Jiang et al., 2023). In Medicago sativa, the application of melatonin has been shown to increase proline accumulation and production, which helps to repair molecular damage caused by drought (Antoniou et al., 2017). Zhang et al. (2020) found that melatonin promoted proline production by upregulating MtP5CS and increasing P5CR activity to alleviate Pb stress in Medicago truncatula. Melatonin treatment increased the proline level under cold stress conditions, which indicated that melatonin mitigated cold stress in the roots of AM and NM perennial ryegrass.

PAL is a key enzyme that participates in the phenylpropanoid metabolic pathway. The metabolites of the phenylpropanoid pathway include polyphenols, flavonoids, and anthocyanidins (Zhang and Liu, 2015). Low temperatures trigger the synthesis and buildup of protective molecules to mitigate the effects of cold stress. Phenol oxidation by PPO generates highly harmful quinones under cold stress. Furthermore, PPO activity lowers antioxidant activity and membrane integrity, leading to membrane lipid peroxidation (Habibi et al., 2021). Oxidation and polymerization can adversely affect the properties of phenolic substances and hinder their ability to scavenge ROS (Rice-Evans et al., 1996). A decrease in enzymatic processes (via PPO) related to an increase in the free production of phenolics (via PAL) and accumulation under cold stress can strongly promote cold resistance in L. perenne. PAL can be activated at suboptimal temperatures, while oxidizing enzymes (PPO) might be suppressed, which is the acclimation mechanism for overcoming cold stress (Habibi et al., 2022). Inoculation with R. irregularis or application of melatonin promoted phenolic metabolism and improved the ability of perennial ryegrass to cope with the effects of cold stress. Melatonin treatment enhanced PAL activity in the kiwifruit (Actinidia chinensis) and improved its cold tolerance, thus, indicating that melatonin might be associated with flavonoid production (Jiao et al., 2022). An increase in PAL activity, along with the accumulation of phenolics, often occurs during plant biotic interactions (Derksen et al., 2013) involving AMF inoculation (Hajiboland et al., 2019). Additionally, the upregulated phenylpropanoid pathway might be involved in specific host–AMF signaling. Alternatively, it might also reflect the plant defense strategy (García-Garrido and Ocampo, 2002).

Starch is a crucial molecule that plays a role in regulating plant responses to abiotic stress, such as extreme temperature, high salinity stress, and water deficit (Thalmann and Santelia, 2017). The findings of this study revealed a significant reduction in starch concentration under low-temperature conditions, while the concentration of soluble sugars increased significantly. In such challenging environments, when photosynthesis might be restricted, plants break down starch to obtain energy and carbon. An increase in the soluble sugar content during cold stress may protect the cells by playing the role of osmoprotectants or compatible solutes (Shah et al., 2021). Higher soluble sugar concentrations in AM plants were accompanied by lower starch concentrations, which suggested that starch degradation in plants was stimulated by AMF inoculation under cold stress. In contrast, Pasbani et al. (2020) found that higher soluble carbohydrate concentration in mycorrhizal eggplants (Solanum melongena L.) was not accompanied by lower starch concentrations under low-temperature stress. The authors suggested that the decrease in starch concentration observed in this study was likely due to a reduction in plant development and a decline in sink strength caused by cold stress. The increase in soluble sugar content may be attributed to the role of sugars in maintaining membrane hydration and ROS scavenging under low-temperature stress. Liang et al. (2018) reported that melatonin treatment can enhance antioxidant capacity and flavonoid production by increasing SOD, POD, and CAT activities and alleviating leaf senescence. Exogenous melatonin can alleviate plant cold stress by accelerating starch degradation while increasing phenolics, proline, and soluble sugar contents, indicating that melatonin improves plant osmoregulation (Hu et al., 2016; Zhang et al., 2021). Thus, melatonin treatment can enhance plant growth and antioxidant ability by accumulating protective molecules and triggering antioxidant activity in perennial ryegrass under cold stress. No significant additive effect on the accumulation of protective molecules, such as proline and flavonoids, was observed under cold stress by the combination of AM inoculation and exogenous melatonin application. The AM fungus and melatonin application might enhance cold tolerance in ryegrass through different pathways. The use of melatonin can significantly influence the levels of plant hormones that are involved in coping with abiotic stress (Arnao and Hernández-Ruiz, 2017). This includes the production of flavonoids and proline, both of which are controlled by salicylic acid (Ben Abdallah et al., 2016). Additional studies are required to determine the effects of melatonin-phytohormone interactions on abiotic stress resistance in AM plants.



5. Conclusion

AM inoculation can trigger melatonin accumulation by upregulating the levels of LpASMT1 and LpASMT3 in roots. Melatonin treatment promoted AM symbiosis in the roots of perennial ryegrass under cold stress. Plant growth and stress tolerance ability were improved by AM inoculation and melatonin application. The positive effect of the AM symbiosis, reduction in oxidative damage, increase in antioxidant enzyme activity, and accumulation of protective molecules may collectively contribute to this synergy. Overall, the findings of this study indicated that melatonin treatment could improve the antioxidant activity, AM symbiosis, and accumulation of protective molecules; thus, promoting mycorrhizal plant development and cold tolerance. Therefore, the combination of melatonin treatment and AM inoculation can be a potential strategy to cultivate host plants in regions with severe winter temperatures.
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Entomopathogenic fungi have been well exploited as biocontrol agents that can kill insects through direct contact. However, recent research has shown that they can also play an important role as plant endophytes, stimulating plant growth, and indirectly suppressing pest populations. In this study, we examined the indirect, plant-mediated, effects of a strain of entomopathogenic fungus, Metarhizium brunneum on plant growth and population growth of two-spotted spider mites (Tetranychus urticae) in tomato, using different inoculation methods (seed treatment, soil drenching and a combination of both). Furthermore, we investigated changes in tomato leaf metabolites (sugars and phenolics), and rhizosphere microbial communities in response to M. brunneum inoculation and spider mite feeding. A significant reduction in spider mite population growth was observed in response to M. brunneum inoculation. The reduction was strongest when the inoculum was supplied both as seed treatment and soil drench. This combination treatment also yielded the highest shoot and root biomass in both spider mite-infested and non-infested plants, while spider mite infestation increased shoot but reduced root biomass. Fungal treatments did not consistently affect leaf chlorogenic acid and rutin concentrations, but M. brunneum inoculation via a combination of seed treatment and soil drenching reinforced chlorogenic acid (CGA) induction in response to spider mites and under these conditions the strongest spider mite resistance was observed. However, it is unclear whether the M. brunneum-induced increase in CGA contributed to the observed spider mite resistance, as no general association between CGA levels and spider mite resistance was observed. Spider mite infestation resulted in up to two-fold increase in leaf sucrose concentrations and a three to five-fold increase in glucose and fructose concentrations, but these concentrations were not affected by fungal inoculation. Metarhizium, especially when applied as soil drench, impacted the fungal community composition but not the bacterial community composition which was only affected by the presence of spider mites. Our results suggest that in addition to directly killing spider mites, M. brunneum can indirectly suppress spider mite populations on tomato, although the underlying mechanism has not yet been resolved, and can also affect the composition of the soil microbial community.
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1. Introduction

In recent years, national and international regulations have banned the use of many pesticides for pest management due to environmental and health concerns (Agut et al., 2018). This has created a need for the development and optimization of more sustainable pest control strategies. Entomopathogenic fungi (EPF) have been widely recognized as microbial agents for controlling arthropod pests. They can directly interact with a broad range of arthropod pests, causing high mortality rates through mycosis. However, many EPF can also colonize plants and recently there has been a growing interest in their roles as endosymbionts of plants that can not only improve plant health by increasing nutrient and water uptake but also indirectly enhance plant resistance to insect herbivores by inducing or priming plants for enhanced defenses (Vega et al., 2009; Behie and Bidochka, 2014a). Plant-beneficial microbes including EPF have been shown to affect plant-insect interactions at the individual and community levels (Hartley and Gange, 2009; Simon et al., 2017). In these multifaceted interactions, microbes influence insect herbivores feeding on the host plant and, conversely, insects may affect microbial communities, through plant-mediated effects (Biere and Bennett, 2013).

Metarhizium (Clavicipitaceae) is the most abundant and diverse genus of EPF, harboring species with direct pathogenic effects on a broad range of arthropod pests (St. Leger and Wang, 2020). As plant endophytes, different Metarhizium spp. have been shown to exert negative effects on arthropod pests including pestiferous spider mites (Canassa et al., 2020; Rasool et al., 2021a). However, strains of Metarhizium brunneum with great potential to cause direct insect virulence have shown divergent indirect effects as plant endophytes, ranging from positive to negative impacts on pest populations (Clifton et al., 2018; Ment et al., 2020). This is in line with the observation that plant-mediated effects of fungal endophytes on arthropod pests, in general, are variable (Gange et al., 2019) and highlights the need for additional research to thoroughly comprehend the mechanisms underlying the indirect impacts of EPF endophytes on plant resistance.

Symbiotic or mutualistic associations with microbes can affect plant responses to arthropod pests through modulation of metabolite profiles of plants, or plant defense signaling cascades that are triggered after the perception of herbivore attack (Kim and Felton, 2013; Cachapa et al., 2021). Inoculations with entomopathogens can result in the production of plant secondary metabolites involved in defense responses including alkaloids, phenolics and flavonoids (Mantzoukas and Eliopoulos, 2020). Indeed, recent studies have shown that the effects on the population growth of aphids and spider mites were associated with changed profiles of plant secondary metabolites in Beauveria and Metarhizium-inoculated plants (Rasool et al., 2021a,b). In addition, primary metabolites such as plant-derived sugars have been shown to play a key role in plant-herbivore as well as plant-fungus relationships (Dai et al., 2021). Due to their role as energy sources, these sugars also influence plant growth and development and play a role in defense responses (Ramon et al., 2008; Morkunas and Ratajczak, 2014; Jeandet et al., 2022). However, in general, the involvement of more specialized metabolites in plant-fungus-herbivore interactions and the role of different inoculation methods on these responses are largely unknown.

The method of inoculation is a crucial determinant of the efficacy and colonization pattern of EPF on host plants. Foliar applications tend to promote leaf colonization, while seed treatments or soil drenching favor root and stem colonization (Bamisile et al., 2018). Additionally, the extent of growth-promoting effects of EPF varies with the inoculation method used (Raya-Díaz et al., 2017; Afandhi et al., 2019). Although seed treatment and soil drenching are the commonly employed methods, the impact of different colonization patterns and frequencies resulting from these methods on the physiological and ecological responses of the host plant and its interactions with aboveground herbivores have yet to be investigated.

Plants provide a favorable environment to soil microbial communities in their rhizosphere, including EPF, by the secretion of root exudates (Bruck, 2010). The rhizosphere serves as the primary environment for soil-borne EPF (Hu and St. Leger, 2002). The functions provided by soil micro-biota are fundamental to the soil and plants. One of the concerns of microbial inoculations is that the application of high concentrations of bio-inoculants, including fungi and bacteria, can cause unintended effects on the diversity and composition of soil microbial communities that ultimately influence plant performance and interaction with other organisms (Trabelsi and Mhamdi, 2013; Cornell et al., 2021). It is therefore interesting to see how different EPF inoculation methods with low (seed treatment) and high (soil drenching and combination) fungal load affect the diversity and composition of the rhizosphere soil microbial community.

In this study, we examined the indirect, plant-mediated, effects of M. brunneum on plant growth and population growth of two-spotted spider mites in tomato, using different inoculation methods (seed treatment, soil drenching, and a combination of both). The two-spotted spider mite (Tetranychus urticae Koch) is one of the most striking examples of a cosmopolitan and polyphagous pest worldwide (Migeon et al., 2010). This fast-reproducing, piercing-sucking herbivore ravages crop value through voracious feeding and the production of toxins, webs and feces at feeding sites (Attia et al., 2013). The possession of a unique set of evolving digestion and detoxification genes makes spider mites unmatched among arthropod herbivores in the development of pesticide resistance (Grbić et al., 2011). Furthermore, we investigated the potential role of a pre-selected set of leaf metabolites in mediating effects of fungal inoculation on spider mites. Specifically, we analyzed two phenolic compounds (chlorogenic acid and rutin), sugars, and leaf C:N ratio in response to fungal inoculation and spider mite feeding. Compounds such as chlorogenic acids and rutin constitute more than half of the total amount of phenolics in tomato leaf tissues (Hoffland et al., 2000) and have been shown to incur a broad spectrum of anti-pathogenic and anti-herbivory activities (Yang et al., 2016; Martínez et al., 2017; Kundu and Vadassery, 2019). Finally, the effect of different inoculation methods with low (seed treatment) and high (soil drenching and combination) fungal load and spider mite feeding was assessed on the diversity and composition of the rhizosphere soil microbial community.



2. Materials and methods


2.1. Study organisms: plant, fungus, and herbivore

Untreated seeds of Solanum lycopersicum (cv. Moneymaker from Oranjeband zaden, The Netherlands) were surface sterilized by soaking in 70% ethanol for 1 min and 1% sodium hypochlorite (NaClO) for 10 min followed by three rinses with sterile double-distilled water. Seeds were air-dried for 30 min under sterile conditions. Surface sterilization success was checked by plating 100 μl water from the last rinse on Sabouraud dextrose agar (SDA) medium and incubated for 10 days in darkness at 23°C. No sign of contamination was observed.

Metarhizium brunneum strain 1868, originally isolated from an Agriotes sp. adult (provided by the Agricultural Institute of Slovenia) was selected based on its endophytic colonization abilities and high direct pathogenicity against insect pests (Razinger et al., 2020). The fungal isolate was stored at −80°C in the mycological collection at the Netherlands Institute of Ecology, The Netherlands. For the experiments, the fungus was propagated on SDA media supplemented with yeast extract and incubated for 14 days at 24 ± 1°C in darkness.

Tetranychus urticae were obtained from a rearing colony established at Wageningen University (Wageningen, The Netherlands) and maintained on tomato plants for several generations in a growth chamber (25 ± 2°C, 16:8 LD and 60–70% RH). For the experiment described below, around 150 adult females were collected from the rearing colony and placed on a fresh young tomato plant for egg-laying. After 24 h the adult mites were removed and the plant with eggs was maintained under the same conditions for 16 days to obtain synchronized-age adult mites. From this cohort, adult females (recognized by large size oval-shaped bodies) were used in the experiment.



2.2. M. brunneum suspension

Fungal suspensions were prepared by harvesting conidia from sporulating cultures with a sterilized spatula. Conidia were suspended in 0.01% Triton X-100, vortexed and filtered through several layers of sterile cheesecloth to remove hyphal debris and media remnants (Keyser et al., 2014). Fungal concentrations were adjusted to 1 × 108 conidia ml–1 using a Fuchs-Rosenthal hemocytometer (0.0625 mm2, depth 0.200 mm) under the microscope. Fungal viability was tested by propagating 100 μl of 1 × 105 conidia ml–1 dilution on three SDA plates for 24 h at 23°C. Spore germination was checked by counting germinated (if germ tube was twice the length of the conidium) and non-germinated spores on around 1.5 cm2 agar piece under the microscope. The isolate showed >90% viability.



2.3. Experimental setup

A greenhouse experiment was conducted at the Netherlands Institute of Ecology, Wageningen, the Netherlands during the spring of 2022. The experiment followed a factorial design with four fungal treatments (seed treatment–ST, soil drenching–SD, a combination of seed treatment and soil drenching–STSD, and no fungus control–C) and two herbivory treatments (with or without spider mites). Batches of 80 sterilized seeds were added to 250 ml blue-capped glass bottles with 30 ml of solution, either a suspension of 1 × 108 conidia ml–1 of M. brunneum (ST and STSD treatments) or 0.01% Triton X-100 (SD and C treatments) and agitated at 100 rpm for 24 h. Seeds either treated with M. brunneum or Triton X-100 were individually sown in separate nursery trays containing a soil-sand mixture in the greenhouse (25°C for 16 h day and 18°C for 8 h night with 50–60% RH). The soil was a non-sterile (live), low nutrient, natural sandy soil collected from an arable field in the vicinity of Wageningen (The Netherlands), homogenized by sieving through a 5 mm sieve, and mixed (3:1, w/w) with coarse sand (0.71–1.25 mm from Wildkamp, Lutten, The Netherlands).

Two weeks after sowing, 26 uniform seedlings per inoculation treatment were transferred to 1 L pots (11 × 11 × 12 cm) containing the same soil-sand mix substrate (800 g/pot). Each pot was placed on an individual plastic saucer (φ 16 cm) to prevent cross-contamination. One day after transplantation, 2 ml of the 1 × 108 conidia ml–1 suspension of M. brunneum was added to the soil around the base of seedlings for the SD and STSD treatments, whereas 2 ml of 0.01% Triton X-100 was applied to the soil around seedlings allocated to the ST and C treatments. After inoculations, the soil surface was covered with a thin layer of sand to avoid algal growth. In total, 104 pots representing four inoculation treatments (ST, SD, STSD, and C) were placed on 10 carts (each representing one block) following a completely randomized block design. Plants were irrigated every second day and fertilized with 1/2 Hoagland nutrient solution once a week through the saucers. Carts were rotated twice a week to account for climatic variations in the greenhouse. Four weeks after sowing, six of the 26 plants per treatment were harvested (Timepoint 1, T1, details below). The remaining 20 plants per treatment were used for a T. urticae bioassay (described below), initiated immediately after T1, and harvested 6 weeks after sowing (Timepoint 2, T2) (Supplementary Figure 1).



2.4. T. urticae bioassay

Fourteen of the twenty plants per treatment from T2 were infested with spider mites, whereas the remaining six received no spider mites and served as spider mite controls. Five adult female spider mites were released on three terminal leaflets of the second oldest true leaf of plants assigned to the spider mite treatment. To prevent spider mites from escaping, a foam band was placed around the stem at the base of the infested leaf. The band was also placed at the same location on non-infested plants. One day after infestation, mites were counted to check the number of mites that were successfully established on infested plants. The numbers of juvenile and adult spider mites were recorded at 3, 7, and 14 days after infestation using a handheld magnifier. After the last count, spider mites were removed using a fine paintbrush. In addition to the total number of spider mites, the number of spider mites produced per successfully established female was calculated by dividing the total number of mites at day 14 by the initial number of successfully established females after 24 h of infestation.



2.5. Data collection and sampling

To evaluate the effects of the four fungal treatments on plant biomass production and rhizosphere microbial community composition, plants were harvested 4 weeks (T1, n = 6 per fungal treatment) and 6 weeks (T2, n = 20 per fungal treatment, 14 with and 6 without spider mites) after sowing. From each plant, three terminal leaflets from the 2nd oldest true leaf were harvested with scissors, placed in a 15 ml falcon tube and immediately flash-frozen in liquid nitrogen for leaf chemical analysis. The scissors were sterilized with ethanol between the plants. For the rhizosphere soil samples, 18 replicates per fungal treatment were used (all 6 from T1, all 6 non-infested plants from T2, and 6 randomly selected replicates from the fourteen infested plants from T2). Bulk soil was removed from the roots by shaking. The remaining soil adjacent to the roots was gently removed with a brush on a sterilized surface and put in a 2 ml Eppendorf tube. Samples for chemical and rhizosphere microbial community analysis were kept at −80°C until further processing. Aboveground plant material from all plants (leaves and stem) was harvested and roots were thoroughly washed under running tap water to remove any remaining soil and dried on tissue papers to remove excess water. Fresh biomass of root and shoot was recorded on an electronic balance. After fresh weight measurements, stem and root tissues were subsampled for endophytic colonization check (details below), and the tissues were weighed again and transferred to paper bags for drying. The root and shoot tissues were dried at 65°C for 2 days and the dry biomass was recorded using the same electronic balance.



2.6. Isolation of endophytic fungi

Endophytic colonization of all tomato plants was checked at T1 and T2. From each plant, three root and three stem sections (approx. 3 cm pieces from the base, middle, and upper parts) were harvested. Samples of lower, middle, and upper leaves from a random subset of three plants per treatment were collected for endophytic check in leaves. Stem and leaf sections were included to assess whether in addition to roots also aboveground tissues of tomato can be colonized by this M. brunneum strain following the different inoculation methods (Rasool et al., 2021a). The cut plant parts were individually surface sterilized by dipping in 70% ethanol and 2% NaClO for 2 min followed by three rinses with sterilized water. The outer edges of the sterilized pieces were excised with a sterile scalpel to eliminate the tissue parts that had come into contact with the disinfection solution and the pieces were further divided into two parts (1–1.5 cm each), resulting in six roots and six stem parts per plant. All 12 pieces from one plant were placed on a single selective media plate prepared according to Rasool et al. (2021a). Leaf samples were cut into 2 cm2 sections and placed on different plates. The pieces were gently pressed into the media with forceps to ensure contact, closed with parafilm, and incubated for 21 days in darkness at 23–24°C. Fungal outgrowth was recorded every 5 days. Sterilization efficacy was checked by plating 100 μl of the last rinse after sterilization on SDA media (Tall and Meyling, 2018). No contamination was observed after sterilization of the stem and leaves, however, in a few cases primary root sections showed random microbial outgrowth. The identification of endophytic fungi growing from edges was done by colony morphology and conidial structures of M. brunneum (Humber, 1997; Bich et al., 2021). The Metarhizium outgrowth from plant tissue pieces was recorded as a value of one, while no outgrowth was recorded as a value of zero. Endophytic outgrowth of some unidentified fungi was also observed, which was not considered for this experiment.



2.7. Chemical analysis


2.7.1. Preparation of plant extracts

The leaf samples were extracted for the analysis of polyphenolics and sugars following the methodology proposed by Pineda et al. (2020). Briefly, 1 ml of 70% methanol (gradient grade for HPLC) was added to 50 mg of ground leaf sample, vortexed, subjected to a sonicator for 30 min (20°C), and centrifuged at 10,000 rpm for 10 min. The supernatant was collected and the procedure was repeated to increase extraction efficiency with a 2 ml final volume. The extracts were filtered through a 0.2 μm polytetrafluoroethylene syringe filter (Henske Sass Wolf GmbH, Tuttlingen, Germany) and stored at −20°C until analysis. The same extracts were used for polyphenolics and sugar analysis.



2.7.2. Quantification

Analysis of phenolic compounds (chlorogenic acid and rutin) was performed by high-performance liquid chromatography (HPLC, ThermoFisher Scientific, Waltham, MA, USA) equipped with UV diode array detection according to Olszewska (2007). Analysis of sugars (glucose, fructose, and sucrose) was performed by HPLC equipped with electrochemical detection (LC Bioinert 1260 Infinity, Decade elite ECD Antec.) based on the method of van Dam and Oomen (2008). Quantification of 104 samples was done by standard curves and expressed as μg g–1 leaf dry weight.

A 2,000 μg subsample of dried and ground tomato leaf material was weighted in tin foil cups for C and N content measurement using a FLASH 2000 organic elemental analyzer (Brechbuhler Incorporated, Interscience B.V., Breda, The Netherlands).




2.8. DNA extraction and soil microbiome sequencing

For fungal and bacterial community sequencing, DNA was extracted from 250 mg of rhizospheric soil using the PowerSoil DNA isolation kit (Qiagen, Hilden, Germany) as per the manufacturer’s instructions. For fungi, the intergenic transcribed spacer (ITS2) region was amplified using ITS4/ITS7 primers (5′-TCCTCCGCTTATTGATATGC-3′/5′- GTGAATCATCGAATCTTTG-3′) (Ihrmark et al., 2012), while for bacteria the V4 region was targeted using 515F/806R primers (5′-GTGYCAGCMGCCGCGGTAA-3′/5′- GGACTACNVGGGTWTCTAAT-3′) (Caporaso et al., 2012). The Amplicon sequencing was done using Illumina MISEQ PE with a 250 bp coverage. Library preparation and sequencing were done at Genome Quebec, Canada.



2.9. Statistical analysis

All statistical analyses were performed in R (R Core Team, 2021) and the graphs were created in R using the “ggplot2” package (Wickham, 2016). The number of spider mites 14 days after infestation was analyzed by a Poisson generalized linear mixed model (log link function) with fungal treatment (four categorical variables) as fixed effect and block as random factor. A linear mixed model was fitted to plant biomass and chemical data with fungal treatment, presence/absence of spider mites and their interaction as fixed effects and block as a random factor. A binomial generalized linear mixed effect model (logit link function) was fitted to the endophytic colonization data (presence/absence per plant piece and per plant tissue) using fungal treatment and plant tissue (stem and root) as fixed effects and block and plant id as random effects. Percentages of fungal colonization and confidence intervals were estimated based on the same models. Mixed models were fitted using the “lme4” package (Bates et al., 2015) and P-values were computed using the “lmerTest” package based on Satterthwaite’s approximation (Kuznetsova et al., 2017). Visual assessments of model fit were done by residual and quantile-quantile plots. The parameters with significant effects were subjected to pairwise comparisons using the Tukey post-hoc test by the “multcomp” package.

Fungal (ITS) and bacterial (16S) amplicon sequencing data was analyzed using DADA2 pipeline (Callahan et al., 2016). For bacteria, standard settings were used with SILVA as a database (v. 132). For fungi the length-based filtering was relaxed and minLen = 50, maxEE = c (2.2) was used. UNITE (release 10.5.2021; Nilsson et al., 2019) was used to identify fungal amplicon sequence variants (ASVs). Both datasets were filtered to contain 10,000–60,000 ASVs by removing samples with higher or lower read numbers. Total sum scaling (TSS) was used to normalize the data and only fungi were included in the ITS dataset and only bacteria in the 16S dataset. Both time points were analyzed separately. Permutational multivariate ANOVA (PerMANOVA) models were created using Bray-Curtis distances in Vegan (adonis2; Oksanen et al., 2020). For T1 the model had only the fungal treatment as a factor, but for T2 both fungal treatment, spider mite infestation and their interaction were analyzed. Due to the dominance of Metarhizium in fungus-inoculated samples, another model for analysis of ITS data was created excluding Metarhizium. This restricted dataset was analyzed in the same way as the total dataset. DESeq2 was used to investigate the effect of the treatments on fungal genera and bacterial classes using 0.01 alpha and log2 fold change.




3. Results


3.1. Effects of M. brunneum and inoculation method on population growth of spider mites

The number of spider mites after 14 days of infestation was significantly affected by M. brunneum inoculation (P < 0.001). All M. brunneum inoculations decreased the population size of spider mites compared to those on control plants (Figure 1A). However, plants inoculated with a combination of seed treatment and soil drenching showed significantly lower numbers of mites than plants that only received the seed treatment, whereas these numbers were not lower than those on plants that had only received the soil-drenching treatment (Figure 1A). The number of spider mites produced per founding female was also significantly lower (P < 0.0001) on M. brunneum-inoculated plants than on control plants, whereas no differences were observed among different fungal inoculation methods (Figure 1B).
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FIGURE 1
Population growth of two spotted spider mites (Tetranychus urticae) on tomato plants inoculated with Metarhizium brunneum as seed treatment (ST), soil drenching (SD), combination of seed treatment and soil drenching (STSD) and Triton X-100 control (C). Panel (A) shows the number of spider mites (juvenile and adults) per plant and panel (B) shows the number of spider mites per female after 14 days of infestation. Boxplots with different letters are significantly different at α = 0.05 within panels (by post-hoc test using multcomp function in R). The median is presented by a thick horizontal line in each box.




3.2. Effects of M. brunneum, inoculation method and spider mite infestation on tomato plant growth

At T1, there was no significant effect of inoculation method on any of the growth measurements. However, at T2, both inoculation treatment and spider mite infestation significantly affected total, shoot and root dry weight as well as the proportion of biomass in roots (root mass fraction) (Supplementary Table 1). The total dry weight of tomato plants was increased both by inoculation with M. brunneum and by infestation with spider mites. The highest biomass was observed for plants inoculated by a combination of seed treatment and soil drenching in the presence of spider mites (Figure 2). Effects of inoculation treatment and spider mite infestation on plant dry weight slightly differed between roots and shoots. Plants subjected to a combination treatment of seed inoculation and soil drenching produced a significantly higher shoot dry biomass than plants subjected to either the single inoculation methods or control plants. However, plants subjected to soil drenching produced higher root dry weight than control plants, regardless of whether in addition they had received a seed inoculation treatment or not (Figure 2). Spider mite infestation enhanced the shoot dry weight but reduced the root dry weight of plants that had not been inoculated with the fungus. As a result, also the root mass fraction (root dry weight/total dry weight) was decreased in the presence of spider mites except in plants that had received fungal inoculation through soil drenching (Figure 2).
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FIGURE 2
Growth parameters including total, shoot and root dry weight and root mass fraction of tomato plants inoculated with Metarhizium brunneum as seed treatment (ST), soil drenching (SD), combination of seed treatment and soil drenching (STSD) and Triton X-100 control (C) in the absence (yellow boxes) and presence (red boxes) of two spotted spider mites (Tetranychus urticae). Boxplots with different letters are significantly different at α = 0.05 within panels (by post-hoc test using multcomp function in R). The median is presented by a thick horizontal line in each box.




3.3. Effects of M. brunneum, inoculation method, and spider mite infestation on chlorogenic acid, rutin, sugars and C:N ratio

At T1, inoculation method did not affect leaf concentrations of primary metabolites (glucose, fructose, and sucrose) or secondary metabolites (chlorogenic acid and rutin). At T2, fungal treatments affected the levels of rutin and CGA, but the effects of fungal inoculation on CGA depended on spider mite infestation (Supplementary Table 2). Spider mites overall enhanced levels of CGA, except in plants that were inoculated with M. brunneum by soil drenching (Figure 3). In the absence of spider mites, M. brunneum enhanced levels of CGA compared to control plants when applied as soil drenching (Figure 3). In the presence of spider mites, M. brunneum also enhanced CGA levels compared to controls, but only when applied as a combination of seed inoculation and soil drenching. Under these conditions, M. brunneum thus reinforced the induction of CGA levels in response to spider mites. However, overall, there was no correlation between leaf CGA levels and the number of spider mites produced per female spider mite (r = +0.06, n = 55, P = 0.64).


[image: image]

FIGURE 3
Levels of chlorogenic acid (CGA) and rutin (μg/g leaf dry weight) in tomato leaves inoculated with Metarhizium brunneum as seed treatment (ST), soil drenching (SD), combination of seed treatment and soil drenching (STSD) and Triton X-100 control (C) in the absence (yellow boxes) and presence (red boxes) of two spotted spider mites (Tetranychus urticae). Boxplots with different letters are significantly different at α = 0.05 within panels (by post-hoc test using multcomp function in R). The median is presented by a thick horizontal line in each box.


Fungal treatments and spider mite feeding significantly and independently affected the leaf concentration of rutin (Supplementary Table 2). Spider mite infestation resulted in an overall increase in leaf rutin levels across all M. brunneum treatments (Figure 3). Leaf rutin levels did not differ between M. brunneum and control plants but differed between plants inoculated with different inoculation methods. In particular, in the absence of spider mites, levels of rutin were higher in plants inoculated by soil drenching than in plants inoculated by seed inoculation alone or by a combination of seed inoculation and soil drenching (Figure 3). However, as observed for CGA, there was no overall correlation between leaf levels of rutin and the number of spider mites produced per female spider mite (r = −0.04, n = 55, P = 0.77).

The concentrations of the three main sugars (sucrose, glucose, and fructose) were significantly increased by spider mite feeding, however, they were not affected by fungal treatments or interactions between spider mite and fungal treatments (Supplementary Table 2). Sucrose levels increased by 30 to more than 100% in the presence of spider mites while levels of glucose and fructose increased even three to fivefold (Figure 4).
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FIGURE 4
Levels of sugars (sucrose, glucose, and fructose) (μg/g leaf dry weight) in tomato leaves inoculated with Metarhizium brunneum as seed treatment (ST), soil drenching (SD), combination of seed treatment and soil drenching (STSD) and Triton X-100 control (C) in the absence (yellow boxes) and presence (red boxes) of two spotted spider mites (Tetranychus urticae). Boxplots with different letters are significantly different at α = 0.05 within panels (by post-hoc test using multcomp function in R). The median is presented by a thick horizontal line in each box.


Leaf C:N ratio at T2 was also significantly affected by spider mite infestation but not by fungal treatment or interaction effects (Supplementary Figure 2; Supplementary Table 2).



3.4. Effects of different M. brunneum inoculation methods on soil microbial communities

Inoculation with M. brunneum had a large impact on the composition of the rhizosphere fungal community. Multivariate analyses at T2 revealed that rhizosphere fungal communities of control and seed-inoculated plants differed significantly from plants with soil drenching treatment, either alone or in combination with seed treatment (R2 = 0.59; pseudo-F = 21.11, P < 0.001, Figure 5A), whereas these communities were not affected by spider mite infestation (R2 = 0.00; pseudo-F = 0.98, P = 0.325, Figure 5A). Not surprisingly, effects of inoculation on fungal communities were partly due to the high absolute (>2.5 × 105) and relative abundance (mean = 0.78) of ASVs belonging to Metarhizium sp. (the added fungus) in the rhizosphere of soil-drenched plants compared to those of seed-treated (0.15 × 105, 0.27) or control plants (0, 0.00) (Supplementary Figure 3). This resulted in a strong dominance of Sordariomycetes (the class of Ascomycota to which M. brunneum belongs) in the rhizosphere of soil-drenched plants (Supplementary Figure 3). More interestingly, even after removing ASVs belonging to the genus Metarhizium from the analysis, the composition of the resident fungal community still significantly differed between inoculation treatments without being affected by spider mite treatment (R2 = 0.15; pseudo-F = 2.61, P < 0.001; Figure 5B; Supplementary Figure 4). This indicates that soil inoculation also altered the relative abundances of fungi in the native community pool. Whereas resident fungal communities from the rhizosphere of control and seed treatment plants largely overlapped, they differed from those of soil-drenched plants (Figure 5B). Unexpectedly, resident fungal communities from the rhizosphere of plants that had only received soil drenching differed more from those of control plants than communities from plants that had received both soil drenching and seed treatment (Figure 5B). Closer inspection using DESeq2 revealed that in particular ASVs from the genus Fusarium had an increased abundance in the rhizosphere of plants that had been inoculated through soil drenching compared to control treatment. The effects of inoculation treatment on fungal community composition were already observed at T1 (R2 = 0.56, pseudo-F = 7.19, P < 0.001), but at that time point, the impact on the resident fungal community (excluding Metarhizium) was not yet observed (R2 = 0.12, pseudo-F = 0.93, P = 0.999).
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FIGURE 5
Non-metric multidimensional scaling (NMDS) plots of fungal communities (using Bray-Curtis distance) in the rhizosphere of tomato plants inoculated with Metarhizium brunneum as seed treatment (ST, green), soil drenching (SD, red), combination of seed treatment and soil drenching (STSD, orange/brown), or Triton X-100 control (C, gray/black) in the absence (N, light colors) and presence (P, dark colors) of two spotted spider mites (Tetranychus urticae). (A) Fungal communities including Metarhizium sp.; (B) fungal communities excluding Metarhizium sp. 2D stress for panel (A) = 0.08 and for panel (B) = 0.18. Treatment combination are indicated by a combination of the abbreviation for inoculation treatment (C, ST, SD, and STSD) and absence (N) or presence (P) of spider mites.


Inoculation with M. brunneum not only affected the composition but also the diversity of the rhizosphere fungal community. The Simpson’s diversity index, which considers both the number of species and their relative abundances, of the rhizosphere fungal community was significantly reduced by inoculation through soil drenching, either alone or in combination with seed inoculation. This effect was maintained after removing Metarhizium ASVs from the analysis (Supplementary Figures 5A, B). At T1, effects of fungal inoculation on fungal community composition and diversity were similar to those at T2.

In contrast to what was observed for the rhizosphere fungal communities, the composition (R2 = 0.07, pseudo-F = 1.01, P = 0.404; Figure 6) and diversity (Supplementary Figure 5C) of rhizosphere bacterial communities were not affected by inoculation with M. brunneum. However, effects of spider mite infestation on bacterial community composition were marginally significant (R2 = 0.02, pseudo-F = 1.03, P = 0.072; Figure 6). When only the control and the soil drenching treatment were included in the PerMANOVA model, we observed that spider mite infestation affected the bacterial community composition (R2 = 0.04, pseudo-F = 1.03, P = 0.041). The diversity of the rhizosphere bacterial community was not affected by spider mite infestation of plants (Supplementary Figure 5C). We further investigated which bacterial ASVs were affected by spider mite infestation. In total, 321 ASVs were significantly different between the spider mite treatments, and these belonged to 9 major phyla. Seven of these phyla contained both ASVs that were more abundant (175 ASVs) and ASVs that were less abundant in samples with spider mites (126 ASVs). By contrast, ASVs belonging to Cyanobacteria and Planctomycetes were only found to be more abundant in treatments with spider mites. On Phylum and Order level, we found more Acidobacteria, Proteobacteria, and Firmicutes (Bacillales) in the rhizosphere soils when spider mites were present (Supplementary Figure 6). As observed for the later timepoint T2 at which plants with and without spider mites were present (described above), also at the earlier timepoint T1, when only uninfested plants were studied, the bacterial composition was not affected by inoculation treatment (R2 = 0.14, pseudo-F = 0.99, P = 0.99).
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FIGURE 6
Non-metric multidimensional scaling (NMDS) plots of bacterial communities (using Bray–Curtis distance) in the rhizosphere of tomato plants inoculated with Metarhizium brunneum as seed treatment (ST, green), soil drenching (SD, red), combination of seed treatment and soil drenching (STSD, orange/brown), or Triton X-100 control (C, gray/black) in the absence (light colors) and presence (dark colors) of two-spotted spider mites (Tetranychus urticae). 2D stress = 0.14. Treatment combination are indicated by a combination of the abbreviation for inoculation treatment (C, ST, SD, and STSD) and absence (N) or presence (P) of spider mites.




3.5. Endophytic colonization with different M. brunneum inoculation methods

At T1, the proportion of root and stem pieces that were colonized by the fungus significantly differed between fungal treatments but not between tissues (Supplementary Table 3). Plants inoculated by seed inoculation showed no colonization in stems and very low colonization in roots. By contrast, plants inoculated by soil drenching showed higher colonization in the stem and roots than plants inoculated by the combination treatment (Table 1). At T2, a subset of the plants was infested with spider mites. Interestingly, at this time point, the presence of spider mites significantly reduced colonization levels of roots and stems, but fungal inoculation treatment no longer had a significant effect on colonization levels, and colonization levels again did not differ between roots and stem (Table 1; Supplementary Table 3). The level of root and stem colonization by M. brunneum was positively correlated with the shoot biomass of plants that were not infested by spider mites (r = +0.437, n = 24, P = 0.032 and r = +0.575, n = 24, P = 0.003, respectively), but these correlations were not observed in spider mite-infested plants (r = −0.022 and r = +0.139, n = 55, P > 0.3). The levels of root or stem colonization were not correlated with leaf concentrations of CGA or rutin in either infested or non-infested plants (all P > 0.07). None of the leaf sections tested was colonized by M. brunneum.


TABLE 1    Colonization of stems and roots of tomato plants by Metarhizium brunneum following inoculation as seed treatment (ST), soil drenching (SD), or a combination of seed treatment and soil drenching (STSD).
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4. Discussion

Since their discovery as plant endophytes, soilborne EPF such as Metarhizium spp., have been well exploited for their growth promotion and pest suppression effects after colonizing crop plants (Vega, 2018). Research on the endophytic abilities and growth promotion effects of M. brunneum has been more extensive than research on its potential for pest control as a plant endophyte. The current study is the first to report that using seed treatment, soil drenching, and a combination of both methods of inoculating tomato plants with M. brunneum was able to effectively reduce spider mite populations when compared to control plants.

Previous research has shown that direct application of various Metarhizium spp. can have lethal effects on spider mites (Castro et al., 2018; Ment et al., 2020). However, M. brunneum has been reported to both enhance and reduce pest populations in different crops as plant endophytes. Seed treatments with M. brunneum increased the population growth of aphids and spider mites in different crop hosts (Clifton et al., 2018; Rasool et al., 2021a,b). By contrast, soil drenching reduced the population growth of female spider mites in common bean (Ment et al., 2020), and colonization of melon plants by M. brunneum following foliar application caused mortality in Spodoptera littoralis (Garrido-Jurado et al., 2020). The efficacy of fungal applications to crops for pest management can be influenced by various factors, e.g., fungal isolate, growth substrate, plant host and other biotic and abiotic factors (Bamisile et al., 2021), which may lead to variability in the strength and direction of effects of M. brunneum in different studies. Moreover, the sub-lethal effects on spider mite populations in the present study are likely caused by indirect, plant-mediated defense responses, e.g., the production of specialized metabolites by the plant in response to fungal infection (Gange et al., 2019), rather than by direct effects of the endophytic fungi on the arthropods.

Various phenolic compounds, including flavonoids, play a vital role in plant tolerance to abiotic stresses as well as defense against biotic stresses, including arthropod herbivores (Simmonds, 2003). We found that mite-infested plants produced higher concentrations of both CGA and rutin than non-infested plants. This suggests that spider mites likely triggered an increase in the production of these secondary metabolites in plants as a defense mechanism, as plants are known to activate defense responses upon sensing herbivore attack (War et al., 2020). However, inoculation with M. brunneum via soil drenching also induced higher levels of CGA even in the absence of mites. In the presence of spider mites, the combination of seed treatment and soil drenching produced higher levels of CGA than observed in mock-inoculated plants, indicating that the fungus reinforced the plants’ response to spider mites, and under these conditions indeed the lowest number of spider mites were observed. However, we did not observe an overall negative correlation between leaf levels of CGA and spider mite population growth. Therefore, we cannot confirm a role of CGA in spider mite resistance in our experiment, and it is unclear whether the fungus-induced increase in this metabolite contributed to the observed fungus-induced spider mite resistance. Several other studies have shown that CGA can exert a broad spectrum of anti-herbivory activities either as a single compound or in combination with other plant metabolites (Liu et al., 2017; Kundu and Vadassery, 2019). A study showed that leaf CGA concentration is the main factor explaining variation in resistance against trips in chrysanthemum (Leiss et al., 2009). Metabolic engineering techniques have been applied to crops to increase the biosynthesis of these compounds to enhance crop functionalities (Mutha et al., 2021). Our study shows that one of the possible ways to achieve this is by applying an entomopathogenic fungus that can increase the production of these bioactive compounds in the crop. Several studies have suggested that a combination of several phenolic compounds, rather than a single compound, work simultaneously to protect against insects (Wink, 2003; Haukioja, 2006). Different inoculation methods may activate different sets of compounds in addition to CGA and rutin, therefore, we suggest exploring the whole metabolic profiles of treated plants to fully understand the underlying mechanisms.

Primary metabolites like sugars are involved in the growth and development of plants leading to increased plant tolerance against stress and also serving as precursors for the production of secondary metabolites (War et al., 2020). However, the role of sugars in herbivore pest defense is understudied, especially with respect to how this role might be modified by the presence of endophytic fungi. This study found that the leaf concentrations of three main sugars (sucrose, glucose, and fructose) were tremendously increased after spider mite infestation, while no effects of fungal inoculation treatments were found. Previously, the artificial application of sucrose has been shown to have a negative effect on insect population growth while glucose and fructose were shown to have a positive effect (Haukioja, 2006), however, we did not find such a trend. High sugar levels in infested leaves indicate that spider mite feeding impaired the export of sugars, probably to ensure a high carbohydrate content at the feeding site. The same behavior has been observed in Silverleaf white fly in cotton (Lin et al., 2000). Conversely, it can also be a part of plant responses to stress, for instance, during pathogen infection sugars interact with hormonal signaling and stimulate the biosynthesis of flavonoids for better plant immune responses (Morkunas and Ratajczak, 2014). There was a 30–100% increase in sucrose levels, while three- to fivefold increase in glucose and fructose levels was observed following spider mite feeding, which also suggests that spider mite infestation induced the production of invertases (Roitsch and González, 2004). Nevertheless, detailed studies should be conducted to test these hypotheses to decipher the role of sugars in the plant-herbivore interaction.

The ability of endophytic fungi to produce bioactive compounds can not only enhance plant stress tolerance but may also boost their growth by improving nutrient uptake (Bamisile et al., 2021). Previous research has demonstrated the potential of M. brunneum to enhance nutrient uptake (Behie and Bidochka, 2014b; Sánchez-Rodríguez et al., 2016) and increase both above- and below-ground biomass of various crops, under stressed and non-stressed conditions (Jaber and Enkerli, 2017; Rasool et al., 2021b). Although it has been emphasized that establishing a good inoculation method for better colonization and growth responses is crucial (Jaber and Enkerli, 2016), it has not been tested how various inoculation methods affect growth. This study showed that the combination of seed inoculation and soil drenching yielded the highest shoot biomass in both spider mite-infested and non-infested plants while the shoot biomass of plants inoculated through seed treatment or soil drenching alone did not significantly differ from the shoot biomass of control plants. Furthermore, all fungal inoculation methods resulted in increased root biomass compared to that of control plants in infested plants. Rasool et al. (2021b) also showed that seed inoculations of wheat and bean increased shoot and root biomass only in aphid-infested plants. The most prominent aspect of the growth response was that spider mite infestation enhanced shoot biomass but reduced root biomass. This indicates a trade-off between above and below-ground plant parts in response to foliar herbivores. Conversely, plants are shown to partition more biomass toward roots under poor nutrient and climatic conditions (Qi et al., 2019).

Our study shows that plant colonization rates by M. brunneum were strongly dependent on the inoculation method and were dynamic over time. At the initial time point, 4 weeks after seed treatment and 2 weeks after soil drenching, plants that had received a seed treatment did not show any colonization in the stem and only 3% in the root, while soil drenching and the combination treatment showed 25–45% in both root and stem. Effects of the inoculation method on endophytic colonization rates have been observed in various crop hosts (Bamisile et al., 2018). At the second time point, 6 weeks after seed inoculation and 4 weeks after soil drenching, the effect of inoculation method disappeared, but spider mite infestation significantly reduced M. brunneum colonization rates. Similar negative effects of aboveground herbivory on colonization by beneficial soil microbes have been observed for arbuscular mycorrhizal fungi (Barber et al., 2012). Interestingly, a positive correlation was observed between endophytic colonization rate and above-ground biomass in non-infested plants. Another study has shown that the extent of colonization of maize plants by M. robertsii was positively correlated with above-ground biomass and plant height (Ahmad et al., 2020), which suggests that endophytic fungi may facilitate nutrient transfer to above-ground plant parts (Behie and Bidochka, 2014a). In contrast to effects on aboveground plant biomass, colonization rates by M. brunneum were not correlated with spider mite population size, indicating that the spider mite resistance was induced by the presence of the fungus but not related to its extent of plant colonization.

Rhizosphere microbiota can not only influence plant growth and development but also increase resistance to pests, diseases and heavy metals (Morgan et al., 2005). However, the composition of microbial communities is sensitive to external disturbances (Allison and Martiny, 2008), which can influence their related ecological roles. For instance, the secretion of photosynthates through root exudates strongly affects rhizosphere microbial populations (Dai et al., 2021). But also the application of bio-inoculants, including fungi and bacteria, could affect soil microbial composition and diversity that ultimately influences plant performance and outcomes toward different ecological interactions (Cornell et al., 2021). Bacteria are known to respond faster to external factors than fungi. One limitation of our study is its short time duration, which makes it more difficult to detect effects on microbial diversity, especially since time is an important factor for changes in bacterial compositions (Hannula et al., 2019). The physiological and molecular factors involved in fungal rhizosphere competencies are not very well understood. Here we show, contrary to our expectation, that adding Metarhizium, especially when done in drenching, impacted the fungal community composition but not the bacterial community composition, which was only affected by the presence of spider mites. We speculate that the effects on fungi are through direct interaction with Metarhizium (making up to 80% of the relative abundance of the fungal community), leading to increased competition between species. When Metarhizium was less dominant in the community (through seed application), the effects on the community structure of fungi were less evident, indicating that there might be dose-dependency. The effects of spider mites were more evident for the bacterial than for the fungal community, but the role of the various bacteria that either increased or decreased in abundance due to spider mite presence remains to be tested. These changes are potentially due to direct interactions with spider mites, or due to changes in plant quality, root exudation patterns, changes in release of signaling compounds (Hu et al., 2018) or due to other mechanisms. In particular, an increasing number of studies has shown the importance of biotic stress-induced changes in root exudation patterns that lead to the recruitment of rhizosphere bacteria that subsequently contribute to enhanced plant immunity or the ability of the plant to cope with the biotic stress that triggered their recruitment (Berendsen et al., 2012, 2018; Hu et al., 2018; Carrión et al., 2019).

One explicit factor investigated in our study was the use of different methods for the application of M. brunneum in tomato plants. Some responses were strongly affected by differences in inoculation methods, e.g., growth and rhizosphere microbial communities, while others were less strongly affected, e.g., population growth of spider mites, levels of tested metabolites and rate of endophytic colonization. Interestingly, plant inoculation by soil drenching or seed inoculation alone led to less strong effects on growth, but not to less strong effects on spider mite resistance compared to the combination treatment. Likewise, soil drenching affected fungal microbial communities more than seed treatment, possibly due to the higher abundance of M. brunneum in the rhizosphere resulting from drenching compared to seed inoculation. On the one hand, it is critical to investigate in detail whether inoculation methods such as soil drenching that result in high rhizosphere densities of M. brunneum do not negatively affect the diversity or composition of rhizosphere fungal communities, on the other hand, the persistence of Metarhizium in high densities in the soil is considered good for biocontrol (Zimmermann, 2007). In any case, the inoculation method should be considered an important factor in studies with entomopathogens for a better understanding of plant responses and better use of these bio-control agents.

In conclusion, M. brunneum enhanced both tomato growth and tomato resistance to spider mites with all inoculation methods used, but treatments with soil drenching or a combination of seed treatment and soil drenching were more efficient. When applied as a combination of seed inoculation and soil drenching, M. brunneum reinforced the spider mite-induced production of CGA. Whereas such a priming effect could in principle contribute to the fungus-mediated reduction in spider mite population growth on these plants, we failed to observe an overall negative correlation between leaf CGA levels and spider mite population size, as observed for some other phloem and cell content feeders. We, therefore, speculate that fungal inoculation may have led to the production of other defense compounds that were not investigated in this study that were primarily responsible for, or acted synergistically with CGA, in activating fungus-induced plant defense. We further showed that inoculations with M. brunneum, especially through soil drenching, has a significant impact on the composition and diversity of the fungal but not the bacterial rhizosphere community. The consequences of such modulations need further study. We encourage further studies to focus on plant-mediated defense strategies of EPF for a more comprehensive understanding of mechanisms underlying their effects on pest resistance and growth promotion. Overall, the beneficial associations between EPF and plants represent an exciting area of research that could have important implications for sustainable agriculture and environmental management.
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To establish a safe, efficient, and simple biocontrol measure for gray mold disease caused by Botrytis cinerea, the basic characteristics and antifungal activity of KRS005 were studied from multiple aspects including morphological observation, multilocus sequence analysis and typing (MLSA–MLST), physical-biochemical assays, broad-spectrum inhibitory activities, control efficiency of gray mold, and determination of plant immunity. The strain KRS005, identified as Bacillus amyloliquefaciens, demonstrated broad-spectrum inhibitory activities against various pathogenic fungi by dual confrontation culture assays, of which the inhibition rate of B. cinerea was up to 90.3%. Notably, through the evaluation of control efficiency, it was found that KRS005 fermentation broth could effectively control the occurrence of tobacco leaves gray mold by determining the lesion diameter and biomass of B. cinerea on tobacco leaves still had a high control effect after dilution of 100 folds. Meanwhile, KRS005 fermentation broth had no impact on the mesophyll tissue of tobacco leaves. Further studies showed that plant defense-related genes involved in reactive oxygen species (ROS), salicylic acid (SA), and jasmonic acid (JA)-related signal pathways were significantly upregulated when tobacco leaves were sprayed with KRS005 cell-free supernatant. In addition, KRS005 could inhibit cell membrane damage and increase the permeability of B. cinerea. Overall, KRS005, as a promising biocontrol agent, would likely serve as an alternative to chemical fungicides to control gray mold.

KEYWORDS
 gray mold, Botrytis cinerea, biological control, Bacillus amyloliquefaciens, plant immunity


1. Introduction

Gray mold of plants is difficult to control because the pathogen, Botrytis cinerea, can endure for a long time as mycelium and/or conidia. Botrytis cinerea causes significant losses in a variety of crops worldwide, including tobacco plants. Tobacco gray mold disease occurs during seedling growth and foliar maturity. Botrytis cinerea is more destructive on tobacco seedlings, stem bases, and leaves. Gray mold was first found in Japan in 1981 on tobacco and has been found in other countries around the world. The disease was first reported in Guizhou, China, and appeared on the leaves as small spots increased in size and developed into expanded, dark brown lesions under cool, humid conditions (Wang et al., 2011). China is the largest tobacco market, and gray mold occurs in both field and greenhouse crops, reaching more than 40% on many crops if no control is applied (Pedras et al., 2011; Villa-Rojas et al., 2012). Spraying chemical fungicides and biological agents is the control technique for gray mold prevention, the former is the main control method showing high effectiveness in suppressing B. cinerea. However, chemical fungicides have a high incidence of resistance that is unfavorable to biocontrol. There are five recognized classes of chemical fungicides based on their mechanisms, ranging from affecting respiration, microtubule assembly, osmotic pressure regulation, and sterol biosynthesis inhibitors to amino acid reversible toxicity (Rosslenbroich and Stuebler, 2000). Chemical reagents were reported to be the most effective reagents in controlling gray mold in agricultural production. However, due to long-time and continuous exposure to the same chemical fungicides, B. cinerea has developed significant drug resistance (Leroux et al., 2004). In addition, long-term and large-scale applications of synthetic chemical pesticides would cause serious environmental pollution, disrupt the ecological balance, and threaten the health of humans and animals because of crop residues (Hernández et al., 2013; Bernardes et al., 2015).

Biological control, as its merits in reducing disease occurrence, improvement of plant defense response, and promoting plant growth, has received increased attention in recent years (Nalini and Parthasarathi, 2014; Grzegorczyk and Cirvilleri, 2017; Sun et al., 2022). Furthermore, the biological control method is environment-friendly and safe for humans and animals, which provides long-time prevention of plant diseases through the antagonistic microorganism colonization in soil and rhizosphere (Wan et al., 2008; Wu et al., 2009). In short, due to the advantages of low toxicity and pollution, safety, and efficiency, biocontrol technology has been intensively applied to field control in recent years with remarkable effects (Kaewchai et al., 2009).

Biological control microorganisms (namely antagonistic microorganisms) involving bacteria, fungi, and actinomycetes have been identified and studied as potential biological agents (Fontana et al., 2021; Bonaterra et al., 2022; Pandit et al., 2022). Various biological agents have obvious inhibitory effects on B. cinerea, of which an approach based on the genus Bacillus has been developed and applied to control plant diseases (Yuan et al., 2017; Agarbati et al., 2022). For instance, B. amyloliquefaciens GJ1, B. subtilis PTS-394, Z-14, and Pnf-4 have been reported to promote plant growth and enhance resistance to gray mold (Qiao et al., 2017; Chen et al., 2019; Nan et al., 2021). Bacillus licheniformis GL174 and MG-4 could inhibit the growth of fungal pathogens and reduce the severity of fungal infections in vitro (Nigris et al., 2018; Chen et al., 2019). The antifungal experiments have shown that Pseudomonas strain QBA5 can inhibit conidial germination, germ tube elongation, and mycelial growth, which suggested that strain QBA5 has a significant preventive effect against the gray mold (Gao et al., 2018).

Since purified Bacillus strains have been shown to inhibit other pathogenic fungi, they are more commonly used in biological control (Ji et al., 2021), of which the antagonistic and growth-promoting functions of B. amyloliquefaciens strains were reported in many studies. It has been proved that the active antifungal substance produced by B. amyloliquefaciens BA-26 inhibited the mycelial growth of B. cinerea, disrupted the cell membrane, and inhibited spore germination (Liu et al., 2019). The culture filtrates and extracts of B. amyloliquefaciens RS-25 showed strong cellulase and protease activities and were also inhibitory to the gray mold of grapes (Chen et al., 2019). Bacillus amyloliquefaciens NCPSJ7 reduced postharvest grape incidence, spot diameter, and rot index and partially inhibited gray mold (Zhou et al., 2020). Plants infected by pathogens usually exhibit physiological and biochemical changes such as defense responses (Thomma et al., 2001; Dı́az et al., 2002). For example, the novel protein inducer of B. amyloliquefaciens NC6 causes well-defined hypersensitivity response (HR) necrosis in tobacco and may also trigger the expression of plant defense-related genes involved in salicylic acid (SA), phenylalanine aminolase lyase (PAL), and jasmonic acid (JA) signal pathways (Wang et al., 2016).

In this study, the strain KRS005 with biological control effects was isolated from cotton samples and identified using physiological-biochemical and molecular methods. Then the antagonistic activity against various fungal strains and their ability to induce systemic resistance was confirmed. Further results on the effect of gray mold proved that KRS005 provides a potential for developing and applying biological agents to control plant gray mold.



2. Materials and methods


2.1. Growth of microbes and plant material

The strain KRS005 was isolated from cotton root tissue. The method of isolation was as follows: the healthy cotton roots were cut into small pieces (about 10 mm) and surface disinfected with 70% ethanol for 1 min, and 1.0% NaClO solution for 5 min. The root samples rinsed with sterilized water were ground in a sterilized mortar to obtain a cell suspension. The resulting cell suspension was diluted for 10−6 and striped on Luria-Bertani (LB) medium without antibiotics, followed by incubation at 28°C for 2 days. Single colonies with different cultural traits were picked from the plate and further purified on LB plates to obtain a pure culture of bacteria, respectively.

Plant pathogenic fungi were cultured on potato dextrose agar plates (PDA: glucose, 20 g/L; potato, 200 g/L; agar, 15–20 g/L; ddH2O, 1,000 mL) at 25°C. The strain KRS005 was inoculated in Luria-Bertani (LB: yeast extract, 5 g/L; peptone, 10 g/L; NaCl, 10 g/L; agar, 15–20 g/L; ddH2O, 1,000 mL). The KRS005 fermentation broth was cultured in a shaking incubator at 200 rpm and 28°C. To improve the antifungal activity of KRS005, the formulation of the medium was optimized according to a previous report (Apine and Jadhav, 2011), including 98% (w/w) of potassium humate, 90% (w/w) of compound amino acid 1.5 g/L, defoaming agents 1 mL, ddH2O, 1,000 mL, which named as LB-OP. The cell-free supernatant of KRS005 was prepared as the following method: the strain KRS005 was inoculated in a 500 mL flask containing 300 mL optimized LB-OP broth at 28°C and shaking at 200 rpm for 4 days. Then, the fermentation supernatant was harvested by centrifugation at 10,000 rpm. The generated supernatant was filtered using a 0.22 μm Millipore filter to obtain the cell-free supernatant.

Tobacco seedlings (Nicotiana benthamiana LAB) were cultivated in a greenhouse with 16 h-light/8 h-dark photoperiods at 25°C for 4 weeks. Each experiment was conducted with the same batch of tobacco seedlings.



2.2. Identification of physiological and biochemical characteristics

To detect the characteristics of KRS005, the isolate was streaked on an LB plate. Cells from a single colony were used for gram staining according to Moyes et al. (2009). For detecting phosphate solubilization ability, KRS005 was cultured on the Pikovskava (PVK) medium [glucose 10.0 g/L, (NH4)2SO4 0.5 g/L NaCl 0.3 g/L MgSO4 0.3 g/L, MnSO4 0.03 g/L, KCl 0.3 g/L, FeSO4 0.03 g/L, Ca3(PO4)2 5.0 g/L, agar 15.0 g/L, ddH2O 1,000 mL pH 7.4], followed by incubation at 28°C for 2–3 days. For the observation of nitrogen fixation ability, the KRS005 was cultured on the nitrogen-free agar medium (KH2PO4 0.2 g/L, NaCl 0.2 g/L, MgSO4 0.2 g/L, CaCO3 5.0 g/L, K2SO4 0.1 g/L, glucose 10.0 g/L, agar 15.0 g/L, ddH2O 1,000 mL pH 7.4) at 28°C for 2–3 days. In addition, Alexandrov medium (sucrose 5.0 g/L, MgSO4·7H2O 0.5 g/L, CaCO3 0.1 g/L, Na2HPO4 2.0 g/L, FeCl3·6H2O 0.005 g/L, glass powder/ potash feldspar, 1.0 g/L, agar 15 g/L, ddH2O 1,000 mL pH 7.4) was used to determine the potassium solubilization ability. Siderophore production of KRS005 was determined according to the description of Schwyn and Neilands (1987) and Wang et al. (2023). Protease activity assay was performed with the medium prepared with 10 mL fresh skim milk, yeast 0.5 g/L, extract 0.5 g/L, NaCl 15 g/L, ddH2O 1,000 mL, pH 7.2. The inorganic salt medium [K2HPO4 1.0 g/L, MgSO4 1.0 g/L, NaCl 1.0 g/L, (NH4)2SO4 2.0 g/L, CaCO3 2.0 g/L, FeSO4 0.001 g/L, MnCl2 0.001 g/L, ZnSO4 0.001 g/L, soluble starch 10.0 g/L, ddH2O 1,000 mL, pH 7.2] was used to determine the amylase activity. The medium for the measurement of citrate utilization activity included NaCl 5.0 g/L, MgSO4·7H2O 0.2 g/L, (NH4)2HPO4 1 g/L, K2HPO4 1 g/L, sodium citrate 2 g/L, ddH2O 1,000 mL, adjusting pH to 7.0 with 10 mL of 1% bromophenol blue.

In all of the physiological and biochemical tests, Escherichia coli DH5α was used as a control. Each treatment was conducted in three replicates, and every test was performed at least three times. All plates were cultured for 24 h at 28°C.



2.3. Phylogenetic analysis

The amplification of gyrB, gyrA, and rpoB genes was performed through the following process: the initial degeneration at 95°C for 3 min, followed by 33 cycles at 95°C for 15 s, 60°C for 20 s, 72°C for 2 min, and finally 72°C for 5 min. The PCR products were sequenced and aligned, respectively, in the NCBI database.1 The phylogenetic tree was constructed with MEGA6 using maximum likelihood. The bootstrap of 10,000 replications was performed to assess the relative stability of the branches. The used primer pairs were listed in Supplementary Table S1.



2.4. Determination for antifungal activity of KRS005 in vitro

In total, six plant pathogenic fungi were treated with stain KRS005 to assess the broad-spectrum inhibitory activities. A measure of 20 μL KRS005 fermentation broth was streaked 20 mm away from the plate center, where a pathogenic mycelial disc of 5 mm was placed in the center of the PDA plate.

The pathogenic bacteria semi-diameter of the KRS005 treatment side and control side were denoted as “A” and “B,” respectively. And the inhibition rate (IR) was calculated as the formula: IR (%) = [(B-A)/B] × 100. All of the pathogenic fungi were treated with three different concentrations (5, 10, and 15% (v/v), respectively) in the PDA plate, and the untreated PDA plate was used for the control. All of the plates were incubated at 25°C for 3–7 days, the morphology of each treatment was observed, and the distance from the center of the colony to its edge was measured. The pathogenic bacteria diameter of the KRS005 treatment side and control side were denoted as “C” and “D,” respectively. And the inhibition rate (IR) was calculated as the formula: IR (%) = [(D − C)/D] × 100. Three replicates were maintained for each treatment, and the assay was conducted twice.



2.5. Control effect of KRS005 against gray mold of tobacco

In order to evaluate the biocontrol activity of isolate KRS005 against gray mold caused by B. cinerea, four-week-old tobacco seedlings were treated with KRS005 fermentation broth (1.8 × 108 CFU/mL), fragmentized liquid (FL), and cell-free supernatant, respectively, by spraying on the tobacco leaves. The treatment of spraying LB broth on leaves was set as a control. After 24 h, the plant was inoculated with B. cinerea strain. The treatment plants were placed in the incubator with 25°C and 80% humidity for 4 days. The diameter of the lesion in leaves under different treatments was measured, and the biomass was detected by quantitative PCR (qPCR). The different treatments were performed on at least six leaves, and the experiment was repeated three times independently.



2.6. Analysis of relative fungal biomass

Genomic DNA of B. cinerea was extracted using a DNA isolation mini kit (TransGen, Beijing, China). In fungal biomass analysis, qPCR was performed with tobacco elongation factor NbEF1-α as internal reference genes to quantify the DNA of B. cinerea using the target of BcActin. The amplification reaction was conducted using 2 × TransStart Top Green qPCR SuperMix (TransGen Biotech, Beijing, China) and the QuantStudio 5 Real-Time PCR system (Thermo Fisher Scientific, United States). The cycling parameters included initial denaturation at 95°C for 3 min, followed by 40 cycles of 95°C denaturation for 15 s, 60°C annealing for 20 s, and 72°C extension for 20 s. The 2−ΔΔCT method (Livak and Schmittgen, 2001) based on CT values was used to calculate the relative expression level. The qPCR experiment was repeated twice, and each treatment contained three technical replicates. All the primer pairs are listed in Supplementary Table S1.



2.7. Detection of plant defense-related genes expression

Four-week-old tobacco leaves were treated with KRS005 fermentation broth, and the ddH2O treatment was used as a control. The spraying plants were cultivated at 25°C under a 16 h light/ 8 h dark greenhouse. The tobacco mesophyll cells were observed at 24 h. The tobacco leaves were injected with different cell-free supernatant concentrations [5, 10, 15, 20, 25, 30, 35, and 40% (v/v)]. LB-OP, GFP, and VdEG1 were used as negative and positive controls, respectively. The VdEG1 acted as a pathogen-associated molecular pattern (PAMP) to trigger plant immunity response and induce cell death (Gui et al., 2017). Reactive oxygen species (ROS) burst was detected with a 3′3-diaminobenzidine (DAB) solution for 8 h, as described previously (Bindschedler et al., 2006). The leaves were heated for 20 min in ethanol to eliminate chlorophyll. The optical density value is directly related to the mass of the stain. The more the substance is being measured, the higher the optical density value (Varghese et al., 2014). The results were photographed and observed with a stereomicroscope. The optical density was calculated using ImageJ software.

The defense response-related gene expression levels were detected using reverse transcription-quantitative PCR (RT-qPCR). The leaf samples were collected at 6 h for RNA extraction (TransGen, Beijing, China). Firstly, first-strand cDNA was synthesized from 400 ng of total RNA using TransScript II One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China).

RT-qPCR reaction analysis was carried out in a total 20 μL volume containing 7.8 μL of RNase-free water, 10 μL of 2 × SYBR Premix (Tli RNaseH Plus; Takara Bio), 0.6 μL of 10 μM of each forward and reverse gene-specific primer, and 1.5 μL of fold diluted cDNA template. RT-qPCR parameters were followed by The NbEF1-α of the housekeeping gene used for normalization. The condition follows an initial denaturation step at 95°C for 3 min, 40 cycles of 95°C denaturation for 15 s, 60°C annealing for 20 s, and 72°C extension for 20 s. The expression of the target genes in different samples was calculated using the formula 2–ΔΔCT mothed and presented as a value relative to that of the control treatment. The RT-qPCR experiment was repeated twice, and each contained three technical replicates. All of the primers are listed in Supplementary Table S1.



2.8. Growth and development of Botrytis cinerea by KRS005

Confocal microscopy observations of B. cinerea treated by KRS005 fermentation broth were used to reveal the effects on mycelial morphology. The strain KRS005 was cultured in LB-OP medium at 28°C for 3 days with 200 rpm, cell-free supernatant was collected from culture filtrate by centrifuging at 8,000 g for 10 min. Cell-free supernatant was mixed with PDA medium for incubation, and a hypha patch of B. cinerea was placed in the center of the plate after the medium had solidified the culture plate and incubated at 25°C for 24 and 48 h to measure the mycelial diameter. The change in membrane permeability was used to determine the transmembrane conductivity. Mycelial of B. cinerea from a six-day-old colony was suspended in the solution containing 0.01% (v/v) Tween—80. Next, cell-free supernatant of KRS005 was added to B. cinerea mycelial suspension at concentrations of 5%, 10%, 15%, and 100% (v/v), respectively. The electric conductivity of mycelial suspensions of B. cinerea was measured after 40, 100, 200, 300, 500, 1,440, and 2,880 min. The effect of cell membrane permeability of B. cinerea by measuring electrolyte leakage, using the modified methods (Zhang et al., 2016; Liu et al., 2017), followed by measurement of solution ionic conductivity using a conductivity meter (Mettler-Toledo, Shanghai, China) with a Probe LE703. Each treatment had at least three biological repeats, and the assay was replicated three times.




3. Results


3.1. Molecular-based to identify the taxonomy of an endophyte microbe from cotton

In this study, we screened the potential biocontrol microorganisms isolated from the cotton stem, named KRS005. The colony of strain KRS005 is pale yellow in color, suborbicular, and with a dry surface, which also exhibited an irregular edge at 12 and 24 h after culturing on Luria-Bertani (LB) medium at 28°C (Figure 1A). Isolate KRS005 was identified as a gram-positive strain by gram staining (Figure 1B). To further identify the taxonomy of KRS005, the phylogenetic analysis was performed by multilocus sequence analysis and typing (MLSA–MLST). In detail, three loci of type II topoisomerase DNA gyrase alpha-submit gene (gyrA), type II topoisomerase DNA gyrase beta-subunit gene (gyrB), and RNA polymerase beta-subunit gene (rpoB) were amplified from the KRS005 genomic DNA, respectively, using the specific primers listed in Supplementary Table S1. The sequence analysis used the BLASTn from National Center for Biotechnology Information (NCBI). The phylogenetic analysis involved in the MLSA-MLST (tandem loci as gyrB − gyrA − rpoB) was performed with a high bootstrap value of 99% (Figure 1C). Together, these results suggested that the KRS005 isolated from cotton stem is a gram-positive strain and belongs to Bacillus amyloliquefaciens.
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FIGURE 1
 Identify the taxonomy of an endophyte microbe KRS005 from cotton stem. (A) Morphological characteristics of strain KRS005 on LB medium plate cultured 12 and 24 h. (B) Gram staining observation under an optical microscope, Pseudomonas alcaligenes was severed as gram-negative control. (C) Phylogenetic tree of the KRS005 strain and its homolog bacterial species by searching with the gyrB, gyrA, and rpoB nucleotide sequences. The phylogenetic tree was performed by MLSA-MLST methods using the connection of gyrB, gyrA, and rpoB sequence, with MEGA6.0 software. Escherichia coli (08BKT055439) was used as an outgroup to root the tree. The bootstrap analysis was performed with 10,000 replications.




3.2. Physiological and biochemical properties of KRS005

To further identify KRS005 as B. amyloliquefaciens, the analysis of physiological and biochemical characteristics involved in siderophore production, phenylalanine deamination, indole production, methyl red (MR) reaction, nitrate reduction, gelatin liquefaction, and hydrogen sulfide were performed. The results indicated KRS005 has the ability of phosphate utilization, hydrogen sulfide production, nitrate reduction, and gelatin liquefaction (Figure 2A). The clearing ring of agar plates containing starch around the colony exhibits its ability of starch hydrolysis. Compared to the negative control, DH5α, the physiological tests showed that the strain KRS005 could hydrolyze starch and protein, suggesting the strain can produce amylase and protease. In addition, the indole enzyme was positive (Figure 2B). In comparison, the screening tests for the formation of sulfide tests, methyl red reaction, and nitrate reduction were negative. KRS005 can utilize citric acid as a carbon source (Figure 2C). According to the physiological and biochemical properties of the strain, the property of KRS005 is consistent with those strains of B. amyloliquefaciens in previous reports.
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FIGURE 2
 Physiological and biochemical characteristics of strain KRS005. (A) Nitrogen fixation, phosphate and potassium solubilization ability, and siderophore production of KRS005 were determined. (B) Gelatin liquefaction, amylase activity, proteinase activity, and indole assays. (C) Sulfide reaction, citrate, methyl red, and nitrate reduction were determined. E. coli DH5α was severed as control. “+” indicates that the result is positive reaction, “−” indicates that the result is negative reaction. In all of the physiological and biochemical tests, Escherichia coli DH5α was used as a control, each treatment was conducted in three replicates, and every test was performed at least three times.




3.3. Broad-spectrum inhibitory activity of KRS005 on plant pathogenic fungi

To assess whether the strain KRS005 had a broad-spectrum antifungal activity, six pathogenic fungi were detected by dual confrontation culture. The results showed that strain KRS005 had different degree of inhibition on the mycelial growth of six pathogenic fungi, of which the inhibition rate of B. cinerea was the highest, as high as 90.3%, and Verticillium dahliae, Colletotrichum falcatum, and C. gloeosporioides were 89%, 72.9%, 70.8%, respectively, compared to control (Figures 3A,B). For investigating antifungal efficiency, the cell-free supernatant of KRS005 was added to the PDA plates with 5, 10, and 15% (v/v), respectively. PDA plate without the cell-free supernatant was used as control. The colony diameters of different pathogenic fungi were measured to assess the antifungal activity. The results demonstrated that different concentrations (5%, 10%, and 15% (v/v), respectively) of cell-free supernatant of KRS005 had varying degrees of inhibitory effects on the pathogen fungi tested, and the inhibitory effect on pathogenic fungi was enhanced with increased concentration. Among which the 15% cell-free supernatant of KRS005 could completely inhibit the growth of V. dahliae, C. gloeosporioides, C. falcatum, and M. oryzae, respectively, and the inhibition rate on B. cinerea was up to 60.7% (Figures 3C,D). In addition, the inhibition rate of B. cinerea was positively correlated with the proportion of cell-free supernatant. Taken together, these results indicated that strain KRS005 had a broad-spectrum inhibitory effect on various phytopathogenic fungi, especially in B. cinerea. Moreover, its cell-free supernatant also demonstrated a significant inhibitory effect, indicating that KRS005 is a potential biocontrol agent.

[image: Figure 3]

FIGURE 3
 The broad-spectrum activity of KRS005 against plant pathogenic fungi. (A) In vitro effect of KRS005 on the plant pathogens. Botrytis cinerea and Verticillium dahliae, Fusarium graminearum, Colletotrichum falcatum, Colletotrichum gloeosporioides, and Magnaporthe oryzae were cultured on potato dextrose agar (PDA) medium in the presence of KRS005. (B) The inhibition rate of KRS005 against plant pathogenic fungi. (C) Phenotypes for KRS005 cell-free supernatant against plant pathogenic fungi. (D) The inhibition rate of KRS005 cell-free supernatant against plant pathogenic fungi. Blue text indicates the inhibition rate. Error bars represent standard deviations. *, ***, and **** indicate the significant difference at p < 0.05, p < 0.001, and p < 0.0001, respectively, according to the unpaired Student’s t-test.




3.4. The biocontrol effect of strain KRS005 on gray mold

As described above, the screening for antagonistic activity revealed that KRS005 reduced the mycelial growth of B. cinerea by 90.3% (Figure 3B). Thus, the inhibitory activity of isolated KRS005 to plant pathogenic fungi, especially B. cinerea, was further studied in vivo. First, the fermentation broth (FB), fragmentized liquid (FL), and cell-free supernatant of KRS005 were added to the PDA plates at different dilution ratios, respectively, and the antifungal activity was observed in all treatments, which indicated that these liquids had good antifungal activity. Especially, FB and FL still keep a stable activity at the dilution of 100 and 200 folds, respectively (Figure 4A). Moreover, the isolate KRS005 FB was sprayed on the four-week-old tobacco leaves for 24 h, and inoculated B. cinerea on leaves for the lesion diameter measurement of 3 days. The results showed that there was a significant reduction in the size of disease development of B. cinerea in KRS005-treated tobacco leaves, including KRS005 FB, FL, and cell-free supernatant, compared with control (Figure 4B). According to the diameter of the leaf lesion, the disease was evaluated on a 0–2 scale, of which Grade 0 indicates 0 mm of leaf lesion diameter, Grade 1 indicates 0–10 mm of leaf lesion diameter, and Grade 2 was equal or greater than 10 mm. These results demonstrated that the lesion diameter of gray mold on KRS005-treated (FB, FL, cell-free supernatant) tobacco leaves was significantly lower than that of the control (Figure 4C). Fungal biomass was analyzed by quantitative PCR (qPCR), and the results showed that the reproduction of fungi decreased significantly under 100-fold dilution of KRS005 FB treatment (Figure 4D). The lesion diameter was decreased when a high proportion of KRS005 FB was used, and then the KRS005 had a strong biocontrol effect on gray mold after dilution (Figures 4B–D). Together, these results indicated that B. amyloliquefaciens KRS005 has a prospect in the prevention and control of tobacco gray mold.
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FIGURE 4
 Effect of different treatments of KRS005 on gray mold. (A) Antifungal effect of different KRS005 culture filtrate on Botrytis cinerea growth. (B) Different KRS005 culture filtrate inhibits gray mold lesions on tobacco leaves at 4 days post-inoculation (dpi). LB: LB broth, 100 × FB: diluted 100-fold of fermentation broth, 100 × FL: diluted 100-fold of fragmentized liquid, Supernatant: cell-free supernatant. (C) Disease incidences of infected leaves at 4 dpi. The diameter of the lesion was decreased in KRS005-treated leaves compared with the control. The grade of disease was classified as 0, 1, 2, with the lesion diameter as 0 mm, 1~10 mm, and more than 10 mm, respectively. (D) The fungal biomass in tobacco leaves by quantitative PCR (qPCR) at 4 dpi. Error bars represent standard deviations, and asterisks *, **, ***, and **** indicate the significant difference at p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively, according to unpaired Student’s t-test.




3.5. The KRS005 triggers plant immunity response

The safety of biocontrol strain is an essential precondition for further application. The pathogenicity of KRS005 was examined by spraying FB on tobacco leaves, and mesophyll cells were observed using the stereomicroscope. The results demonstrated no virulence on leaves, and the mesophyll cells were intact (Figure 5A). The production of reactive oxygen species (ROS) is a common immune response in plants. To explore whether tobacco resistance was triggered, the concentration of ROS was determined by DAB staining. The cell-free supernatant of KRS005 was injected into the tobacco leaves, and the typical PAMPs VdEG1 and GFP were severed as positive and negative controls, respectively. These assays indicated that KRS005 cell-free supernatant could induce a strong ROS response at 30, 35, 40, and 100% (v/v) concentrations, respectively (Figure 5B). The phenotype observation and optical density of the leaves’ injection area also showed that the 30% (v/v) KRS005 cell-free supernatant could induce a higher ROS response than the positive control VdEG1 (Figures 5C,D). Moreover, the expression level of ROS response-related marker genes was detected by RT-qPCR. The NbRbohA and NbRbohB were upregulated (Figure 5E).
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FIGURE 5
 KRS005 triggers plant immunity response. (A) Phytotoxicity of KRS005 culture filtrate on tobacco leaves after 12 h (Scale bars = 50 μm). (B,C) DAB staining observations of tobacco leaves treated with KRS005 cell-free supernatant. LB-OP, Luria-Bertani optimized medium optical density; GFP, Green fluorescent protein used for negative control; EG1, effector VdEG1 that triggers cell death (Scale bars = 10 μm). (D) DAB optical density (OD) data. (E,F) Expression of defense-related genes in tobacco leaves of uninoculated or uninoculated cell-free supernatant-treated or mock-treated tobacco plants 6 h after treatments. Error bars represent standard deviations, and asterisks *, ***, and **** indicate the significant difference at p < 0.05, p < 0.001, and p < 0.0001, respectively, according to unpaired Student’s t-test.


In addition, the expression profiles of SA (NbPR1, NbPR2), JA (NbLOX, NbPR4), and HR-related genes (NbHSR203, NbHIN1) were detected by RT-qPCR after spraying the KRS005 cell-free supernatant in tobacco plants. According to the results, cell-free supernatants elicited defense responses in tobacco plants, as the expression of defense-related genes was significantly upregulated in plants treated with cell-free supernatants compared to plants inoculated with water. KRS005 could trigger plant immunity by ROS response and HR, SA/JA-related signal pathway.



3.6. The cell-free supernatant of KRS005 influences the growth and morphology of Botrytis cinerea

To examine the antifungal activity of the strain KRS005 against the mycelial growth of B. cinerea, the KRS005 FB or cell-free supernatant was added to the LB plate. Then the B. cinerea was inoculated on the center of the PDA plate. Both FB and cell-free supernatant completely inhibit B. cinerea growth however, the growth of B. cinerea on PDA plate with LB was not affected (Figures 6A,B). The morphological development of B. cinerea mycelia was observed under cell-free supernatant stress. The growth of B. cinerea on PDA plate containing the same amount of LB was severed as control. Botrytis cinerea mycelia were significantly (p < 0.0001) inhibited after 24 h of 30% (v/v) cell-free supernatant stress culture. The cell-free supernatant of KRS005 caused tube length reduction and led to abnormal development (Figure 6C). With the increase in incubation time (48 h), the distortion of B. cinerea mycelia became more obvious. The mycelia treated with the 30% (v/v) cell-free supernatant were irregularly reticulated and uneven in thickness, and the top of them was crooked, twisted, and shriveled. On the contrary, the B. cinerea mycelia of the control group were uniform in thickness and slender, with fewer branches and a good growth state (Figure 6C).
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FIGURE 6
 The KRS005 influences the growth and morphology of Botrytis cinerea. (A) The cell-free supernatant of KRS005 significantly inhibited the mycelial growth of B. cinerea. LB-OP: PDA medium was mixed with optimized Luria-Bertani at 2:1, FB: PDA medium was mixed with fermentation broth at 2:1, Supernatant: PDA medium was mixed with fermentation broth at 2:1. (B) Botrytis cinerea colony diameter from three repeated experiments. (C) Inhibition of the plate fungistatic experiment of the normal mycelium, and mycelium treated with 30% of cell-free supernatant. LB medium as negative control. S: cell-free supernatant. The fungal structures were observed with 10 × and 40 × objectives, respectively (Scale bars = 20 μm). (D) Effect of KRS005 cell-free supernatant on cell membrane permeability of B. cinerea. Error bars represent standard deviations. The asterisks *, ***, and **** indicate the significant difference at p < 0.05, p < 0.001, and p < 0.0001, respectively, according to the unpaired Student’s t-test.


In this study, KRS005 could damage the cell membrane of B. cinerea was detected by electric conductivity determination. An increase in electrical conductivity was observed over time when B. cinerea was exposed to increasing concentrations of cell-free supernatant at 5%, 15%, 30%, and 50% (v/v), respectively, which suggested the cell membrane permeability of B. cinerea was increased rapidly in response to increasing concentrations of cell-free supernatant (Figure 6D). Together, these assays suggested that KRS005 could directly inhibit the morphological development of B. cinerea mycelia, which may result in cell membrane damage and increased permeability of B. cinerea.




4. Discussion

Fungicides are currently the main strategy to control gray mold caused by the plant fungal pathogen B. cinerea, and account for 10% of the market share (Dean et al., 2012). Botrytis cinerea is one of the major fungal pathogens, causing harvest losses in a wide range of tobacco (Dean et al., 2012; Chowdhury et al., 2015). However, for the sake of environmental pollution and chemical pesticide resistance, the demand for biological control agents is increasing, which are usually used to reduce the infestation of insect pests and plant pathogens. In recent years, Bacillus sp. has been considered one of the best biogenic agents for controlling plant pathogens, which are mainly applied as solid or liquid fertilizers (Javed et al., 2020) and have exhibited excellent control effects on diseases in cucumber (e.g., gray mold and powdery mildew), strawberry (e.g., gray mold and downy mildew), grapes (e.g., gray mold and white rot), pepper (e.g., gray mold and leaf spot), and other crops (Kim et al., 2013; Hamaoka et al., 2021; Kazerooni et al., 2021; Nifakos et al., 2021). The biological control of the gray mold satisfies environmental protection because it leaves low residue on plants. It is worth noting that the reasons that the bacterial strains from the genus Bacillus are characterized as biocontrol agents are based on their ability not only to control pathogen propagation but also to improve plant growth and health (Chowdhury et al., 2015). Of which, B. amyloliquefaciens as a biological fertilizer in agriculture, and plant growth promotion (PGP) mechanism has been extensively investigated. Some strains were reported to have the functions of siderophore production, phosphate/potassium solubilization, and nitrogen fixation, and change the soil microbial community that improves the effectiveness of mineral nutrients and the root environment for crop growth. Moreover, there were other strains that could produce hormones and volatile organic compounds (VOCs) related to plant cell and root growth, promoting plant nutrient acquisition. For instance, B. amyloliquefaciens DHA55 exhibited significant antifungal activities against Fusarium on the root surface of watermelon (Al-Mutar et al., 2023). Strain Oj-2.16 exhibited a high inhibition rate against Verticillium dahliae in tomato of up to 89.26% and promoted the growth of tomato seedlings (Pei et al., 2022). Similarly, Bacillus has a control effect against gray mold.

In this study, an antagonistic strain KRS005 was isolated from cotton tissue, and its potential as a biological control agent was investigated. In order to identify the strain, morphological, physiological, and biochemical characteristics were studied by standard methods (Moyes et al., 2009). Strain KRS005 was identified as B. amyloliquefaciens by gram staining and phylogenetic analysis (Figure 1), and the biocontrol efficacy of B. amyloliquefaciens against a variety of plant diseases was studied (Zheng et al., 2018). It has been reported in previous studies that Bacillus has a role in the control of fungal diseases. The control mechanisms mainly include inhibiting fungal growth and improving plant disease resistance. Enzyme activity showed that secondary metabolites hydrolyze the cell wall of pathogenic fungi (Aktuganov et al., 2007; Chowdhury et al., 2015). Gelatinase, protease, and amylase were detected in physiological and biochemical experiments, which may help isolate KRS005 to catalyze and hydrolyze the cell wall of pathogenic fungi (Figure 2). The starch hydrolysis assay measured the ability of bacterial isolates to produce α-amylase, an enzyme that hydrolyzes polysaccharides such as starch (Simair et al., 2017). Inhibition of fungal growth by biological control agents was assessed by measuring the relative radius of mycelium growth (Khan et al., 2018; Besset-Manzoni et al., 2019; Dai et al., 2021). In our study, the bacteriostatic test was carried out by plain scratching or coating method. In vitro, B. amyloliquefaciens showed high activity as a biocontrol agent against gray mold (Figure 3). In addition, KRS005 fermentation broth diluted 100 times can effectively reduce the occurrence of tobacco gray mold (Figure 4). Compared with the fermentation broth of KRS005, the cell-free supernatant of KRS005 has shown a lower inhibitory rate on the mycelial growth of B. cinerea. This implied that KRS005 may inhibit pathogen fungi by volatile organic compounds (VOCs), which will provide a reference for future work.

The KRS005 fermentation broth caused the mycelium of B. cinerea to form a balloon-like structure, resulting in the inhibition of mycelium growth. In addition, the KRS005 fermentation broth inhibited and delayed the elongation of the germ tube. The possible role strain mode includes fungal cell wall degradation. The electrolyte leakage test confirmed that the activities of KRS005 cell wall degradation enzymes had a degrading effect on the cell wall of B. cinerea (Figure 6). Moreover, the cell-free supernatant of KRS005 showed inhibitory effects on different fungal species such as B. cinerea and V. dahliae (Figure 3). However, the active antifungal metabolites were not analyzed (Ju et al., 2014).

On the other hand, we also investigated whether strain KRS005 inhibits the growth of pathogenic fungi by triggering plant immunity. Beneficial strain-induced defense responses controlled by signal networks, such as reactive oxygen species (ROS) bursts, HR, SA, and JA, play an important role (Hammond-Kosack and Parker, 2003). In addition, a large amount of evidence has shown that plant-microbial synergy has a positive effect on improving plant disease resistance and stress resistance, and promoting plant growth and yield. For instance, B. amyloliquefaciens strain NC6 could induce typical HR, activate ROS bursts in tobacco leaves, and enhance tobacco resistance to B. cinerea by triggering the upregulation of defense-related genes and accumulation of antimicrobial compounds (Wang et al., 2016). Further indicate that KRS005 may also trigger the expression of some plant defense genes responsive to different phytohormonal pathways (Basit et al., 2021). In tobacco leaves treated with cell-free supernatant, the ROS/HR-responsive genes, NbHIN1, NbRbohA, and NbRbohB, were strongly upregulated, while the expression of SA/JA-responsive genes, NbPR2, NbLOX, and NbPR4, were only slightly induced (Figure 5). The reduced pathogen population might be due to the defense responses evoked by strain KRS005 because the induction of defense-related gene expression accompanied the suppression of pathogen growth in the tissue of KRS005-treated plants. After further study, KRS005 enhances tobacco disease resistance to B. cinerea by triggering resistance-related gene up-regulation. These results indicate that our research helps to elucidate the mechanisms of KRS005-induced systemic resistance in tobacco. Hence, the effect of strain KRS005 on tobacco defense response showed that it meets the production safety standards.

In conclusion, although the substances released by the strain KRS005 have not been identified, it has been demonstrated that the most polar substances in this extract had antifungal action. The results of this integrated approach conclude that the strain KRS005 could be used as a biocontrol agent through its ability to inhibit the growth of fungal pathogens and reduce the severity of fungal infections in vitro. Bacillus amyloliquefaciens KRS005 is likely a good candidate microbial resource to be tested under greenhouse conditions to verify the biocontrol effect and other economically important crops.
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Fungal endophytes can improve plant tolerance to abiotic stress conditions. Dark septate endophytes (DSEs) belong to phylogenetically non-related groups of root colonizing fungi among the Ascomycota with high melanin-producing activities. They can be isolated from roots of more than 600 plant species in diverse ecosystems. Still the knowledge about their interaction with host plants and their contribution to stress alleviation is limited. The current work aimed to test the abilities of three DSEs (Periconia macrospinosa, Cadophora sp., Leptodontidium sp.) to alleviate moderate and high salt stress in tomato plants. By including an albino mutant, the role of melanin for the interaction with plants and salt stress alleviation could also be tested. P. macrospinosa and Cadophora sp. improved shoot and root growth 6 weeks after inoculation under moderate and high salt stress conditions. No matter how much salt stress was applied, macroelement (P, N, and C) contents were unaffected by DSE inoculation. The four tested DSE strains successfully colonized the roots of tomato, but the colonization level was clearly reduced in the albino mutant of Leptodontidium sp. Any difference in the effects on plant growth between the Leptodontidium sp. wild type strain and the albino mutant could, however, not be observed. These results show that particular DSEs are able to increase salt tolerance as they promote plant growth specifically under stress condition. Increased plant biomasses combined with stable nutrient contents resulted in higher P uptake in shoots of inoculated plants at moderate and high salt conditions and higher N uptake in the absence of salt stress in all inoculated plants, in P. macrospinosa-inoculated plants at moderate salt condition and in all inoculated plants except the albino mutants at high salt condition. In summary, melanin in DSEs seems to be important for the colonization process, but does not influence growth, nutrient uptake or salt tolerance of plants.

KEYWORDS
 dark septate endophytes, Periconia macrospinosa
, Cadophora sp., Leptodontidium sp., albino mutant, salt stress alleviation, plant nutrition


Introduction

Abiotic stress is one of the most limitation factors that negatively affect plant development and production (Potters et al., 2007; Thakur et al., 2010). During their life cycle, plants are subjected to many abiotic stress factors. Salinity stress is a very important environmental factor that leads to reduction of plant growth (Yamaguchi and Blumwald, 2005; Shahbaz and Ashraf, 2013). Eight hundred million hectares of agricultural lands are impaired due to soil salinity all over the world (FAO, 2008). To diminish the adverse effects of salt stress on plants, many strategies can be used such as leaching excessive salinity, growing salt-tolerant plants in salt-stressed soils or inoculate plants with beneficial microbes (Al-Karaki et al., 2001; Li et al., 2017). Many studies reported that endophytic fungi can alleviate salt stress of their associated plant (Jogawat et al., 2013; Laxmi et al., 2016; Li et al., 2017; Zhang et al., 2019; Bouzouina et al., 2020). For instance, plants inoculated with arbuscular mycorrhizal fungi (AMF) were reported to contain lower levels of Na (Dixon et al., 1993; Sharifi et al., 2007; Zuccarini and Okurowska, 2008; Balliu et al., 2015; Sallaku et al., 2019; Wang et al., 2022). Furthermore, it was demonstrated that Serendipita indica increases salt tolerance of associated plants (Waller et al., 2005; Baltruschat et al., 2008; Bagheri et al., 2013; Balliu et al., 2015; Yun et al., 2018; Abdelaziz et al., 2019; Kord et al., 2019; Sallaku et al., 2019).

Dark septate endophytes (DSEs) are a sub-group of endophytic fungi that belong to Ascomycetes and are featured by their melanized and septate hyphae. They produce conidial as well as sterile hyphae that colonize roots intracellularly or intercellularly. Most terrestrial plants are colonized by DSEs (Jumpponen and Trappe, 1998; Mandyam and Jumpponen, 2005), and DSEs could be isolated from plants living in different ecosystems (Jumpponen and Trappe, 1998; Kovács and Szigetvari, 2002; Rodriguez et al., 2009; Sonjak et al., 2009; Alberton et al., 2010; Knapp et al., 2012). However, little attention has been paid to DSEs compared to other groups of plant root colonizers (e.g., the AMF). DSEs showed antagonistic (Fernando and Currah, 1996; Yu et al., 2001b; Yakti et al., 2018), neutral (Berthelot et al., 2016), and mutualistic relations with plants (Andrade-Linares et al., 2011a,b; Vergara et al., 2018; Harsonowati et al., 2020). A meta-analysis suggested mainly positive effects, especially when nitrogen nutrition of the plants is limited (Newsham, 2011).

Tomato is an economically important crop; its productivity and yield are adversely affected by salt stress. The production and consumption of tomato are permanently increasing (Gerszberg et al., 2015). Besides its economic value, tomato is a model in plant science as long as it has many advantages such as easy maintenance, simple diploid genetics, short generation time, and easiness of genetic transformation (Barone et al., 2008). Altogether this make tomato an excellent species for both basic and applied plant research (Ranjan et al., 2012). It has been reported that DSEs positively affected some parameters and fruit quality of tomato plants (Andrade-Linares et al., 2011b). Moreover, Yakti et al. (2018) showed that Periconia macrospinosa and Cadophora sp. improved shoot biomass of tomato plants when cultivated with inorganic fertilizers.

In the current study, we used three models of dark septate endophytes Periconia macrospinosa (DSE 2036), Cadophora sp. (DSE 1049), Leptodontidium sp. (Me07, melanized WT) and the corresponding mutant of Leptodontidium sp. (non-melanized albino mutant Δ1110) for testing the following hypotheses. Firstly, DSEs inoculation under control and two levels of salt stress able to improve tomato growth and to confer salt stress tolerance. Secondly, melanin has a positive role in the interaction of DSEs with tomato plants and salt stress alleviation. Finally, DSE inoculation impact nutrient uptake of the plant under control or salt conditions.



Materials and methods


Dark septate endophytes used in this study

In our study, three strains of DSEs were used. The strains P. macrospinosa (DSE 2036), Cadophora sp. (DSE 1049; Knapp et al., 2012, 2015) and Leptodontidium sp. (Me07; Berthelot et al., 2016; Knapp and Kovács, 2016). An albino mutant of Leptodontidium sp. (Δ1110) was also used. This mutant was derived from the Me07 strain and was previously obtained by T-DNA insertion mutagenesis followed by phenotypical screening (Berthelot et al., 2017). Further information about origins and classification of the DSEs strains can also be found in Gaber et al. (2020).



Preparation of DSEs inocula

Dark septate endophyte inocula were prepared according to the method described by Likar and Regvar (2013). Briefly, glass jars were filled with a mixture of 500 g vermiculite (RIGK GmbH, Wiesbaden, Germany) and 250 mL of potato dextrose broth (PDB; Roth, Karlsruhe, Germany) inoculated with seven plugs with 9 mm diameter of DSEs that were previously grown on potato dextrose agar (PDA) and Pachlewski agar media. Jars for mock inoculation received autoclaved plugs and media. These pots were sealed and incubated at 25°C in the dark for 3 weeks. During this incubation period, pots were shaken twice a week to enable homogenous growth of DSEs in the substrate.



Plants–DSEs interaction experimental setup

To investigate the effect of DSEs on tomato growth and nutrient uptake, Solanum lycopersicum cv. Moneymaker was inoculated with the different DSE strains. Seedlings of tomato plants were inoculated with P. macrospinosa, Cadophora sp., Leptodontidium sp. and mutant Δ1110. The substrate for seed germination and plant growth after inoculation contained a 1:1 ratio of sand (particle size: 0.5–1 mm; Euroquarz, Ottendorf-Okrilla, Germany) and vermiculite (RIGK GmbH, Wiesbaden, Germany) and was autoclaved before introducing plants and inocula.

Plant seed surface sterilization was conducted by soaking seeds for 20 min in ethanol (70%), then 5 min in NaOCl and finally rinsed with distilled water. Seeds were germinated for 1 week before seedlings were transferred to the pots containing or not the DSE inocula. A preliminary plant experiment was established to define the appropriate salt levels for application in the main experiment. Different salt concentrations were tested to reach electric conductivities (EC) of 4, 6, 7, 8, 9, and 11 dS/m compared to control EC of 2.5 dS/m. In the main experiment, NaCl was added or not to Hoagland solution (De Kreij et al., 1997) to reach three different EC levels: 2.5 dS/m (non-salinized controls without NaCl addition), 5.5 dS/m corresponding to 60 mM of NaCl (moderate salt) and 10.5 dS/m corresponding to 115 mM of NaCl (high salt). Salinization was gradually increased until it reached the desired levels about 2 weeks after transplanting. The EC of the non-salinized control treatment (2.5 dS/m) was equal to the EC of the nutrient solution. Every treatment had 7 replicates in 7 plant pots. Plants were grown for 6 weeks after transplantation, inoculation and before flowering. Plants were grown under the following growth chamber conditions; 23/18°C at day/night (16 h/8 h), relative humidity value of 50% and light intensity of 400 μmol/m−2 s−1.



Plant harvest and sample preparation for further analyses

At harvest, fresh weight (FW) of shoots and roots were recorded. Root aliquots were taken for staining by trypan blue (Phillips and Hayman, 1970; Koske and Gemma, 1989; Sigma-Aldrich, Munich, Germany) or wheat germ agglutinin—Alexa Fluor™ 488 (WGA-AF™ 488; Molecular Probes, Karlsruhe, Germany).

The remaining roots and shoots were dried for 2 days at 60°C, and dry weight (DW) was recorded. Shoot dry biomass was ground for further use in plant nutrient content analysis.



Staining of fungal structures and root colonization intensity by DSEs

For confirmation of plant root colonization by DSEs, root fragments from each of the three plants per treatment were randomly chosen and stained by trypan blue (Phillips and Hayman, 1970; Koske and Gemma, 1989) and WGA-AF™ 488 (Deshmukh et al., 2007; Redkar et al., 2018). For trypan blue staining, 30 tomato root fragments of 10–15 mm length were treated with 5% KOH at 90°C for 15 min, then by 1% HCl at 20°C overnight. HCl was removed and replaced by 0.05% (w/v) trypan blue in lactoglycerol (1,1,1 lactic acid, glycerol and water), and heated for 30 min at 90°C. For discoloration, roots were incubated for 24 h in 50% (v/v) glycerol and stored in lactic acid at room temperature. Finally, colonization was monitored by light microscopy. For WGA-AF™ 488 staining, root fragments (5–10 mm length) were incubated with 5 μg mL−1 of WGA-AF™ 488 for 10 min. Fungal hyphae and structures were further visualized by confocal laser microscopy. The autofluorescence of root cells was detected between 420 and 470 nm. An argon laser was used to excite Alexa Fluor R 488, and fluorescence of fungal structures was detected between 500 and 550 nm. Images were obtained using an EVOS™ FL Cell Imaging System (Life Technologies, CA, United States).

The intensity of root colonization by DSEs was calculated based on 30 trypan blue-stained fragments (10–15 mm length) per sample according to previous studies (McGonigle et al., 1990; Likar and Regvar, 2013). Briefly, the calculation was based on a five-class system ranking: rare (n1; ~ 1% of the root fragment colonized), low (n2; 1–10%), medium (n3; 11–50%); high (n4; 51 90%); and abundant (n5; 91–100%).

Dark septate endophyte colonization intensity (%) = [(95xn5) + (70xn4) + (30xn3) + (5xn2) + (xn1)] / total number of fragments (30).

nX = number of fragments rated as class X.



Determination of shoot mineral element contents

Total phosphorus (P), nitrogen (N), carbon (C), sodium (Na) and potassium (K) contents were determined in plants (Gericke and Kurmies, 1952). Shortly, 200–300 mg of dried powder of shoots were digested in 5 mL 65% HNO3 and 2 mL of 30% H2O2 at 200°C for 15 min in a microwave (MARSXpress 250/50; CEM Corporation, North Carolina, United States). Distilled water was added to the digested samples to reach a volume of 25 mL. After filtration, P concentrations were obtained using a colorimetric spectrophotometer (EPOS 5060 analyzer, Eppendorf, Germany) at the wavelength 436 nm (Gericke and Kurmies, 1952). For N and C quantification, the filtrate was analyzed in an elemental analyzer (Elementar Vario EL, Elementar, Germany) according to DUMAS method (Dumas, 1831). Na and K concentrations were determined in the filtrate by emission spectroscopy with an emission spectrophotometer (ICP-OES, Thermo Fisher Dreieich, Germany) by using wavelengths of 589 and 592 nm for Na and 766 and 490 nm for K (Gericke and Kurmies, 1952). Inocula preparation, plant experiments and post-harvest analyses were carried out in laboratories and phytochambers of Leibniz Institute of Vegetable and Ornamental Crops (IGZ), Germany.



Statistical analysis

All statistical analyses were carried out with the Statistica software (version 12, Tulsa, OK, United States). The normal distribution of data was inspected using the Kolmogorov–Smirnov test. Homogeneity of variance, as well as factorial analyses of variance (ANOVA) were conducted for detecting differences between values. Post-hoc analysis was carried out by Tukey HSD test.




Results


Root colonization by DSEs

Root samples of DSE-inoculated and mock-inoculated plants were stained with trypan blue and WGA-AF™ 488 to visualize the different fungal structures formed by the DSEs. No structures of DSEs could be observed in the roots of mock-inoculated plants. Inoculation with the three different DSEs and the melanin mutant did not cause any obvious disease symptoms. Microscopic observations of fungal structures in root samples confirmed successful DSE colonization of all inoculated plants. This was indicated by different particular morphological structures of DSEs inside plant roots. The roots of inoculated plants harbored intercellular hyphae of P. macrospinosa and Cadophora sp. (Figures 1A,B, respectively) and intracellular hyphae in Cadophora sp. and Leptodontidium sp. wild-type (WT; Figures 1B,E, respectively). As particular structures, characteristic septate hyphae of Cadophora sp. (Figure 1B), early developmental stage microsclerotia (Figure 1C) and microsclerotia of Leptodontidium sp. WT formed as a result of loosely packed cells (Figure 1D) were observed. Moreover, other structures were noticed such as microsclerotia-like structures of Leptodontidium sp. WT in both cortex and root hair cells (Figures 1F,G).
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FIGURE 1
 Morphological characteristics of Dark septate endophytes (DSEs) in tomato plant roots. WGA-AF™ 488 -stained root samples of tomato plants inoculated with Periconia macrospinosa and Cadophora sp. (A,B, respectively) were observed by confocal laser microscopy whereas trypan blue-stained roots and mycelia of Leptodontidium sp. were observed by optical microscopy (C–G). Endophytic mycelia of Periconia macrospinosa (A) and aggregations of mycelia or microsclerotia-like structure (arrows in A). Septate mycelia Cadophora sp. (arrows in B) and intracellular hyphae of Leptodontidium sp. (arrows in E). Early developmental stage of microsclerotia (C) and loosely packed microsclerotia (D) of Leptodontidium sp. Microsclerotia-like structures of Leptodontidium sp. in root cells (arrows in F) and root hairs (G).


Quantification of colonization revealed that colonization intensity of plants inoculated with P. macrospinosa, Cadophora sp., and Leptodontidium sp. WT ranged from 45.2 to 79.5% (Figure 2). Colonization intensity of plants inoculated with the Leptodontidium sp. mutant was significantly lower compared to that of plants inoculated with the WT strain. Interestingly, colonization was not affected by the increased levels of salt stress neither in the case of the wild type strains nor in the case of the albino mutant.
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FIGURE 2
 Dark septate endophyte (DSE) colonization intensity in tomato roots. Tomato plants were mock-inoculated (no fungus), inoculated with Periconia macrospinosa (Per), Cadophora sp. (Cad), Leptodontidium sp. WT (Lep) or Leptodontidium sp. mutant Δ 1110 (Lep (M)). All plants were grown in no salt, moderate salt (60 mM NaCl) or high salt (115 mM NaCl) substrates. There are significant interactions according to two-way ANOVA (p = 0.05, n = 7) between the factor salt level and DSEs. Different letters indicate significant differences obtained by Tukey HSD (p < 0.05).




Effect of DSEs on plant growth

To investigate the effect of DSEs on plant growth, tomato plants were inoculated with different DSE isolates and FW and DW of the plants were measured 6 weeks after inoculation. Generally, the salt treatments dramatically reduced shoot and root FW (from 25.9 at no salt conditions to 8.9 gram at high salt conditions) and DW (from 4.4 at no salt conditions to 0.9 g at high salt conditions) of inoculated and mock-inoculated plants (no fungus) in comparison to the treatment without salt. After 6 weeks (Figure 3), none of the strains showed a significant influence on shoot FW or DW in the absence of salt stress. At moderate salt conditions, shoot FW was increased in all inoculations, but DW was only increased by P. macrospinosa (12.5 g) compared to control (8.28 g). P. macrospinosa was also the only fungus, which increased shoot FW (65.58 g) and DW (10.28 g) at high salt conditions compared to control plants with no DSE-inoculation (32.53 and 5.30 g, respectively; Figure 3).
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FIGURE 3
 Impact of DSEs on tomato shoot biomass. Plants were mock-inoculated (no fungus), inoculated with P. macrospinosa (Per), Cadophora sp. (Cad), Leptodontidium sp. WT (Lep) or Leptodontidium sp. mutant Δ 1110 (Lep (M)) and were grown in no salt, moderate salt (60 mM NaCl) or high salt (115 mM NaCl) substrates. Fresh and dry weights of shoots were measured 6 weeks after inoculation. Two-way ANOVA (p = 0.05, n = 7) was carried out and results are shown in Supplementary Table S1. Significant differences between inoculated and non-inoculated plants are indicated by different letters (p < 0.05).


Regarding root biomass (Figure 4), there was no effect of the strains on FW and DW in the absence of salt stress. There was, however, a significant increase of root FW in plants inoculated with P. macrospinosa (23.76 g), Leptodontidium sp. WT (21.15 g) and mutant Δ1110 (19.23 g) compared to controls (14.08 g) under moderate salt conditions. Under high salt conditions, P. macrospinosa (15.67 g) and Cadophora sp. (14.83 g) significantly improved root FW compared to control (14.08 g), while only plants inoculated with Cadophora sp. showed significantly higher root DW (1.78 g) compared to control (1.38 g). In contrast, Leptodontidium sp. WT significantly reduced root DW at high salt conditions compared to control conditions.
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FIGURE 4
 Impact of DSEs on tomato root biomass. Plants were non-inoculated (no fungus), inoculated with P. macrospinosa (Per), Cadophora sp. (Cad), Leptodontidium sp. WT (Lep) or Leptodontidium sp. mutant Δ1110 (Lep (M)) and were grown in no salt, moderate salt (60 mM NaCl) or high salt (115 mM NaCl) substrates. Fresh and dry weights of roots were measured 6 weeks after inoculation. Two-way ANOVA (p = 0.05, n = 7) was carried out and results are shown in Supplementary Table S1. Significant differences between inoculated and non-inoculated plants are indicated by different letters (p < 0.05).




Effect of DSEs on plant nutrition

In order to understand the contribution of DSEs in tomato acquisition of nutrients and how this could contribute to salt stress tolerance of plants, N, P, C, Na, and K contents were measured in shoots at the various salt-stress conditions.

The contents of P, N and C in shoots of plants that were inoculated with DSEs were not significantly different compared to mock-inoculated plants under all salt treatments (Figure 5). Similar trends were observed for Na contents in plants under all treatments apart from plants that were inoculated with P. macrospinosa. In this case, significantly higher Na contents in plant shoots (34 mg per g dry shoot weight) compared to mock-inoculated plants (24 mg per g dry weight shoot) were detected under high salt conditions (Figure 5). Inoculation of plants with DSEs could significantly decrease K contents compared to mock-inoculated plants under no and moderate salt conditions (Figure 5). Taking into account the DSE influence on biomass (Figure 6), P uptake per plant was significantly increased at moderate and high salt conditions by plant inoculation with all DSEs except Leptodontidium sp. Δ1110 mutant at high salt conditions. N uptake per plant was increased significantly when plants were inoculated with all DSEs in the absence of salt stress, P. macrospinosa at the moderate salt condition and with P. macrospinosa, Cadophora sp., Leptodontidium sp. at the high salt condition (Figure 6).
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FIGURE 5
 Impact of DSEs on the content of phosphorus (P), nitrogen (N), carbon (C), sodium (Na) and potassium (K) in tomato shoots. Plants were mock-inoculated (no fungus), inoculated with P. macrospinosa (Per), Cadophora sp. (Cad), Leptodontidium sp. WT (Lep) or Leptodontidium sp. mutant Δ1110 (Lep (M)) and were grown in no salt, moderate salt (60 mM NaCl) or high salt (115 mM NaCl) substrates. Contents of elements were measured. Two-way ANOVA (p = 0.05, n = 7) was carried out showing that the factors ‘DSEs’ and ‘salt’ had a significant impact on the concentration level of elements and that there was interaction between both factors for all elements. Significant differences are indicated by different letters (p < 0.05).
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FIGURE 6
 Impact of DSEs on the uptake of phosphorus (P) and nitrogen (N) in tomato shoots. Plants were mock-inoculated (no fungus), inoculated with P. macrospinosa (Per), Cadophora sp. (Cad), Leptodontidium sp. WT (Lep) or Leptodontidium sp. Mutant Δ1110 (Lep (M)) and were grown in no salt, moderate salt (60 mM NaCl) or high salt (115 mM NaCl) substrates. Two-way ANOVA (p = 0.05, n = 7) was carried out showing that the factors ‘DSEs’ and ‘salt’ had a significant impact on nutrient uptake and that there was interaction between both factors for all elements. Significant differences are indicated by different letters (p < 0.05).





Discussion

The impact of inoculation with the DSEs P. macrospinosa, Cadophora sp., Leptodontidium sp. and the melanin synthesis mutant of Leptodontidium sp. on tomato plants under control, moderate salt and high salt conditions was measured. Six weeks after inoculation of tomato plants, DSEs could successfully colonize plant roots as septate hyphae and microsclerotia of DSEs were visualized in roots. Microsclerotia and microsclerotia-like structures were detected in DSE-inoculated tomato roots. Microsclerotia have thick walls and can distinguished by their richness in glycogen, proteins and polyphosphates (Currah and Tsuneda, 1993; Yu et al., 2001a). Although, there is no information about the function and role of microsclerotia in plant colonization, Yu et al. (2001b) and Grünig et al. (2004) suggested that they may serve as propagules because their characteristics allow them to survive in living roots as well as in root debris. Moreover, it was previously reported (Berthelot et al., 2018) that there was no correlation between microscopy quantification of microsclerotia and the qPCR quantification of DSEs in plant roots. Probably, microsclerotia formation requires particular circumstances. For instance, carbon to nitrogen ratio of 10:1 for Trichoderma asperellum BRM-29104 strain that has ubiquitous ability to promote plant growth and health is the optimum nutrition conditions for microsclerotia high yield production (Locatelli et al., 2022). It could be similar in DSEs that microsclerotia formation needs special nutritional status such as high carbon content in the substrate. More studies are required to clarify the requirements needed for microsclerotia formation by DSEs in plant roots. Root colonization by DSEs has been reported to cause a variety of host responses (Jumpponen and Trappe, 1998). Salix glauca and Asparagus officinalis were, e.g., colonized by the DSEs L. orchidicola and Phialocephala fortinii, respectively, and stele tissue necrosis was observed in Salix roots (Fernando and Currah, 1996; Yu et al., 2001a). In the same context, Li et al. (2018) showed that some strains of Paraconiothyrium spp. and Darksidea spp. had a negative influence on the growth and mineral content of Ammopiptanthus mongolicus. In the current experiment, DSEs were able to colonize tomato roots without causing any disease symptoms, and this is in accordance with the results of Andrade-Linares et al. (2011a), Mahmoud and Narisawa (2013) and (Vergara et al., 2017), where DSEs also colonized tomato plants without pathogenicity symptoms.

It has been shown that DSEs could enhance tomato tolerance against different abiotic stress factors such as heavy metals. For instance, DSE strains of Phialophora mustea improved tomato seedlings growth and enhanced Zn and Cd tolerance by the reduction of metal uptake into roots and shoots and the improvement of antioxidant enzymes activities (Zhu et al., 2018). The effect of DSEs on plant growth under salt conditions has been rarely investigated. Here, DSEs could improve shoot and root growth 6 weeks after inoculation of tomato plants with P. macrospinosa and Cadophora sp., tomato shoot and root growth were enhanced under moderate and high salt conditions. Similarly, our data showed that P. macrospinosa and Cadophora sp. have induced growth promotion of tomato plants under control and different salt conditions. We showed that Leptodontidium sp. showed mostly neutral effect on tomato plant growth under control and salt conditions. In accordance with this result, some reports (Berthelot et al., 2016, 2018) showed that plants inoculated with DSEs did not show any effect on plant growth. As P. macrospinosa was able to confer salt stress tolerance, the first hypothesis therefore is accepted.

Under saline conditions, Cofré et al. (2012) showed that roots of Atriplex cordobensis colonization by DSEs did not show significant differences when isolated from three different saline sites indicating that DSEs could confer salt stress tolerance to plants. Furthermore, DSE positively contributed in the root development of host plants and alteration of the soil nutrient content and microbiota under different NaCl concentrations used (0, 1, 2, 3 g NaCl/kg soil; Hou et al., 2021). The inoculation of Phragmites australisa roots with DSE GG2D improved the survival of plant seedlings under salt stress (Gonzalez Mateu et al., 2020). Likewise, our data show that the intensity of root colonization by DSEs was not impacted by salt stress. Pan et al. (2018) also reported that DSEs had positive influences on the root morphological characteristics under salt-stress conditions. We previously reported the high level of salt stress tolerance of the DSEs used in our present study (Gaber et al., 2020). This therefore could explain the high root colonization intensity found under salt conditions. In addition, Macia-Vicente et al. (2012) showed that Lophiostoma sp. isolate with coding no. OTU01 was a highly colonizer of roots of Inula crithmoides, a halophytic plant, in the lower salt marsh.

As in AMF, there is not always a correlation between plant growth and the root colonization intensity by DSEs (Hildebrandt et al., 2007; Regvar et al., 2010). Results showed that tomato plants were less colonized by the albino mutant compared to the WT of Leptodontidium sp. and this was positively correlated with improved plant growth. The mechanisms underlying plant roots colonization by DSEs are rarely investigated. In this regard, Fernández et al. (2013) observed that the initial colonization of Megalastrum spectabile and Blechnum magellanicum roots consisted in superficial narrow, septate and more frequently melanized runner hyphae. Then, at the point where DSE-root penetration into the cortical cells, different types of melanized appressoria (swollen structures preceding penetration) were detected (Andrade-Linares et al., 2011b). Appressoria, which were initially discovered in plant pathogens, are also found in epiphytes, endophytes, saprobes, entomopathogens, and symbionts (Emmett and Parbery, 1975; Capital and Lao, 2020). Appressoria are therefore not organs that have developed particularly for plant pathogens infection mechanisms. When this information is linked with our findings, it suggests that melanin plays a key function in root colonization by DSEs. Although the current results gave already first hints for the impact of melanin accumulation on the interaction with the plant, this points still to the need for further experiments to investigate the mechanisms of melanin contribution in plant roots colonization and development of DSEs hyphal structures in root cells. Our second hypothesis therefore could be accepted.

Dark septate endophytes can improve tomato plant growth under different conditions. Andrade-Linares et al. (2011a) reported such growth promotion by the DSE fungus L. orchidicola under optimal mineral inorganic nutrient conditions (Mahmoud and Narisawa, 2013; Vergara et al., 2017) showed such effects in the presence of organic N. The capacity of DSEs to produce phytohormones is one of the suggested mechanisms for enhancing growth of plants. Several studies have found that endophytic fungi (such as Chaetomium globosum, Phoma glomerata, Penicillium sp., and Serendipita indica) produce indole acetic acid (IAA; Sirrenberg et al., 2007; Khan et al., 2011). IAA synthesis by endophytic fungi may play important roles in root and shoot growth and improve root surface absorption area that resulting to higher water and nutrient uptake and facilitate root colonization by other fungi (Sukumar et al., 2013).

Our results confirm that DSEs could enhance tomato plant growth in the presence of inorganic N. Many previous studies have discussed the role of DSEs in plant nutrition as they improve not only the growth, but also the nutrient content of inoculated plants (Haselwandter and Read, 1982; Jumpponen and Trappe, 1998). In addition, Knapp and Kovács (2016) confirmed that P. macrospinosa and Cadophora sp. have a broad capacity of enzymatic activities that enable them to use different sources for nutrition. In our study, tomato plants inoculated with DSEs exhibited higher dry weights of the shoots and roots than non-inoculated control plants in some treatments. This resulted in a significant increase in P and N uptake per plant, although the P contents did not differ between DSEs-inoculated and control plants whatever the experimental condition with or without salt stress. Therefore, the third hypothesis that nutrient uptake can be enhanced by DSEs can be accepted. This increased uptake leads to increased growth without the nutrient content is changed.

Physiologically, plants apply a strategy to cope with salt stress by maintaining ionic homeostasis (Zhu, 2001; Hu et al., 2012) because the accumulation of Na in high amounts is highly toxic for plants (Fortmeier and Schubert, 1995; Kohler et al., 2009). In addition, excessive amounts of Na lead to minimize K contents which finally cause stomatal disturbance. Moreover, high Na accumulation induces oxidative stress and decline photosynthesis (Mahajan and Tuteja, 2005). On the other hand, K activate many important enzymes in plant metabolism (Bhandal and Malik, 1988; Wang et al., 2013). Our results showed that plants inoculation with DSEs did not impact neither Na except in the plants inoculated with Periconia macrospinosa nor K contents in shoots. In accordance with our results, Farias et al. (2020) showed that salinity caused increase in calcium, sodium, and chloride contents in cowpea plants regardless of inoculation with DSEs (Sordariomycetes sp. 1-B′2 and Melanconiella elegans-21 W2). We suggest that the mechanism of alleviation of salt stress on plants by DSEs does not depend on balancing K/Na ratios.

It has been reported in many studies that melanin possesses antioxidant activities acting as a scavenger of reactive oxygen species produced in excessive amounts under stress conditions (Dharmik and Gomashe, 2013; Sun et al., 2017; Łopusiewicz et al., 2018; Łopusiewicz, 2018). In our study, we found that only tomato plants inoculated with the Leptodontidium sp. albino mutant Δ1110 showed higher shoot growth than mock-inoculated plants and plants inoculated with the WT under high salt conditions. We therefore reject this hypothesis and suggest that melanin does neither contribute to salt stress tolerance of the fungus itself (Gaber et al., 2020) nor does it play any role in plant growth improvement or salt stress alleviation in the plant.
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Soil salinity is one of the main problems that affects global crop yield. Researchers have attempted to alleviate the effects of salt stress on plant growth using a variety of approaches, including genetic modification of salt-tolerant plants, screening the higher salt-tolerant genotypes, and the inoculation of beneficial plant microbiome, such as plant growth-promoting bacteria (PGPB). PGPB mainly exists in the rhizosphere soil, plant tissues and on the surfaces of leaves or stems, and can promote plant growth and increase plant tolerance to abiotic stress. Many halophytes recruit salt-resistant microorganisms, and therefore endophytic bacteria isolated from halophytes can help enhance plant stress responses. Beneficial plant-microbe interactions are widespread in nature, and microbial communities provide an opportunity to understand these beneficial interactions. In this study, we provide a brief overview of the current state of plant microbiomes and give particular emphasis on its influence factors and discuss various mechanisms used by PGPB in alleviating salt stress for plants. Then, we also describe the relationship between bacterial Type VI secretion system and plant growth promotion.
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1. Introduction

Plants have relationships with various members of an ecosystem and can grow well in their natural environments. Plant microbiome refers to all microorganisms that survive in a specific environmental niche at a given time, and is one of the most important organisms that can have beneficial effects for plants, such as improving nutrient uptake, disease resistance, and stress tolerance (Santoyo et al., 2016; Trivedi et al., 2022; Xiong and Lu, 2022). Microbial communities can improve plant tolerance to biotic and abiotic stresses, and increase plant growth and yield by improving bioavailability for transporting nutrients from the soil. Microbial communities vary across different environments and are generally thought to be tissue-specific; they mainly colonize in root and tissues of plants or around roots in the soil. Bacteria that colonize and survive in the host plant are called endophytes (Bohra et al., 2022). However, the beneficial effects of endophytic bacteria on host plants are generally greater than those of plant growth promoting rhizosphere (PGPR), and these effects may be enhanced especially when plants are under stress (Miliute et al., 2015; Malik and Arora, 2022).

Plants start to establish their microbial community system, known as the seed-borne microbiome that is transmitted from the seed to the plant (Nelson, 2018; Abdelfattah et al., 2022), from the seed stage. The interplay between plants and their endophytes during the plant’s entire life cycle may have profound impacts on plant ecology, health, and productivity. The niche differentiation of microbial communities at the soil-root interface has attracted the most attention, due to different plant compartments provide different ecological niches for microbes living in them (Edwards et al., 2015). Plant roots (in the rhizosphere) act as a bridge connecting plants and soil microbes and secrete many photosynthates to the surrounding soil environment, providing a very attractive and nutrient-rich niche for microbes and making the rhizosphere have the highest microbial diversity (Singh and Mukerji, 2006).

Salt stress is one of the main factors limiting agricultural productivity and causing a significant loss of global crop yields (Ha-Tran et al., 2021). In order to cope with harsh environments, many strategies have been implemented, such as plant breeding, plant genetic engineering and climate-smart agriculture (Upadhyaya et al., 2021). Plant growth promoting bacteria (PGPB) have been shown to effectively improve plant tolerance to abiotic stress and increase crop yield, making them promising biofertilizers (Das et al., 2022; Zilaie et al., 2022). However, its unstable growth-promoting effect and unclear mechanism seriously hinder the use of microbial agents. In this review, we provide a brief overview of the current state of plant microbiomes and give particular emphasis on its influence factors and discuss various mechanisms used by PGPB in alleviating salt stress for plants. Then, we also describe the relationship between bacterial Type VI secretion system and plant growth promotion.



2. Effects of salt stress on plant growth

Soil salinity is one of the main abiotic stresses that limit plant growth and yield. Plants under salt stress have significantly reduced productivity, and the extent of these effects depends on salt content, plant type, and the stage of plant growth and development. Many studies have reported that high levels of soil salinity can inhibit see germination, significantly reduce root and shoot growth, as well as decrease plant photosynthesis, stomatal conductance, chlorophyll content, and mineral uptake (Laghmouchi et al., 2017; Sánchez-García et al., 2017). Currently, the mechanisms by which salt stress affects plant growth mainly include disturbances in plant hormone balance, changes in protein metabolism, inhibition of enzyme activity involved in nucleic acid metabolism, and nutrient uptake disorders, which are caused by osmotic effects and salt ion toxicity (Zhu, 2001; Amirjani, 2011). In addition, studies have also found that salt can inhibit cell membrane and cell wall maturation (Ismail and Horie, 2017).

The high salt concentration around the plant roots increases osmotic stress, which in turn leads to ion toxicity. Osmotic stress mainly affects water and nutrient uptake, seed germination, cell elongation, leaf development, lateral bud development, photosynthetic rate, transport from root to stem, and the supply of carbohydrates to meristematic tissues (Van Zelm et al., 2020). The ion toxicity of Na+ and Cl− hinders the absorption of nutrients such as Ca+ and K+, causing an imbalance in plant nutrition (Acosta-Motos et al., 2017). Soil salinity prevents the absorption of Ca+ by plants, affecting the growth of roots, root tips, and root hairs, reducing the areas where rhizobia can invade and the development of nodules (Bouhmouch et al., 2005). In addition, the increase in Na+ and Cl− content reduces the absorption and utilization of some elements (N, P, K, Mg) by plants. The imbalance of minerals usually changes the structure and chemical composition of the lipid bilayer of the membrane, and controls the selective transport of solutes and affects the ability of ions to transport inward, causing solute leakage and forming super-osmotic phenomena (Lodhi et al., 2009).

Ion toxicity also destroys the photosynthetic apparatus by blocking the photosystem II reaction center, oxygen-evolving complex, and electron transport chain, thereby inhibiting photosynthesis (Kan et al., 2017). The accumulation of a large amount of Na+ in plant tissues suppresses photosynthesis, resulting in the accumulation of reactive oxygen species, which have many adverse effects on plants, such as accelerating toxic reactions, DNA mutations, protein degradation, and membrane damage (Islam et al., 2015). Salt also has a negative effect on plant height and root length, causing stomatal closure, increasing leaf temperature, and reducing elongation (Yavaş and Hussain, 2022). As salt concentration increases, plant height and root length tend to decrease, and these negative results are related to changes in osmotic potential and the decreased ability of rice to absorb water and nutrients (Gain et al., 2004). Furthermore, stomatal closure can increase plant CO2 deficiency, leading to a decrease in enzyme activity in the Calvin cycle (Ashraf et al., 2020). In addition to the effects on plant organs and structures mentioned above, root zone salinization also hinders the developmental stages of individual plants. Overall, from seed germination to seed formation stages, salt has a serious impact on the physiological and biochemical activities of plants.



3. Plant microbiome

In natural ecosystems, organisms do not live alone, but in close association with a wide variety of microorganisms. In nature, plants do not grow like axenic organisms, but host a diverse microbial community named the plant microbiome (Müller et al., 2016). The plant microbiome plays an essential role in plant growth, improving the bioavailability of nutrients and increasing the host’s tolerance to biotic and abiotic stresses. In turn, host plants provide habitat and nutrients for microbes (Trivedi et al., 2020). In fact, microbial communities exist in almost all plant tissues, such as the soil-root interface (rhizosphere), the interior of plant tissues (endophyte), and the air-plant interface (phyllosphere) (de Medeiros Azevedo et al., 2021). All these microenvironments provide specific biotic and abiotic conditions for microbial communities to survive. Understanding plant-microbe interactions not only provides a better understanding of the role of microbes in plant growth and development, but also allows the use of their relationships for phytoremediation, sustainable crop production, and secondary metabolite production. However, it is important to note that the plant microbiome can be influenced by various environmental factors, host and other biotic and abiotic conditions. The plant microbiome contains mixed populations of taxa from diverse phyla, in which each member adapts to the host microenvironment in some way and co-exists with other members. Nonetheless, determining plant-microbiome interactions can be challenging due to the complexity of microbial community assembly mechanisms.


3.1. Phylogenetic structure of the plant microbiome

Healthy plants host taxonomically diverse microbial communities (Trivedi et al., 2020). Terrestrial plants are colonized by a huge variety of microorganisms that affect plant health and growth in beneficial, harmful, or neutral ways. Previous studies have confirmed that the host-microbial communities are not generally random assemblages, but show defined phylogenetic structures, and only a few major groups constitute the plant microbial communities with high abundance, including Proteobacteria, Actinobacteria and Bacteroidetes (Müller et al., 2016).

Many studies aimed to identify the core microbiome by phylogenetically distinct plant species or compartments. Yeoh et al. (2016) determined the core root microbes of sugarcane, including Proteobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, and Firmicutes, which were found to overlap with those of Arabidopsis thaliana, suggesting that some bacterial families may have a long-term association with plants (Yeoh et al., 2016). The study of core phyllosphere microbiomes of Arabidopsis, soybean and clover found that a high consistency of communities in leaves of these different plants (Delmotte et al., 2009). Proteobacteria, Actinobacteria and Bacteroidetes were the core phyllosphere microbiota in these three plants (Delmotte et al., 2009). Kembel et al. (2014) tested the relationships between the phyllosphere bacterial biodiversity and the functional traits, taxonomy and phylogeny of their plant host, and confirmed that the structure of phyllosphere bacterial community was highly correlated with the evolutionary relatedness of hosts and a series of plant functional traits related to host ecological strategies (Kembel et al., 2014). Similarly, Leff et al. (2015) observed the bacterial community composition is highly variable, but this variability is predictable and dependent on plant compartments (Leff et al., 2015). This work highlights the importance of considering plant spatial structure when studying plant-associated microbial communities and their effects on plant hosts.

The plant microbiome interacts with its host in a variety of manners and affect host’s growth. However, relatively little information is available on the composition and diversity of bacterial communities in different aboveground plant organs, especially those associated with flowers. Zarraonaindia et al. (2015) revealed some unique plant-associated microbiota by comparing the bacterial communities in grapevine leaves and flowers; the flower-associated microbiota almost entirely composed of Proteobacteria (Zarraonaindia et al., 2015). Junker and Keller (2015) determined that the leaves microbiome of Metrosideros polymorpha hosts a unique indicator community composed of relatively abundant bacterial groups; these indicator communities are accompanied by a large number of ubiquitous or rare bacteria with lower abundances.



3.2. Plant-associated microbiome assembly and driving factors

Microorganisms colonizing the host plant benefit from nutrients provided by the plant and form taxonomically consistent community patterns (Müller et al., 2016). This mechanism consists of two aspects: on the one hand, plants provide unoccupied niches for invading microorganisms, which are able to take advantage of the provided niche or nutrients, resulting in stochastic colonization events; on the other hand, plant-microbe coevolution might provide the basis for plant-driven selection processes, leading to key species that actively recruit microbial members or at least provide functions to plant hosts, which contribute to the shaping of the ultimate microbial community during plant development (Müller et al., 2016).

Plants act as environmental filters to shape the microbial communities, and there are many studies about the effects of microbial communities on their hosts (Adair and Douglas, 2017). However, the study of the mechanisms underlying the assembly of the plant microbiome is still in its infancy. Based on microbial communities and genetic evidence, Reinhold-Hurek et al. (2015) proposed a enrichment model of root-related microbiomes, explaining the reasons for the decreased diversity and increased specificity of microbial communities from the bulk soil to the root interior (Reinhold-Hurek et al., 2015). Soils provide a highly diverse microbiome that is influenced by soil physicochemical factors, environmental factors, and vegetation types. This process is mainly divided into three steps. In the first step, in the rhizosphere, the community may be refined due to the influence of roots, such as carbon source, oxygen, pH or nutrient consumption. In the second step, the community shows more obvious refinement in close contact with the host on the root surface, and plant genotype has a significant influence. Biofilm formation or specific adhesion mechanisms may be involved in this enrichment step. Third, in the least complex community, Proteobacteria is a fast-growing bacterium with high metabolic activity, which dominates the endosphere bacterial community. For endophytic bacteria, specific bacterial traits are required to colonize in plant tissues, such as community sensing, plant polysaccharide degradation or resistance to reactive oxygen species. Compared with other plant compartments, host genotype may have the greatest influence on community structure in this habitat.

The establishment of plant microbiome is a dynamic process, reflecting the changes of community composition over time in response to environmental changes. Among them, environmental conditions, root exudates, microbe-microbe and plant-microbe interactions, and various stages of plant development all affect the assembly of microbial communities (Huang et al., 2014). It is not clear whether bacteria establish a founding community early in plant development, and then constantly colonize in the new habitat by clonal propagation (Müller et al., 2016). Therefore, it is very difficult to understand a system as complex as the plant microbiome and to distinguish between co-evolving interactions and stochastic processes.

So far, little is known about the source of microbial communities and how plants shape their specific microbial communities. Although the initial bacterial communities are similar to their respective seed banks, they become more specific and more diverse as plants grow and develop (Chaparro et al., 2014; Müller et al., 2016). Hardoim et al. (2012) found that about 45% of the bacterial communities in rice progeny seeds were similar to the parental plant, indicating that the rice microbiome could be directly obtained from seeds and transmitted in the form of endophyte (Hardoim et al., 2012). The diversity and dynamics of seed microbiota represent the culmination of a complex process of microbial interactions mediated by the plant throughout its life cycle (Nelson, 2018). Microbes associated with endosperm are more likely to vertically spread, while those associated with seed coat are more likely to horizontally transmit (Barret et al., 2016).

Soil represents an extremely rich microbial pool on Earth, serving as a major seed bank for the microbiota of the rhizosphere and root, and a driving force for community formation (Müller et al., 2016). In many studies, it has been confirmed that soil type has a significant impact on rhizosphere microbial communities (Gottel et al., 2011; Lundberg et al., 2012; Edwards et al., 2015). In addition, under the same environmental and soil conditions, plant species and genotype are one of the driving factors for the structural and functional diversity of plant microbiomes (Matthews et al., 2019). The functional diversity of the microbiome is also affected by plant varieties or cultivars. Even the sister lines of the same hybrid had different root-associated diazotrophs in rice (Knauth et al., 2005). Moreover, the influence of plants on microbial communities seems to be heritable, reflected in the finding that the gene expression of the microbiota in interspecific hybrid rice showed the intermediate level between the parental species (Knauth et al., 2005). These studies suggest that plants act as filters for their microbiome. However, quantitative analysis of microbial community composition between ecotypes or plant varieties showed that differences in microbial diversity related to genotypes were relatively small compared with environmental factors (Edwards et al., 2015).

Finally, microorganisms themselves can also influence the establishment of microbial communities, which can be mediated via either directly at the microbial-microbial interaction or indirectly through host-microbial interactions. This feature has been confirmed in many studies. For example, Chapelle et al. (2016) analyzed the rhizosphere microbiome of sugar beet seedlings, and found that invasive pathogenic fungi could induce stress responses in rhizobacterial communities, leading to shifts in microbial community composition (Chapelle et al., 2016). Han et al. (2020) determined that some rhizosphere microbes in nodules were related to the composition of rhizobia, and confirmed that bacterial communities played a crucial role in the interaction between soybean rhizobia and host (Han et al., 2020). Niu et al. (2017) assembled a simple and representative synthetic bacterial model and studied the community assembly process of maize seedlings. The abundance of representative strains was monitored by selective culture-dependent method, and the role of each strain in community assembly was studied. When Enterobacter cloacae was removed, the community structure was completely lossed, indicating that E. cloacae plays the role of key species in this model ecosystem (Niu et al., 2017). In summary, current studies indicate that microbe-microbe-host interactions are one of the factors affecting the assembly of the plant microbiome.




4. PGPB mediated salinity-tolerance in plants

Plant growth-promoting bacteria (PGPB) is a kind of beneficial free-living bacteria in soil or colonized in plant tissue, which can promote plant growth and nutrient uptake, improve plant disease resistance, and suppress harmful microbes (Hoque et al., 2022; Khatoon et al., 2022). The most important thing is that PGPB is safe for the environment, humans and animals (Khabbaz et al., 2019). PGPB includes microorganisms isolated from different ecosystems such as soil, plants, and oceans, which can colonize the internal plant tissues and have several beneficial effects on the host directly or indirectly under salinity stress (Figure 1). Although thousands of PGPB species have been isolated over the past few decades, the mechanism of plant-growth promotion is still uncertain. Once successfully colonized in the rhizosphere as well as plant tissues, PGPB can help to facilitate plant growth through various mechanisms, such as regulating plant hormones and nutrient acquisition, and reducing ethylene production (Afzal et al., 2019). PGPB can also indirectly control plant health by suppressing infectious diseases (e.g., production of antibiotics and lyases, inhibition of nutrient uptake by pathogens, and activation of plant defense mechanisms), thereby protecting plants from pathogen attack (Miliute et al., 2015). Because of their extensive properties in maintaining crop health, as well as their environmentally friendly nature, PGPB have become an important component of sustainable agricultural development (Das et al., 2022).
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FIGURE 1
 PGPB mediate direct or indirect mechanism to improve salt tolerance in plants.


PGPB includes two groups of bacteria, namely, rhizospheric bacteria near plant roots and endophytic bacteria in plant tissues. In most cases, rhizospheric and endophytic PGPB use similar mechanisms to promote plant growth, and the main difference is that endophytic PGPB once colonizes the tissues of the host plant and is no longer affected by the vagaries of soil environmental conditions (Akhtar et al., 2022). These changing soil conditions may inhibit the function and proliferation of PGPB in the rhizosphere, and other soil bacteria may compete for the same invasive sites in the root surface of host plants. PGPB have been found as a promising way of boosting the yield and growth of salinity-stressed plants (Table 1).



TABLE 1 Impact of PGPB in alleviating salinity stress in plants.
[image: Table1]


4.1. Availability of plant nutrients

Many agricultural soils are of poor quality due to deficiency of one or more plant nutrients, so plant growth in this condition is suboptimal. In order to solve this problem and achieve higher crop yields, cultivators increasingly rely heavily on inorganic chemical-based fertilizers of nitrogen and phosphorus. The production of chemical fertilizers is not only costly, but also depletes non-renewable resources, such as oil and gas, and causes harmful effects to humans and the environment (Shirokov and Tikhnenko, 2021). It is clearly beneficial and sustainable if effective biological means of providing nitrogen and phosphorus to plants could be used to replace part of the chemical nitrogen and phosphorus usage (Glick, 2012). PGPB can help host plants to uptake nutrients, including nitrogen, iron, and phosphorus, which is considered a direct mechanism of plant growth promotion (Figure 2).
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FIGURE 2
 The potential mechanism of bacteria-mediated plant growth promotion under salt stress. Plant Growth Promoting Bacteria (PGPB) serve as a biofertilizer promote plant growth by enhancing nutrient availability, regulating plant hormones, and increasing plant stress tolerance. They increase the concentrations of growth hormones, such as gibberellins, cytokinins, while decreasing ethylene levels through ACC deaminase. Moreover, PGPB also produce volatile organic compounds (VOCs) that induce disease resistance and abiotic stress tolerance. In addition, PGPB alleviates stress by augmenting extracellular polysaccharides, osmoregulants, and antioxidants, thereby reducing reactive oxygen species and oxidative stress.



4.1.1. Nitrogen fixation

PGPB may prevent nutrient loss by fixing soil nutrients to increase the concentration and availability of nutrients in the rhizosphere. Common bacteria with biological nitrogen fixation are rhizobia and nitrogen-fixing bacteria, such as Rhizobia spp., Azospirillum brasilense, Burkholderia spp., Gluconacetobacter diazotrophicus, and Herbaspirillum seropedicae have been reported to increase host plant biomass by fixing atmospheric nitrogen (Bhattacharjee et al., 2008). In non-leguminous plants, PGPB has nitrogen-fixing effects by inducing the formation of nodules and secretes a unique nitrogenase that converts atmospheric nitrogen into ammonia (Aasfar et al., 2021). Endophytic bacteria are inferior to rhizobia in nitrogen fixation, while endophytic diazotrophic are very good in this respect. It has been found that G. diazotrophicus co-exists with plants such as spruce and pine, helping the conifers to grow in soils with severe nitrogen deficiency (Carrell and Frank, 2014).



4.1.2. Inorganic phosphorus solubilization

Although the content of phosphorus in soil is generally quite high, it occurs mostly in insoluble form and cannot be used by plants (Etesami, 2020). In addition, much of the soluble inorganic phosphorus used as fertilizer can form insoluble P-complexes with soil particles (Elhaissoufi et al., 2021). The limited bioavailability of phosphorus in soil, coupled with the importance of this element for plant growth, limits plant growth. Therefore, phosphate solubilizing PGPB can promote plant growth by the solubilization and mineralization of phosphorus, which is achieved by the release of phosphate from inorganic phosphorus and organic phosphorus by organic acids such as acetate, succinate, citrate and gluconate, or by phosphatases (Rebi et al., 2022). Endophytic bacteria can use many mechanisms such as acidification, chelation, ion exchange, and production of organic acids and phosphatases to increase the availability of soil phosphorus (Walia et al., 2017). Recent studies have proposed a new mechanism of phosphorus solubilization, which 2, 3-dimethyl fumaric acid, gluconic acid and butylamine secreted by Pseudomonas prosekii can dissolve phosphate by providing H+ ions and organic anions (Yu et al., 2019). The phosphate-solubilizing bacterium Burkholderia cepacia can secrete gluconic, formic acids and an unknown acid, which might be an important mechanism for phosphate solubilization (Pande et al., 2019).



4.1.3. Siderophore

Like phosphorus, a great amount of insoluble iron in soil is not available for plants. In iron-deficient conditions, bacteria can effectively bind iron through two strategies, including releasing protons and organic acids to reduce soil pH, or secreting iron-chelating complexes (siderophore) that bind ferric ions. Plants can obtain iron from siderophore through root chelation degradation or ligand exchange (Albelda-Berenguer et al., 2019). PGPB prevents the proliferation of plant pathogens by secreting siderophores with an extremely high affinity for ferric iron, and the mechanism is that these siderophores bind tightly to most of the Fe3+ present in the rhizosphere and absorb the bound iron into the PGPB or host plant, preventing any fungal and bacterial pathogens from obtaining enough iron for their growth (Olanrewaju et al., 2017). As a result, pathogens are unable to reproduce due to iron deficiency, causing them to lose their ability to act as pathogens. The effectiveness of this biological control approach is based on the fact that the siderophores secreted by PGPB have a much higher affinity for iron than fungal siderophores (usually by many orders of magnitude) (Olanrewaju et al., 2017). Siderophores as iron chelators have been shown to promote plant growth significantly in many studies. When iron is not available, PGPB G. diazotrophicus and A. brasilense could produce hydroxamate and catechol type siderophores, respectively, to chelate iron and promote host absorption (Delaporte-Quintana et al., 2020). Another study has shown that some bacteria secrete growth-inhibitory siderophores that alter the interaction between the microbiome and pathogens. Rhizosphere microbiome members secreting growth-inhibiting siderophores could inhibit pathogens in vitro as well as in natural and greenhouse soils. Conversely, rhizosphere microbiome members with growth-promotive siderophores are often at a disadvantage in the competition and easily facilitate plant infection by the pathogen (Gu et al., 2020). This is one of the reasons why plants inoculated with PGPB show less of a growth promotion effect than expected.




4.2. Production and regulation of plant hormones

The physiological activities of most plants are regulated by one or more plant hormones. In addition to plants, many beneficial microbes can also synthesize plant hormones (Figure 2) (Khan et al., 2020). PGPB can promote nutrient uptake and metabolism of host plants by producing plant hormones (Stegelmeier et al., 2022). Studies have found that PGPB can secrete plant hormones, resulting in facilitated seed germination, accelerated root growth, changed root morphology, and increased root biomass (Olanrewaju et al., 2017). At present, many studies found that PGPB Azospirillum, Aeromonas, Azotobacter, Bacillus, Paenibacillus, Burkholderia, Enterobacter, Pantoea, Pseudomonas and Rhizobium are able to secrete plant hormones (Khabbaz et al., 2019). Plant hormones generally include abscisic acid, cytokinin, ethylene, gibberellin and indole-3-acetic acid (IAA); among them, IAA and ethylene are the two classical phytohormones in the plant-bacteria interaction (Stegelmeier et al., 2022).


4.2.1. IAA regulation

As a major plant hormone, IAA is involved in plant development and physiological processes, including intercellular signal transduction, regulation of plant growth, and induction of plant defense system (Tian et al., 2018). It can also facilitate the formation of lateral and adventive roots, affect photosynthesis and biosynthesis of metabolites, and mediate resistance to stress conditions (Li et al., 2021). IAA produced by PGPB and the plant’s endogenous IAA stimulate auxin signal transduction pathways, including various auxin response factors, thus resulting in stimulation of cell growth and proliferation (Ilangumaran and Smith, 2017).

IAA synthesized by bacteria may be involved in plant-bacteria interaction at different levels, especially in plant growth and nodule formation (Lobo et al., 2023). IAA produced by PGPB can either stimulate root development when the plant inherent IAA is suboptimal, or inhibit root growth when the concentration of IAA is already optimal (Munir et al., 2022). In addition, a plant’s endogenous IAA levels can also determine whether bacterial IAA promotes or inhibits plant growth, since bacterial IAA production generally favors plants with low endogenous IAA levels. Overall, bacterial IAA increases plant’s root surface area and length, thus providing the plant more access to soil nutrients (Yadav et al., 2022). In addition, bacterial IAA can loosen the plant cell walls, thus promoting an increase in the amount of root exudation that provide additional nutrients to support the growth of rhizosphere bacteria (Ahmad et al., 2022).



4.2.2. ACC deaminase

Ethylene is an important plant hormone involved in different developmental and physiological processes such as aging, shedding, and pathogen defense signals (Bayanati et al., 2021). Some PGPB possess 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity, which hydrolyzes the ethylene precursor, ACC, into α-ketobutyric acid and ammonia (Yadav et al., 2022). Therefore, hydrolysis of ACC can alleviate ethylene stress on plants and improve plant growth under stress conditions. Many PGPB can utilize ACC as a sole nitrogen source, indicating that these strains contain ACC deaminase (del Carmen Orozco-Mosqueda et al., 2020). So far, ACC deaminase in PGPB has proven to be a very effective mechanism to counter stress conditions in plants. However, these studies are limited to greenhouses and growing chambers.

Studies have shown that IAA promotes the transcription of genes encoding ACC synthase, thereby increasing ACC concentration and ultimately leading to ethylene accumulation (Glick, 2014). After environmental stress, PGPB containing ACC deaminase hydrolyzes ACC and reduces the ethylene level of plants, thus reducing the stress response of plants. In the absence of ACC deaminase-producing bacteria, ethylene restricts cell growth and proliferation by restricting auxin response factor transcription and stimulating IAA to produce additional ethylene (Khabbaz et al., 2019). Thus, in the presence of ACC deaminase, auxin response factor transcription is not inhibited, and IAA can stimulate cell growth and proliferation without causing ethylene accumulation. Therefore, ACC deaminase can not only reduce the inhibitory effect of ethylene on plant growth, but also enable IAA to promote plant growth to the maximum extent in the presence or absence of plant stress.



4.2.3. Cytokinin and gibberellin

In addition to IAA, many PGPB also produce cytokinin and gibberellin (Kumar et al., 2020). Cytokinin influences not only many aspects of plant growth, development and physiology, including cell division, chloroplast differentiation and delay of senescence, but also numerous plant-biotic interactions (Akhtar et al., 2019). It is worth noting that cytokinins are produced by both pathogenic and beneficial microbes and improve the resistance of plants against pathogen infections. Transgenic plants that overproduce cytokinins, especially during abiotic stress, can significantly mitigate the harmful effects of stress (Rivero et al., 2007). PGPB R. leguminosarum, Bacillus, and Pseudomonas can produce cytokinin, promote cell division and growth, enhance the absorption efficiency of nutrients, and thus as a result improve plant yield (Olanrewaju et al., 2017). In terms of biotic stress, studies have confirmed that cytokinin can initiate plant responses to trauma and insect pests by activating the expression of trauma-inducing genes and by inducing the increase of compounds against insect (Giron et al., 2013), which indicates that the physiological and metabolic signals of cytokinin may interfere on anti-herbivore defense in foliage (Akhtar et al., 2019).

Gibberellin is a plant growth regulator mainly involved in seed germination, leaf and stem growth, flowering, fruit formation and plant senescence (Desta and Amare, 2021). Bacteria that have been shown to produce a variety of gibberellins include: Acetobacter diazotrophicus, H. seropedicae, A. lipoferum, Rhizobium phaseoli, Enterococcus faecium, Sphingomonas, etc. (Ali et al., 2017). Compared with the research on cytokinins, relatively limited research has been done on the interactions among gibberellins and plants and microbes. In most cases, gibberellin produced by PGPB also exhibits other mechanisms that promote plant growth, and the phenotypic changes of different plant varieties are related to changes in plant growth hormone biosynthesis (Kurepin et al., 2015).




4.3. Inhibition of plant pathogens

Endophytic bacteria indirectly promote the growth of host plants by inhibiting plant pathogens and pests with the production of antagonistic compounds such as antibiotics, toxins, siderophores, lytic enzymes, and antimicrobial volatile organic compounds (Figure 2) (Elnahal et al., 2022). Among them, Actinobacteria, Bacillus, Enterobacter, Paenibacillus, Pseudomonas and other bacteria are common genera with antibacterial activity against plant pathogens (Afzal et al., 2019). Some of the enzymes produced by PGPB, including chitinase, cellulase, glucanase, protease and lipase, can lyse a portion of the cell walls of pathogens (Ghosh et al., 2021). PGPB that secrete one or more of these enzymes have been shown to have biocontrol activities against a wide range of competitor pathogens (Selari et al., 2023). Naama-Amar et al. (2022) reported that a candidate biocontrol agent Frateuria defendens could inhibit Spiroplasma melliferum growth by secreting antimicrobial metabolites (Naama-Amar et al., 2022). A plant growth-promoting endophytic bacterium Pseudomonas protegens MP12 can produce important antifungal compounds (2, 4-diacetylphloroglucinol, pyoluteorin and pyrrolnitrin), and exhibits inhibitory effects on the mycelial growth of phytopathogens such as Botrytis cinerea, Alternaria alternata, Aspergillus niger, Penicillium expansum and Neofusicoccum parvum (Andreolli et al., 2019). Bacillus produced antibiotic lipopeptides, such as iturin, bacillomycin, bacilysin, fengycin, surfactin, and zwittermycin, which have broad spectrum of action against pathogens (Saravanakumar et al., 2019).

PGPB can also activate plant-induced systemic resistance (ISR) against a broad spectrum of pathogens (Datta et al., 2022). ISR is phenotypically similar to systemic acquired resistance (SAR) that occurs when plants activate their defense mechanisms in response to pathogen infection (Meena et al., 2020). The prime function of ISR is to activate plant defense mechanisms and protect unexposed parts of plants against pathogenic microbe and herbivorous insect invasions (Sardar et al., 2021). PGPB-mediated ISR depones on jasmonic acid and ethylene signaling pathways in plants (Abid and Karim, 2021). These hormones stimulate the host plant’s defense responses to a range of pathogens without the need for PGPB to interact directly with pathogens. In addition to involvement in jasmonate and ethylene signaling pathways, ISR also plays a crucial role in host resistance by enhancing the activity of pattern recognition receptors through cellular or hormonal defenses (Hossain and Chung, 2019).

PGPB can also emit volatile organic compounds (VOCs) as biocontrol factors or deterrents against pathogens (Choub et al., 2022). Recently, many studies have reported the production of VOCs secreted by PGPB that disrupted cell membrane integrity, spore germination and mycelial growth of plant pathogenic fungi and other competing bacteria species (Chatterjee and Niinemets, 2022). Recent advances in analytical science such as the headspace solid-phase microextraction/gas chromatography–mass spectrometry (HS-SPME/GC–MS), have been used for extraction, identification, and characterization of VOCs emitted by PGPB and other bacterial species (Drabińska et al., 2022; Tabbal et al., 2022; Wu et al., 2022). Additionally, some VOCs can repress the expression of virulence traits involved in host colonization, such as motility, root colonization, and biofilm formation, thus, for example, effectively controlling tomato wilt (Raza et al., 2016). In summary, VOCs produced by PGPB help plants cope with abiotic and biotic stresses by inducing systemic resistance or inhibiting the growth of a wide range of pathogen.

In addition to producing substances that harm or inhibit plant pathogens, some PGPB may compete for nutrients or niches with pathogens (Selari et al., 2023). In fact, it is widely believed that this competitiveness of PGPB works together with other biocontrol mechanisms to repress the growth of plant pathogens (Olanrewaju et al., 2017). It is important to note that the effectiveness of PGPB depends on their versatility and adaptation to new niches as well as their ability to colonize and compete with other members of plant microbiome (Rilling et al., 2019). Root exudates contain chemo-attractants like amino acids, organic acids and specific sugars that are good carbon sources for PGPB activity and competitive colonization (Feng et al., 2021). Additionally, the mutual signal exchange between plants and microsymbionts, along with flagellar motility, further enhances the affinity of PGPB in root surface (Raina et al., 2019).



4.4. Osmoregulation

In addition to beneficial traits such as IAA production, nitrogen fixation and phosphate dissolution, PGPB can accumulate osmotic adjustment substances under stressful conditions (Figure 2) (Feng et al., 2023). Under drought and salt stress conditions, plant cells can improve the water activity of cells and maintain normal metabolic activities by accumulating compatible solutes (soluble sugars, polyols, glycine betaine, proline, free amino acids) (Ali et al., 2022). Under abiotic stress, one of the most significant changes is the accumulation of plant proline that can improve the activity of various enzymes, stabilize intracellular pH and remove reactive oxygen species, thereby maintaining antioxidant activity (Abdelaal et al., 2021). Many PGPB can induce plant proline synthesis under stress conditions, which helps to maintain cell osmotic pressure and improve plant salt tolerance (Khabbaz et al., 2019).

Trehalose, a non-reducing disaccharide, can act as a protective agent to alleviate a variety of environmental stresses, including drought, salinity and extreme temperatures (Greco et al., 2021). When cells are dehydrated, trehalose can form a gel phase to bind with surrounding macromolecules and membranes thereby replacing water loss and decreasing the damage to cells (del Carmen Orozco-Mosqueda et al., 2022). In addition, trehalose prevents the degradation, denaturation and aggregation of proteins under high and low temperature stress (Vinciguerra et al., 2022). Under stress conditions, trehalose and ACC deaminase synergistically protect crops from stress by stabilizing biological structures and lowering ethylene levels, respectively (del Carmen Orozco-Mosqueda et al., 2022). Compared with wild type Rhizobium etli, the number of nodules, nitrogenase activity and biomass of Phaseolus vulgaris increased when inoculated with R. etli overexpressing trehalose synthase, and the host plant inoculated with mutants recovered more strongly under drought stress (Suárez et al., 2008). Although it is also possible to overexpress trehalose genes in transgenic plants, it is much simpler to achieve the same goal through co-inoculation with PGPB. Moreover, since most strains have no specific host, therefore, the same strain can effectively help different plants mitigate stress.




5. Relationship between bacterial Type VI secretion system and plant growth promotion

Many bacteria have evolved specialized protein secretion systems to transport proteins out of the bacterial cells and even directly into the host target cells. Bacterial secretory systems are divided into at least nine classes (Tat system, type I-VII, and type IX) based on their structure, function, and specific effects, with each system transporting a specific subset of proteins, known as effectors (Green and Mecsas, 2016). Among them, Type VI Secretion System (T6SS) is a sophisticated nano-weapon to inject toxic effectors into eukaryotic or prokaryotic cells, and presents in nearly 25% of all Gram-negative bacteria, including many plant symbiotic bacteria (Salinero-Lanzarote et al., 2019). Bacteria can use T6SS to manipulate and destroy eukaryotic cells and/or fight other bacteria to gain a dominant status in the ecological niche (Kim et al., 2020). Indeed, bacteria with T6SS appear to have a significant adaptive advantage in the microbial community. Bacteria containing T6SS synthesize both immune proteins and T6SS effectors to ensure against self-poisoning or targeting by sister-cells (Steele et al., 2017). Functional T6SS contributes to the virulence of the host, improves bacterial robustness, and enhances environmental adaptation through bacterial competition (Russell et al., 2014; Kim et al., 2020). Although T6SS is ubiquitous, its general mechanism and physiological role are still not fully understood. To date, the studies related to T6SS and plant growth promotion characteristics are very few and mainly focus on biological control agents, antagonism, biofilm formation and environmental adaptability (Bernal et al., 2018).


5.1. Biofilm formation

Biofilms are structurally complex microbial communities attached to living or abiotic surfaces and surrounded by complex extracellular polymers. Microbial colonization of plant roots can be promoted by the formation of biofilms (Niu et al., 2020). Gallique et al. (2017) reported that mutations in three T6SS-related genes (hcp1, hcp2, or hcp3) of Pseudomonas fluorescens MFE01 did not reduce biofilm formation, but these three Hcp proteins are essential for the formation of mature biofilm structures. However, in another similar study, these three T6SS-related gene mutants of P. aeruginosa PAO1 had no impact on biofilm formation or environmental adaptation ability, but swarming motility was reduced, which is another important aspect of biofilm formation ability, suggesting that T6SS is associated with biofilm formation but not environmental adaptation (Chen et al., 2020). The T6SS gene cluster present in the Acidovorax citrulli was confirmed to be involved in multiple biological processes, including colonization, competition and biofilm formation (Fei et al., 2022).



5.2. Antibacterial activity

Evidence is also emerging that T6SSs could contribute to inter-bacterial competition. Interestingly, many PGPB harbor one or more T6SS, however, the function of T6SS in PGPB is poorly understand. In a previous study, it was found that the T6SS of PGPB Azospirillum brasilense provides antibacterial activities against a number of plant pathogens in vitro, and might confer T6SS-dependent bio-control protection to microalgae and plants against bacterial pathogens (Cassan et al., 2021). However, Lin et al. (2018) found instead of being an antihost or antibacterial weapon of the bacterium, the T6SS in Azorhizobium caulinodans ORS571 seems to participate specifically in symbiosis by increasing its symbiotic competitiveness.



5.3. Colonization

Most organisms with T6SS are not pathogenic and are found in diverse environments as symbionts. Although the secretory system was thought to be involved in the interaction between PGPB and plants, only recently research has been functionally dissected in nitrogen-fixing Azoarcus olearius, in which T6SS positively affected plant colonization efficiency (Jiang et al., 2019). The T6SS effector Hcp1 up-regulated in rice inoculated with a well-known growth-promoting rhizobacteria Herbaspirillum rubrisubalbicans, suggesting that T6SS plays a role in rice colonization (Valdameri et al., 2017). Similarly, the T6SS mutant of PGPB Enterobacter sp. J49 showed a significant decrease in the epiphytic and endophytic colonization, indicating that although T6SS is not essential, it may participate in bacterial colonization (Lucero et al., 2022). Salinero-Lanzarote et al. (2019) described the growth-promoting trait of T6SS in Rhizobium etli Mim1, which can effectively increase nodule size in legumes, suggesting that T6SS plays an active role in the Rhizobium-legumes symbiosis. The knockout mutant of T6SS gene cluster in rice endophyte Kosakonia showed a decreased ability to colonize the rhizoplane and endosphere, suggesting that T6SS is involved in the colonization process of plant-bacteria interaction (Mosquito et al., 2020). Another plant-associated microbe, P. taiwanensis, has been shown to use its T6SS to mediate colonization resistance against bacterial plant pathogens through T6SS-mediated secretion of pyoverdine, an iron chelator (Chen et al., 2016). These results suggest that there may be a relationship between T6SS and plant growth promoting properties.




6. Conclusion and future prospects

Soil salinity is expected to increase dramatically in the coming years and will hinder agricultural production. Various conventional reclamation methods of saline-alkali land are found to be unsustainable and economically difficult to achieve. The use of PGPB to inoculate plants has become an important method to alleviate soil salt stress and improve crop yield, but better results have only been obtained in laboratory or greenhouse conditions, not in the field. To effectively utilize PGPB in salinized agroecosystems, a bottom-up approach is necessary, starting with the screening of halotolerant PGPB strains and careful formulation design for field application. Additionally, more molecular studies of plant-microbe interactions are needed to better understand the mechanisms involved in inducing systemic tolerance and performing rhizosphere engineering under salt stress. Studying the metabolic and genetic behavior of halotolerant PGPB is also important to understand how they work and adapt to high salt environments. This will provide a reference for the development of reliable biological inoculants in saline soils.

Although PGPB has various mechanisms to improve plant growth and biological control against plant pathogens under saline conditions, there are still many constraints to its wide application in different agro-ecosystems. Our understanding of the molecular mechanism by which halotolerant PGPB alleviates salt stress is also in its infancy, but it offers a sustainable way to increase the productivity of saline soils and contribute to the goals of food security and controlling desertification of agro-ecosystems. Improving our understanding of the mechanism of PGPB regulating plant stress resistance and restricting bacterial activity under stress conditions can enhance the effectiveness of using bacterial inoculants.
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It is of positive significance to explore the mechanism of antioxidant and metabolic response of Canna indica under Cr stress mediated by rhizosphere niche. However, the mechanisms of recruitment and interaction of rhizosphere microorganisms in plants still need to be fully understood. This study combined physiology, microbiology, and metabolomics, revealing the interaction between C. indica and rhizosphere microorganisms under Cr stress. The results showed that Cr stress increased the content of malondialdehyde (MDA) and oxygen-free radicals (ROS) in plants. At the same time, the activities of antioxidant enzymes (SOD, POD, and APX) and the contents of glutathione (GSH) and soluble sugar were increased. In addition, Cr stress decreased the α diversity index of C. indica rhizosphere bacterial community and changed its community structure. The dominant bacteria, namely, Actinobacteriota, Proteobacteria, and Chloroflexi accounted for 75.16% of the total sequence. At the same time, with the extension of stress time, the colonization amount of rhizosphere-dominant bacteria increased significantly, and the metabolites secreted by roots were associated with the formation characteristics of Proteobacteria, Actinobacteria, Bacteroidetes, and other specific bacteria. Five critical metabolic pathways were identified by metabolome analysis, involving 79 differentially expressed metabolites, which were divided into 15 categories, mainly including lipids, terpenoids, and flavonoids. In conclusion, this study revealed the recruitment and interaction response mechanism between C. indica and rhizosphere bacteria under Cr stress through multi-omics methods, providing the theoretical basis for the remediation of Cr-contaminated soil.
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1. Introduction

With the rapid development of industry, heavy metal pollution in the environment is becoming more and more serious (Uchimiya et al., 2020). Heavy metals, such as lead (Pb), cadmium (Cd), chromium (Cr), and mercury (Hg), are characterized by high persistence, wide range, and strong toxicity (Yin et al., 2023). Among them, Cr has substantial bioavailability and mobility in the environment, which will not only cause harm to soil and plant health but also indirectly harm human health through enrichment (Morais et al., 2021). Cr usually exists in the oxidation state of Cr3+ and Cr6+, among which Cr6+ has more potent toxicity and migration ability (Husain et al., 2021). Cr stress will destroy the homeostasis of physiological activities such as photosynthesis, respiration, oxidative stress, and the enzymatic reaction of plants, failing the average growth of plants (Hu et al., 2020). At the same time, it can also damage plant genetic information and cause plant mutations (Mumtaz et al., 2022). Therefore, studying Cr-contaminated soil bioremediation technology is the top priority.

At present, the remediation of soil Cr pollution mainly includes chemical conversion, biological conversion, and physical remediation (Prasad et al., 2021). Among them, chemical transformation and physical remediation could be more efficient in the remediation of Cr-contaminated soil, and secondary pollution and waste of resources will be generated during remediation (Muthusaravanan et al., 2018). However, microbial and plants used in bioremediation work well to solve these problems. Among them, Bacillus megatherium PMW-03 (Guo et al., 2021), Pannonibacter phragmitetus BB (Liao et al., 2014), Bacillus, Reibacillus, and Staphylococcus (Pradhan et al., 2020) can significantly enrich and transform the heavy metal Cr to reduce its biotoxicity. At the same time, plants can use root cell walls, stems, leaves, and other organs to store Cr or form complexes and chelates with its antioxidant substances, thus reducing the toxic effect of Cr on plants (Chaâbane et al., 2020; Tripathi et al., 2023).

The rhizosphere is a microhabitat formed by the interaction between plant root exudates and soil microorganisms, and their mutualism changes the whole microenvironment (Wang et al., 2023). Plant physiological mechanisms control root exudates, and exudates induce microbial activity, which enables plants to cope better with stressed environments (Wu et al., 2023). Root exudates include amino acids, sugars, vitamins, fatty acids, and organic acids, while differentially expressed metabolites (flavonoids, citric acid, and camelina) are secreted to recruit specific microorganisms (Santoyo, 2022). In addition, plant species can specifically interact with specific microbiomes. For example, legumes form symbionts with rhizobia bacteria, whose secretions promote the growth of legumes' root hairs (Thornton and Nicol, 1936). At the same time, the types of plant root exudates were also affected by stress factors. For example, a recent review showed that drought enhances root secretion of abscisic acid, proline, and betaine. To cope with phosphorus deficiency, plants tend to increase the secretion of citric acid, malic acid, or oxalic acid to enrich rhizosphere organic carbon and attract beneficial microorganisms (Chai and Schachtman, 2022). Root exudates regulate the toxicity and migration of Cr by complexation or chelation. For example, in the study on treating Cr-contaminated soil by compost and phytoremediation, low-molecular-weight organic acids (citric acid, malic acid, tartaric acid, and oxalic acid) secreted by herbaceous plants increased the bioavailability of Cr and promoted the desorption and chelation process of Cr (Chen et al., 2018). Meanwhile, plant growth-promoting bacteria (PGPB) can promote plant growth under Cr stress because PGPB changes plant photosynthesis and antioxidant stress response (Vishnupradeep et al., 2022). Therefore, different microorganisms induced by plant root secretions to regulate plant homeostasis under Cr stress were studied to elucidate related detoxification mechanisms and rhizosphere microbial community changes.

Canna indica is a perennial herbaceous plant with a large leaf area, developed root system, and strong adaptability to the growing environment (Luo et al., 2022a,b). C. indica is effective in heavy metal adsorption and nitrogen removal in constructed wetlands and significantly contributes to heavy metal adsorption capacity and soil fertility after airbrushing mycorrhizal fungi (AMF) colonization (El Faiz et al., 2015; Ghezali et al., 2022). However, the effects and mechanisms of differentially expressed metabolites on rhizosphere-related microbial communities under heavy metal stress still need further study. Therefore, this study conducted a combined analysis of the microbiome and metabolome in the rhizosphere of C. indica under Cr stress in order to reveal the recruitment and interaction response mechanism between wetland plant C. indica and rhizosphere bacteria under Cr stress. Therefore, this study aimed to (1) determine the stress expression of C. indica in response to Cr stress; (2) analyze the changes in rhizosphere microbial community diversity and structure of C. indica under Cr stress, as well as the recruitment of dominant and plant-promoting bacteria by plant root metabolites, and reveal the mechanism of plant–microbial interaction; and (3) reveal the biosynthetic pathway of C. indica root metabolites by metabolomics analysis.



2. Materials and methods


2.1. Plant cultures

The C. indica seedlings (those with similar growth conditions and 10 cm tall) are purchased from Songnan Seed and Seedling Company of Luzhi Town, Suzhou City. To disinfect the surface of the C. indica seedlings purchased (75% ethanol for 10 s, 1% sodium hypochlorite solution for 15 min) (Hu et al., 2021), spray the disinfection liquid on the surface of the seedlings and then clean the surface with deionized water five times. The washed seedlings were sown on potting soil (a 500 g pot of soil) in the greenhouse. Greenhouse conditions are controlled at 12 h of light cycle, light intensity 176 μmol*m2*s−1, 25°C constant temperature. All seedlings were cultured for 30 days and subjected to a stress experiment with Cr addition. In addition, during the seedling culture period, Hoagland solution (15 ml) and water (15 ml) were added into the soil culture pot every 15 and 3 days successively. If Cr was added to the stress experiment, the Hoagland nutrient solution was not required (Si et al., 2022; Wei et al., 2023c).



2.2. Experimental design

A total of 21 C. indica seedlings with the same size and growth status were randomly divided into seven groups, with three plants in each group. Each group had three replicates. Three replicates are one pot and one seedling, a total of three pots. Four groups were the control group (0 mg*kg−1 K2Cr2O7), and three groups were the experimental group (100 mg*kg−1 K2Cr2O7). After acclimating C. indica seedlings, a Cr stress test was conducted. Samples were collected in the control and experimental groups on days 0, 7, 14, and 21, respectively. Plant leaves were cut with sterile scissors to collect plant leaves and facilitate the sequencing of subsequent biochemical indicators. Disassemble the potted plant and separate it from the soil as follows. First, most of the soil was removed from the potted plant with a sterile knife. Then, the plant is lifted and patted to remove the fixed soil on which the roots are attached, and the soil on which the roots are attached is collected as rhizosphere soil. Finally, 50 mesh sterile sieves and tweezers were used to screen the fibrous roots. After the rhizosphere soil is collected, plant roots are collected (Wei et al., 2023). The roots were cleaned five times with deionized water and immediately preserved in liquid nitrogen. At the same time, plant roots obtained from rhizosphere soil collection with a sterile sieve were also cleaned and put into root samples. The sampled rhizosphere soil, plant roots, and plant leaves were placed in clean sealed bags, immediately frozen with liquid nitrogen, and finally stored in a −80°C refrigerator. Samples were collected for microbiome and metabolomics analysis. After the rhizosphere soil samples were used for microbiome analysis, the remaining rhizosphere soil was used for physicochemical properties determination (Sixi et al., 2023).



2.3. Determination of chromium content

After collecting plant samples, collect potting soil samples. Then, place all soil samples on yellow paper in the vent to air dry. The soil was then air-dried, pounded, and screened with 100 mesh, and the sample was placed in a new sealed bag for subsequent measurements. An amount of 0.5 g of soil sample was weighed in the digestion tube, reverse king water (concentrated hydrochloric acid ratio of concentrated nitric acid is 1:3) was added in the digestion tube, and then the digestion tube was placed on the electric heating plate under the fume hood for heating digestion. After digestion at 160°C for 1 h, 3 ml perchloric acid was added, and the digestion was heated again at 200°C for 1 h. After digestion, the liquid was extracted in the test tube, and the Cr ion was fixed with 1% dilute nitric acid. After sampling the leaves of the plants, dry them directly in the oven (105°C) for 12 h. The blade diameter should be <0.02 mm when grinding the dried leaf sample. The mashed leaves (0.5 g each) were added with 37% HCl and 63% HNO3, sealed, and placed in the oven (105°C) for digestion for 10 h, and then, the suspension was diluted with 3 ml HNO3. Cr content was analyzed by inductively coupled plasma mass spectrometry (ICP-MS; Agilent,7800 ICP-MS, USA) (Karnaeva et al., 2021).



2.4. Physiological and biochemical indexes
 
2.4.1. Physicochemical property

The pH and conductivity (EC) of soil samples were determined by the potentiometric method, while soil organic matter (SOM) was determined by K2Cr2O7-H2SO4 oxidation-external heating method (Bao, 2000).



2.4.2. Photosynthetic pigment and soluble sugar content

Measurement of chlorophyll content: First, 0.1 g of C. indica leaves was weighed, the leaves were placed into the grinder, a small amount of powder (about 50 mg) and a small amount of chlorophyll determination buffer were added, and the leaves were ground into a homogenate. Then, the homogenate was placed in a 10 ml centrifuge tube. The chlorophyll determination buffer was added to the 10 ml centrifuge tube and then treated statically away from light (5 min−2 h). The pigment extraction is completed when the homogenate sample tissue is close to white. Finally, the supernatant liquid was taken after centrifugation and set at 665 and 649 nm, respectively, to determine the absorbance of chlorophyll a and chlorophyll b. The carotenoid content was determined in the same way as the chlorophyll content. However, the chlorophyll-assay buffer was changed to the carotenoid assay buffer at the grinding and resting stages (Meng et al., 2022). To accurately detect soluble sugar content in samples, the anthrone colorimetric method is used (Wei et al., 2023a). The specific scheme is to weigh a 0.1 g plant sample in a test tube and add distilled water until the test tube is full. It is then boiled at 100°C for 20 min in a 100 ml volumetric bottle and cooled at a constant volume. The process is carried out in boiling water after 5 ml of anthrone reagent is added to 1 ml of sample solution. After that, the absorbance of 620 nm was measured, and the soluble sugar content was calculated.



2.4.3. Antioxidant enzyme content, GSH content, ROS, and MDA levels

The test kit for determining the content of superoxide dismutase (SOD), peroxidase (POD), and ascorbate peroxidase (APX) in C. indica plants was provided by Suzhou Kaming Biotechnology Co., LTD., (www.cominbio.com). Condition 5 (BDTS, USA) multifunctional ELISA for detecting absorbance is set at 560, 240, 470, and 290 nm. At the same time, the content of reduced glutathione (GSH), malondialdehyde (MDA), and reactive oxygen species (ROS) in plants is determined according to the kit. When the detection conditions were set, GSH was measured at 412 nm, while MDA was measured at 600 nm and 532 nm. In contrast, ROS levels were measured by a multifunctional ELISA (Berten, USA) for 10 min, with an excitation wavelength of 499 nm and an emission wavelength of 521 nm. The absorbance measured can be converted into the content according to the formula given by the kit (Wei et al., 2023b).



2.5. DNA extraction and bacterial community analysis

Total genomic DNA from the C. indica rhizosphere soil samples was extracted using a FastDNA SPIN Kit for Soil (Qbiogene Inc., USA) following the manufacturer's instructions and sent to Majorbio Bio-pharm Technology, Shanghai, for sequencing. Sequencing interval: 338F and 806R, the primer's name was 338F/806R. The hypervariable region V3–V4 of the bacterial 16S rRNA gene was amplified with primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA). Samples were randomly selected for pre-experiments to ensure that the majority of samples in the lowest number of cycles could be amplified to the appropriate concentration of products. After the preliminary experiment, TransGen ap 221-02 was used in the formal PCR test: TransStart Fastpfu DNA Polymerase, 20 μl reaction system (Supplementary Table S1). PCR instrument used: ABI GeneAmp® 9700; PCR reaction parameters: a. 1 × (3 min at 95°C), b. cycle number × (95°C 30 s; Annealing 80°C 30 s; 45 s at 72°C), and c. 10 min at 72°C, 10°C until halted by the user. PCR products are detected by 2% agarose gel electrophoresis. The PCR products were quantified using the QuantiFluor™ ST Blue fluorescence quantification system (Promega) about the initial quantitative results of electrophoresis and then mixed preoperatively according to the sequencing volume requirements of each sample. Illumina libraries were then constructed according to kit instructions (TruSeqTM DNA Sample Prep Kit). Meanwhile, part of the analysis software is provided in Supplementary Table S2. The Major Cloud platform was used to conduct OTU cluster analysis of sequencing results (based on Research software), optimize sequences to extract non-repeating sequences, select sequences with more than 97% similarity with representative sequences, and calculate OTU number (i.e., the observed abundance sobs value). At the same time, all OTU numbers were drawn flat and then subjected to alpha diversity analysis to analyze species richness and diversity (Wang et al., 2021). At the same time, the obtained microbial information data have been uploaded to the NCBI database (PRJNA990318).



2.6. Metabolome analysis

The collected plant root tissue samples were weighed and stored in liquid nitrogen freezing. Before extracting metabolites for analysis, root samples were air-dried and ground into powder. The metabolites were extracted by adding 0.6 ml methanol/water (7:3, v/v) and 0.3 mg/mL L−2-chlorophenylalanine solution to 60 mg of ground powder as indicated by the test. The ultrasound lasted for 30 min. After incubation at −20°C for 20 min, the extract was centrifuged at 4°C (14,000 rpm) for 10 min, and the supernatant with 200 μl centrifugation was filtered (0.2 μm). Filtrate detection was performed using the Waters VION IMS Q-TOF mass spectrometer (Waters Corporation, Milford, MA, USA) platform with an electric spray interface (Wu et al., 2023).



2.7. Statistical analysis

Chen-Shapiro and Bartlett were used to test the normality and homogeneity of experimental data, and non-parametric tests were applied to the data that did not obey the normal distribution. All statistical analyses were performed using IBM SPSS Statistics 27.0 for the Windows software package. All data values were expressed as mean ± standard deviation, and a normality check was completed before the two-way ANOVA. In addition, p < 0.05 was the test of significance. Plotting was done using Windows Statistics Software Origin 2022 and Adobe Illustrator CC 2022. All microbial analyses and metabolome visualizations (Venn maps, heat maps, and bubble maps) are produced using an online platform (www.majorbio.com).





3. Results


3.1. Physiological changes and Cr accumulation in plants

When Cr (100 mg/kg) was added, the pH and EC of plant rhizosphere soil showed a gradually decreasing trend over time (Supplementary Figures S1E, F). At the same time, the soil organic matter (SOM) content was lower than that of the control group only in Cr7, and the maximum value was found in Cr14 (Supplementary Figure S1D). In addition, plant biomass significantly decreased after Cr stress (Supplementary Figure S1C). In addition, the content of Cr adsorbed by plants was measured in this study (Figures 1A–D). After adding Cr, the soil's content gradually decreased with the extension of stress time, while the content of Cr in plant leaves decreased significantly (Figures 1A, C). Meanwhile, the content of Cr(VI) in soil and plant leaves was significantly higher than that in the control group (Figures 1B, D).
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FIGURE 1
 Content of Cr and Cr(VI) in soil and C. indica leaves. There was no significant difference in data within the same interval (P > 0.05). At the same time, other series of letters also have significant differences (P < 0.05). (A) is the total Cr content of soil; (B) is the content of soil Cr6+; (C) is the total Cr content in plant leaves; (D) is the content of Cr6+ in plant leaves. CK0 (0 mg*kg−1 K2Cr2O7, Sampling on the 0th day), Cr7 (100 mg*kg−1 K2Cr2O7, Sampling on the 7th day), Cr14 (100 mg*kg−1 K2Cr2O7, Sampling on the 14th day), and Cr21 (100 mg*kg−1 K2Cr2O7, Sampling on the 21th day). CK7 (0mg*kg−1 K2Cr2O7, Sampling on the 7th day), CK14 (0mg*kg−1 K2Cr2O7, Sampling on the 14th day), and CK21 (0mg*kg−1 K2Cr2O7, Sampling on the 21th day).


In this study, the content changes of antioxidant indexes and oxidative stress indexes were measured. Compared with no addition of Cr, the content of GSH in plants under Cr stress gradually increased with time but significantly decreased at 21 days (Figure 2A). The soluble sugar content increased significantly with the extension of stress time after Cr was added (Figure 2B). When Cr stressed plants, the oxidative stress process of resistance to stress caused changes in MDA and ROS levels (Figures 2G, H). Compared with the control group, MDA content in Cr-contaminated group increased significantly on days 7 and 14 but had no significant change on day 21. The ROS content of Cr-stressed plants increased gradually with the passage of stress time and reached its peak on day 21.
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FIGURE 2
 Physiological and biochemical indexes of C. indica [(A) GSH; (B) soluble sugar; (C) SOD; (D) POD; (E) APX; (F) chlorophyll; (G) MDA; (H) ROS; (I) carotenoid]. There was no significant difference in data within the same interval (P > 0.05). At the same time, other series of letters also have significant differences (P < 0.05). CK0 (0 mg*kg−1 K2Cr2O7, Sampling on the 0th day), Cr7 (100 mg*kg−1 K2Cr2O7, Sampling on the 7th day), Cr14 (100 mg*kg−1 K2Cr2O7, Sampling on the 14th day), and Cr21 (100 mg*kg−1 K2Cr2O7, Sampling on the 21th day). CK7 (0mg*kg−1 K2Cr2O7, Sampling on the 7th day), CK14 (0mg*kg−1 K2Cr2O7, Sampling on the 14th day), and CK21 (0mg*kg−1 K2Cr2O7, Sampling on the 21th day).


SOD activity of Cr-treated plants increased significantly with prolonged stress time, and the trend of SOD activity in the control group was similar (Figure 2C). Compared with the control group, POD and APX activities of Cr-treated plants were higher than those of the control group, with an average increase of 34.70 and 115.11% at 21 days, respectively (Figures 2D, E).

When Cr stressed plants, the content of photosynthetic pigment changed. Compared with the control group, chlorophyll content was lower after Cr addition and gradually decreased with the passage of the stress time sequence (Figure 2F). The contents of chlorophyll a and chlorophyll b increased with the increase of stress time (Supplementary Figures S1A, B). In addition, compared with the experimental group, only the carotenoid content in the Cr7 group increased significantly by 27.52%, and the other two groups were lower than the control group (Figure 2I).



3.2. Effects of Cr stress and rhizosphere effects on the distribution and diversity of soil bacterial communities

To investigate the diversity of rhizosphere microbial community, α diversity analysis was performed. The sequencing quantity was sufficient according to the dilution curve (Supplementary Figure S2). As shown in Figures 3A–D, compared with the control group, C. indica of rhizosphere bacterial diversity index decreased and then increased after Cr contamination. On day 7, the bacterial diversity index in the Cr pollution group was significantly lower than that in the control group. After Cr was added, the timing changes resulted in the similarity and overlap of microbial composition (Figure 3E); 1,732 OTUs were shared between the groups, with each experimental and control group having a unique number of OTU (Figure 3E). Under Cr temporal stress, the Cr7 group produced more specific bacteria (77 OTUs) than the CK7 group (40 OTUs). The number of OTU in group Cr21 was 12 less than that in group CK21. In addition, there was no significant change in the number of OTUs between the Cr14 and CK14 groups.
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FIGURE 3
 Analysis of rhizosphere soil microbial diversity and richness (A–D). (E) is an Venn diagram of the rhizosphere microbial community. The overlapped part is shared OTU, and the non-overlapped part is unique OUT for each group. PCA analysis (F), PCoA analysis (G), and PLS-DA analysis (H) were performed for weighted UniFrac distance. CK0 (0 mg*kg−1 K2Cr2O7, Sampling on the 0th day), Cr7 (100 mg*kg−1 K2Cr2O7, Sampling on the 7th day), Cr14 (100 mg*kg−1 K2Cr2O7, Sampling on the 14th day), and Cr21 (100 mg*kg−1 K2Cr2O7, Sampling on the 21th day). CK7 (0mg*kg−1 K2Cr2O7, Sampling on the 7th day), CK14 (0mg*kg−1 K2Cr2O7, Sampling on the 14th day), and CK21 (0mg*kg−1 K2Cr2O7, Sampling on the 21th day).


β diversity analysis was conducted between the Cr treatment and CK groups. Principal component analysis (PCA) showed that the Cr treatment group and CK group were significantly partitioned, and environmental factors significantly induced the two zones, so the species composition of the experimental group and the control group was significantly different due to environmental factors (Figure 3F). Principal coordinate analysis (PCoA) was conducted for the experiment, and the figure showed apparent partitioning, which again verified that the species community composition was significantly different (Figure 3G). In addition, partial least squares discriminant analysis was carried out for experimental grouping arrangement, and the influence on both axes was uniform, that is, the experimental grouping arrangement was reasonable (Figure 3H).



3.3. Changes of rhizosphere microbial community structure and composition in C. indica under Cr stress

In this study, the rhizosphere microbial community of C. indica was analyzed. It turns out that at the phylum level, the bacteria in each group are Actinobacteria, Proteobacteria, Chloroflexi, Firmicutes, Bacteroidota, Acidobacteriota, Patescibacteria, Myxococcota, and Gemmatimonadota (Figure 4A). However, at the genus level, the bacteria in each group are norank_f__JG30-KF-CM45, Anaerococcus, and Ilumatobacter (Figure 4B). In the first 15 phyla of the Cr treatment group compared to the CK group, the bacteria with the most apparent abundance difference are Patescibacteria, Nitrospirota, Armatimonadota, NB1-j, Abditibacteriota, and Campilobacterota (Figure 4C). As shown in Figures 4E, F, the abundance of different dominant bacteria in each group was different. Under the phylum category, members of the dominant bacterial groups include Actinobacteria (20.71–36.72%), Proteobacteria (14.54–31.36%), Chloroflexi (12.40–23.77%), Firmicutes (3.27–34.42%), Bacteroidota (3.54–7.42%), Acidobacteriota (3.55–5.40%), Patescibacteria (0.49–5.43%), Myxococcota (1.30–2.85%), and Gemmatimonadota (1.08–2.75%). Under the genus classification, the clear distinction of dominant community highlighted the diversity of the community. At the phylum level, evolutionary relationships among species of plant root bacteria in each experimental group were analyzed, and a phylogenetic ring tree was constructed (Figure 4G). In addition, Cladograms (Figure 4H) and LDA (Figure 4I) analyzed by linear discriminant analysis effect size (LEfSe) were used in this study to reveal key biomarkers of different communities. The clade diagram showed that after adding Cr, one phylum, one order, and one genus of Actinobacteria in Group Cr7 were enriched. There is one class, two orders, one family, and one genus in Group Cr14. However, only one class and two genera were enriched in the Cr21 group. From the perspective of time sequence, the Cr7 group can detect more bacterial groups. At the generic level, in the Cr7 group, Microbacterium, Azotobacter, Propionicicella, Legionella, Variovorax, Candidatus_Berkiella, Thermobispora, Rummeliibacillu, and RB41 were obtained. Norank_f__A4b, Roseiflexaceae, Cellulomonas, unclassified_o__Chthoniobacterales, Litorilinea, Polaromonas, unclassified_f__Oxa lobacteraceae, and KD3-10 were enriched in Cr14 group. Furthermore, norank_f__norank_o__Actinomarinales, Iamia, norank_f__Babeliaceae, norank_f__Lachnospiraceae, Halocella, norank_f__Limnochordaceae, and OLB15 were enriched in the Cr21 treatment group. To well explain the trend of dominant community among samples in the direction of race, an evolutionary tree analysis was constructed (Supplementary Figure S2), and according to the ratio of Reads, Actinobacteria, Alphaproteobacteria, Gammaproteobacteria, and Acidimicrobiia had significant changes between the control group and the polluted group after Cr stress treatment.
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FIGURE 4
 Microbial community structure and differences in rhizosphere soil of C. indica under different Cr stress time series [(A) phylum level; (B) genus level]. Significance test of differences between groups [(C) phylum level; (D) genus level]. Bar graph analysis of community composition [(E) phylum level; (F) genus level]. Each column of the species corresponds to the relative abundance of the species in each sample, with different colors representing different samples. In the confidence interval, the values corresponding to the points represent the differences in the relative abundance of the two samples. (G) A ring evolutionary tree constructed by the flora of different groups. Analysis of multilevel LEfSe species differences among different groups [(H) tree; (I) LDA discrimination histogram, the larger the LDA value, the greater the abundance difference; LDA scales > 3]. Cr0 (0 mg*kg−1 K2Cr2O7, Sampling on the 0th day), Cr7 (100 mg*kg−1 K2Cr2O7, Sampling on the 7th day), Cr14 (100 mg*kg−1 K2Cr2O7, Sampling on the 14th day), and Cr21 (100 mg*kg−1 K2Cr2O7, Sampling on the 21th day). CK7 (0 mg*kg−1 K2Cr2O7, Sampling on the 7th day), CK14 (0 mg*kg−1 K2Cr2O7, Sampling on the 14th day), and CK21 (0 mg*kg−1 K2Cr2O7, Sampling on the 21th day).




3.4. Correlation analysis between rhizosphere microbial community and physiological indexes of C. indica

To verify the correlation between physiological and biochemical indexes and the dominant community, redundancy analysis and correlation heat map analysis were conducted in this experiment (Supplementary Table S3). The redundancy analysis results showed that plants' oxidative stress and antioxidant indexes were correlated with some dominant microbial communities. The soluble sugar content of SOD, GSH, and APX is positively correlated with Acidobacteriota, Actinobacteriota, Gemmatimonadota, Bacteroidota, and Chloroflexi. In addition, these dominant bacteria showed the same trend as ROS and MDA contents. On the contrary, there is a negative correlation with POD (Figure 5A). Fresh weight and photosynthetic pigment content were positively correlated with Deinococcota, Bacteroidota, Acidobacteriota, Chloroflexi, Actinobacteriota, and Gemmatimonadota. They were negatively correlated with other dominant communities (Figure 5B). To show the significance of the correlation between physiological and biochemical indexes and the related community, a correlation heat map analysis was conducted (Figure 5D). Heat map analysis showed that chlorophyll a, b, and fresh weight were negatively correlated with Patescibacteria and Armatimonadota. Meanwhile, chlorophyll a was negatively correlated with Methylomirabilota and Proteobacteria. However, chlorophyll a and b were significantly positively correlated with Nirmicutes, Firmicutes, and Halanaerobiaeota. POD and Myxococcota showed a significant negative correlation. GSH was positively correlated with Chloroflexi and Gemmatimonadota. Figure 5C shows the significant analysis of physiological and biochemical indexes and bacterial communities at the genus level. Chlorophyll a, chlorophyll b, norank_f__norank_o__Saccharimonadales, Microbacterium, Demequina, unclassified_f__Microbacteriaceae, and norank_f__Blastocatellaceae were significantly negatively correlated, while norank_f__Microscillaceae and norank_f__Caldilineaceae were significantly positively correlated.
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FIGURE 5
 Correlation analysis between microflora and environmental factors. (A) The correlation between antioxidant reaction and dominant flora. (B) The correlation between plant physiological indexes and dominant flora. heatmap analysis of correlations between environmental factors and dominant flora [(D) phylum level, (C) genus level]. R-values are shown in different colors in the figure. If p-values are less than 0.05, they are marked by *. The legend on the right is the color range of different R-values. You can choose to present a cluster tree of species and environmental factors (e.g., left and top). (* is P ≤ 0.05, ** is P ≤ 0.01, *** is P ≤ 0.001).




3.5. KEGG pathway enrichment analysis

KEGG pathway analysis showed a significant difference in the rhizosphere metabolite quantity ratio between Cr and CK groups. Compared with the group, the number of metabolites and metabolic enrichment pathways in the Cr21 group was the largest. Beta-alanine metabolism; pantothenate and CoA biosynthesis; alanine, aspartate, and glutamate metabolism; and glycerophospholipid metabolism are the most abundant pathways of C. indica rhizosphere metabolites (Figure 6C). While the Cr14 group compared with the blank group, the number of metabolites concentration factors of the two most prominent synthesis pathways is Autophagy - other, Glycosylphosphatidylinositol (GPI) - anchor biosynthesis; in contrast, in the comparison between the Cr7 group and the blank group, only the enrichment factor of the number of metabolites in the synthesis pathway of N-Glycan biosynthesis reached the maximum value and reached a significant level (Figures 6A, B). At the same time, the difference in metabolites between the control group and the corresponding time sequence after Cr addition was analyzed (Figures 6D–F). The results showed that the number of metabolites in the Cr21 vs. CK21 group was the largest, and the most significant enrichment pathways were phenylalanine, tyrosine, tryptophan biosynthesis, and zeatin biosynthesis. On the contrary, the number of differential metabolites in the Cr14 vs. CK14 and Cr7 vs. CK7 groups was the lowest. In addition, only the Cr7 vs. CK7 group has significant enrichment approaches; practical enrichment approaches are autophagy-other and glycosylphosphatidylinositol (GPI)-anchor biosynthesis. Therefore, the differential amount and enrichment pathway of plant rhizosphere metabolites increased gradually with the passage of stress time after Cr addition.
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FIGURE 6
 KEGG pathway enrichment analysis. The abscissa is enrichment rate, and the ordinate is KEGG collateralization [(A) Cr7vsCK7; (B) Cr14vsCr0; (C) Cr21vsCr0; (D) Cr7vsCK7; (E) Cr14vsCK14; (F) Cr21vsCK21]. The size of bubbles in the figure represents the concentration of metabolic compound in this pathway, and the color of bubbles represents the P-values of different enrichment significations. CK0 (0 mg*kg−1 K2Cr2O7, Sampling on the 0th day), Cr7 (100 mg*kg−1 K2Cr2O7, Sampling on the 7th day), Cr14 (100 mg*kg−1 K2Cr2O7, Sampling on the 14th day), and Cr21 (100 mg*kg−1 K2Cr2O7, Sampling on the 21th day). CK7 (0mg*kg−1 K2Cr2O7, Sampling on the 7th day), CK14 (0mg*kg−1 K2Cr2O7, Sampling on the 14th day), and CK21 (0mg*kg−1 K2Cr2O7, Sampling on the 21th day).




3.6. Effect of Cr stress on differential expression of metabolites in roots of C. indica

To explore the changes of metabolic compounds in the rhizosphere of C. indica after adding Cr, a statistical analysis of metabolic compounds with high content was conducted by SPSS (27.0). The results showed that 14 metabolites changed significantly with Cr stress time. Compared with a control group, the contents of alkaloids Cr processing significantly promoted, but will gradually decrease with the stress on long (Figure 7A). In the meanwhile, the content of carbohydrates in the Cr21 and CK21 groups was 241.14% higher on average than carbohydrates in the other two groups (Figure 7B). It is worth noting that in the early stage of Cr stress, the content of fatty acyls did not change significantly compared with that of CK0 group, but increased significantly at day 21 (Figure 7C). Flavonoids in Cr treatment group at days 14 and 21 are 32.94 and 79.06% more than CK treatment group, respectively (Figure 7D). At the same time, the contents of glycerolipids and glycerophosphol in the Cr treatment group were higher than those in the control group, while the contents of organic and nucleic acids had no significant change (Figures 7E–H). In Figure 7I, lipid content changed significantly only on the 21st day, 41.69% more in the experimental group than in the control group. Under Cr treatment, the content of phenylpropanoids increased first and then decreased with the duration of stress, while the content of sphingolipids showed the opposite trend (Figures 7J, L). In addition, the content of the prenol lipids treatment group was significantly higher than that of the control group, with the maximum peak at day 21 (Figure 7K). After the addition of Cr, terpenoids increased by 27.67 and 27.53% at 14 and 21 days (Figure 7M). There were also changes in vitamins and cofactors in the Cr treatment group, over time of Cr stress. However, the metabolite content in the 14 treatment groups was the highest in the other groups (Figures 7N, O). Rhizosphere metabolic changes can improve the rhizosphere bacteria groups and the rhizosphere environment of plant growth to improve the survival ability of plants in Cr pollution.
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FIGURE 7
 The contents of plant metabolites under Cr treatment [(A) Alkaloids; (B) Carbohydrates; (C) Fatty acyls; (D) Flavonoids; (E) Glycerolipids; (F) Glycerophosphol; (G) Organic acids; (H) Nucleic acids; (I) lipids; (J) Phenylpropanoids; (K) Prenol lipids; (L) Sphingolipids; (M) Terpenoids; (N) Vitamins; and cofactors; (O) Other]. There was no significant difference in data within the same interval (P > 0.05). At the same time, other series of letters also have significant differences (P < 0.05). CK0 (0 mg*kg−1 K2Cr2O7, Sampling on the 0th day), Cr7 (100 mg*kg−1 K2Cr2O7, Sampling on the 7th day), Cr14 (100 mg*kg−1 K2Cr2O7, Sampling on the 14th day), and Cr21 (100 mg*kg−1 K2Cr2O7, Sampling on the 21th day). CK7 (0mg*kg−1 K2Cr2O7, Sampling on the 7th day), CK14 (0mg*kg−1 K2Cr2O7, Sampling on the 14th day), and CK21 (0mg*kg−1 K2Cr2O7, Sampling on the 21th day).





4. Discussions


4.1. Mechanism of rhizosphere bacteria and C. indica response to Cr stress

As we all know, high or low heavy metal concentrations harm plants. Excessive heavy metals in plants will destroy cell structure, affect photosynthesis, and cause an imbalance of redox homeostasis (Yaashikaa et al., 2022). To reduce the toxicity of heavy metals, plants secrete antioxidants and recruit rhizosphere microorganisms to ensure the growth and development of plant bodies and high adaptability to the environment. In this study, MDA and ROS contents showed an increasing trend with the extension of Cr stress time (Figures 2G, H). To cope with the damage of free radicals in plants under Cr stress, C. indica would synthesize vitamin C, vitamin E, carotenoids, polyphenols, and other substances to protect cells from oxidative stress (Zhang et al., 2013). This may be why the high carotenoid content in Cr stress groups is under different time sequences (Figure 2I). The rhizosphere microorganisms of C. indica also provide a sure guarantee for plant nutrition acquisition and root growth. Under Cr stress, rhizosphere microorganisms will secrete organic acids and extracellular polysaccharides to promote the complex precipitation of heavy metal ions in the soil, thus reducing plants' absorption of heavy metals (Hasanuzzaman et al., 2018). At the same time, rhizosphere microorganisms synthesized thalli and secreted organic acids to promote plant detoxification of heavy metals (Xia et al., 2021). In this study, the abundance and diversity of root microbial communities changed under Cr stress (Figures 3A–D). Among them, the main dominant bacteria in the rhizosphere of C. indica are Actinobacteria, Proteobacteria, and Chloroflexi (Figure 4A). Actinobacteria exist in the rhizosphere of plants under biological and abiotic stress and can promote plant growth and reduce the harm of environmental stress (Jiang et al., 2020; Ganesh et al., 2022). The weakening and elimination of abiotic stress by rhizosphere microorganisms may be due to the methylation modification of DNA in roots induced by plant growth-promoting bacteria (PGPB), thus alleviating the toxic effect of stress on the environment (Chen et al., 2022). Under the stress of Cd, the addition of nano-selenium can improve rhizosphere bacteria (e.g., Gammaproteobacteria, Alphaproteobacteria, Bacteroidia, Gemmatimonadetes, Deltaproteobacteria, and Anaerolineae) showed increased abundance to varying degrees (Li et al., 2022). Previous studies have found that the increase in the abundance of Acidobacteriota can promote the absorption of Cd by plants because organic acids secreted by Acidobacterium can promote the release of Cd from soil colloids (Ganesh et al., 2022). In this study, with the passage of Cr stress time, the abundance of Acidobacteriota decreased to 3.82% in Group Cr21 (Figure 4E), which may be caused by the decrease of Cr content in the rhizosphere with the extension of Cr stress time (Wei et al., 2023c). Rhizosphere microorganisms can induce the production of flavonoid antioxidant substances in plants, thereby enhancing the resilience of plants to oxidative stress (Wang et al., 2022b). This explains the significant increase of flavonoids under Cr treatment in sequences at 14 and 21 days (Figure 7D). Rhizosphere bacteria also produce antioxidant enzymes in plants. In this study, the contents of SOD, POD, APX, and GSH in C. medica in the Cr treatment group were significantly higher than those in the CK group (Figures 2A, C, D, E), which could be attributed to the antioxidant stress of plants and the induction of rhizosphere microorganisms. Apart from protecting plants in the above ways, rhizosphere microorganisms can also induce plants to enhance their immunity, thus reducing the persecution of heavy metals. For example, under Cd stress, rhizosphere rhizobium Burkholderia sp. D54 can increase the activity of antioxidant enzymes in tomatoes and also activate PR proteins and transcription factors in plants to improve the immunity of wheat and reduce the damage of wheat under Cd stress (Mondal et al., 2021). In conclusion, in addition to responding well to Cr stress in C. indica plant body, rhizosphere microorganisms also significantly enhance heavy metal tolerance and the growth and development of plants under Cr stress.



4.2. Recruitment of microorganisms from rhizosphere secretions of C. indica under Cr stress

Rhizosphere-dominant bacteria and plant roots can form a dynamic rhizosphere environment. On the one hand, dominant bacteria may promote the synthesis of root exudates; on the other hand, root exudates may also provide energy for dominant bacteria (Sasse et al., 2018). For example, adding nitrogen changes the connections between plants and microbes (Liu and Zhang, 2019). In addition, Arabidopsis thaliana has different rhizosphere microbial communities due to its different development stages (seedling stage, vegetative stage, bolting stage, and flowering stage), and root exudates are positively correlated with certain bacterial genera such as Acidobacteria, Actinomyces, and Bacteroidetes (Chaparro et al., 2014; Herms et al., 2022). The metabolic activities of roots produce components of root exudates, and the compounds in root exudates may also be products of root metabolic processes. They are involved in the interaction and regulation of root systems and soil environment (Huang et al., 2019). This study showed that root exudates were divided into 15 types, including lipids, alkaloids, flavonoids, lipoyl groups, and terpenoids, after adding Cr. These metabolites may recruit specific bacterial community (Figure 7). The specific cucurbitacin in bitter triterpenoids selectively enriched Enterobacter and Bacillus in melon roots to form rhizosphere bacteria (Zhong et al., 2022). A review by Santoyo (2022) showed that legumes that secrete phenolic compounds, such as flavonoids and isoflavones, induce gene expression in rhizobia, resulting in the mutually beneficial symbiosis between rhizobia and legumes. In addition, Fang et al.'s (2021) research on the relationship between rhizosphere microorganisms and root secretions of three species of aquatic plants showed that the concentration of organic carbon secreted by the root system of Phragmites australis was higher than that of Typha angustifolia L. and Cyperus alternifolius L. Thus, Cytohagaceae had the highest abundance. At the same time, there was a significant consistency between the rhizosphere bacterial community and metabolites at different concentrations of high and low Cd concentrations in Brassica napus L. (Wu et al., 2023). Based on the analysis of the close relationship between root exudes and bacterial community differences under Cr stress under different time sequences, it is speculated that the differences in C. indica rhizosphere exude determine the abundance change and composition of the rhizosphere microbial community.



4.3. Key metabolic stress response mechanisms of C. indica under Cr stress

Plants release some organic substances, such as carbohydrates, amino acids, and organic acids, through root secretions, which can provide nutrients and energy sources for inter-root microorganisms. At the same time, inter-root microorganisms can also provide nutrients to plants by decomposing organic substances in the soil and fixing nitrogen. In addition, inter-root microorganisms can interact with plants to promote plant growth and health, for example, by inhibiting the growth of plant pathogens or increasing the plant's ability to absorb nutrients (Hu et al., 2018; Rodriguez et al., 2019; Wang et al., 2022a). Thus, a complex and mutually beneficial symbiotic system is formed between plants, root secretions and inter-root microorganisms. In this study, the inter-root metabolic secretions of C. indica under Cr stress were dominated by lipids, alkaloids, flavonoids, terpenoids, and organic acids (Figure 7). It mainly contains five critical metabolic pathways [glycerophospholipid metabolism; N-glycan biosynthesis; glycosylphosphatidylinositol (GPI)-anchor biosynthesis; pantothenate and CoA biosynthesis; alanine, aspartate, and glutamate metabolism; Figure 8]. There is a close connection among them; the differentially expressed metabolites involved are 79 (Supplementary Table S4). Root secretions act as a bridge and catalyst between plants and inter-rooted microorganisms. Also, root secretions can influence the community structure and function of inter-rooted microorganisms by changing the chemical and biological properties of the soil environment, thus regulating the stability and health status of the soil ecosystem (Zhalnina et al., 2018). Among the root, secretions are partly produced by secondary metabolisms, such as alkaloids, flavonoids, terpenoids, phenylpropanoids, phenolic acids, and saponins. These compounds have different roles and functions for plant growth and development, environmental adaptation, defense against diseases, attraction of pollinators, etc. (Pang et al., 2021). This is the reason for the increased content of flavonoids, terpenoid substances, and alkaloids in this study (Figure 7). In addition, the lipid metabolite synthesis pathway was significantly upregulated in this study, that is, the glycosylphosphatidylinositol (GPI)-anchor biosynthesis (Figure 6B), thus promoting a significant increase in lipid content. Most lipid metabolites, myristic acid, and 3-O-sulfolactose ceramide act as energy storage, biofilm skeleton stabilizer, and antioxidant after plant stress (Ma et al., 2021). Meanwhile, the carbohydrate content of plants in all Cr-treated groups in this study was higher than that of the control group (Figure 7B) because carbohydrates, an important class of organic substances, have a variety of biological activities and functions. Carbohydrates provide energy for inter-root microorganisms to survive and change the suitable soil structure for microorganisms, thus promoting plant growth (Ding et al., 2019). Microorganisms colonize roots due to the chemical induction and signal transduction of root secretions and the attachment on the root surface. In turn, inter-root microbes sense signals secreted by plant roots and release various signaling molecules to influence their hosts, enhance biotic and abiotic resistance, and promote root development and growth (Zhang et al., 2017).
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FIGURE 8
 Key Biosynthetic pathways of rhizosphere metabolites in Canna canna under Chromium stress. Based on the data generated by the KEGG database and with some modifications, the path was determined. Red balls indicate up-regulation, while gray balls indicate no significant change. The black arrow shows the synthesis pathway. The dotted brown arrow indicates that it promotes the formation of a certain metabolite, but the synthetic pathway is unknown.





5. Conclusion

This study revealed the correlation between C. indica, root metabolites, and rhizosphere bacteria under Cr stress. After the addition of Cr (100 mg*kg−1), the imbalance of oxidation balance and lipid peroxidation of plants increased ROS and MDA contents, which damaged the plant defense mechanism. To this end, plants' SOD, POD, and APX activities were increased. At the same time, the increase of GSH and soluble sugar content also had a positive effect on reducing Cr toxicity. In addition, the rhizosphere microbial diversity index of C. indica decreased after Cr addition, while the colonization abundance of dominant bacteria increased. There are 79 kinds of differentially expressed metabolites in the rhizosphere and five key metabolite generation pathways. The main categories of metabolites are terpenoids, lipids, flavonoids, and nucleic acids. In conclusion, by analyzing the antioxidant reaction of C. indica under Cr stress and the relationship between root secretion and bacterial community, this study provides a theoretical reference for plant antioxidant reaction and plant-bacterial interaction under heavy metal pollution. It provides new insights for heavy metal remediation.
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Ginger is one of the important spice crops in the world. Due to the prevalence of ginger wilt disease and the lack of effective prevention and control methods, the planting area, total production and value have declined sharply, which have become a key factor restricting ginger industry development in China. Understanding the influence of microbial agents on the rhizosphere microbiota of ginger will facilitate developing novel technologies for the prevention and control of ginger wilt disease. In the new planting and continuous cropping ginger fields, using large-root ginger and microbial agents, two inoculation levels (inoculation and no inoculation) were designed, and high-throughput sequencing technology was used to study the bacterial community structure in the rhizosphere soil at mature stage of ginger. The results showed that newly planted ginger showed a significant yield advantage over continuous cropping ginger, with a yield increase of 39% to 56%, and the lowest ginger wilt disease index. The community structure at the phylum level of soil bacteria in each treatment was very similar to that in the control, but the abundance of some taxonomic units changed significantly. The four dominant phyla of bacteria in mature ginger rhizosphere soil were Proteobacteria, Actinobacteria, Chloroflexi, and Acidobacteria, accounting for 72.91% to 89.09% of the total. The microbial agent treatment of continuous cropping had beneficial microorganisms such as Acidobacteria and Gemmatimonadetes with abundances increased by 12.2% and 17.1%, respectively, compared to the control. The microbial inoculant treatment of newly planted ginger increased the abundance of Acidobacteria and Gemmatimonadetes by 34.4% and 10.7%, respectively, compared to the control. The composition of bacterial communities were affected by changes in soil properties. Redundancy analysis showed that the hydrolysable nitrogen, available phosphorus, available potassium, and organic matter were significantly related to the composition of soil bacterial communities. Therefore, the microbial agents can not only promote the proliferation of beneficial microorganisms in the continuous cropping soil but also further reshape the soil bacterial community structure by changing the soil physicochemical properties such as effective phosphorus. These results provided a reference for related research on the impact of ginger continuous cropping on soil environment and soil management improvement in ginger fields.
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1. Introduction

Ginger (Zingiber officinale Rosc.) is one of the most important spice crops in China, as well as in several other countries including India, Nepal, Indonesia, and Nigeria (Thekkan et al., 2020). Ginger is widely grown in China and has gradually developed into a large-scale and industrialized production, becoming an important source of income for farmers. However, ginger has a serious problem of continuous cropping obstacles, which leads to significant yield decrease and economic loss. The continuous cropping obstacle for ginger is mainly caused by ginger wilt disease caused by Ralstonia solanacarum, which does not occur when the soil and ginger seeds do not carry the pathogen. The incidence rate of ginger wilt disease is 60% when only the soil carries the pathogen, while it is 90% when both the soil and ginger seeds carry the pathogen (Wang et al., 2016). Currently, the methods for the prevention and control of ginger wilt disease mainly include strengthening field management, cultivating resistant varieties, using chemical agents, and applying biocontrol agents (Ohike et al., 2013; Thomas and Upreti, 2014). However, it has been shown that field management is difficult to effectively control the occurrence of ginger wilt disease, the breeding of resistant plants is time-consuming, and chemical control pollutes the environment, disrupts the ecological balance, and long-term use of chemical agents can lead to the pathogen developing resistance. Use of safe biological products is currently a trend (Guo et al., 2004). Therefore, use of beneficial microorganisms to replace harmful chemicals has aroused great interest (Kwon and Kim, 2014).

Microbial agents are microbial live preparations with a certain porous substance as a carrier, which can reproduce in soil or substrate and form an advantageous microbial community for plant growth (Hou et al., 2016). They can improve the soil microbial flora and metabolic activity, prevent and control soil-borne diseases, and thus have a significant promoting effect on plant growth. However, considering that R. solanacarum is a highly destructive soil-borne bacterium that can survive for a long time in soil, water, and plants, a single microbial agent has poor efficacy and is subject to problems such as poor persistence and strong environmental dependence, making it difficult to achieve ideal control effect (Huang et al., 2013). In contrast, use of composite microbial inoculant for biological control has become a new research hotspot, and the focus is the compound of beneficial bacteria. Reports on use of composite microbial agents to control R. solanacarum mainly focus on the combination of beneficial bacterial strains. For example, Wang et al. (2017) mixed two strains of Bacillus isolated from the healthy tomato rhizosphere, and the effect on controlling tomato bacterial wilt was significantly better than that of a single strain. Huang et al. (2015) mixed Bacillus amyloliquefaciens and Streptomyces sulfate to control tobacco bacterial wilt, achieving an efficacy of 65.85% and reducing the amount of chemical pesticides used by half. Therefore, it is important to improve the control effect of R. solanacarum on ginger by using composite microbial agents.

Arbuscular mycorrhiza (AM) fungi, Trichoderma spp., and plant growth-promoting rhizobacteria (PGPR), widely distributed, are important soil beneficial bacteria (Afaque et al., 2017; Che et al., 2019). AM fungi can form mutualistic associations with the roots of most terrestrial plants and promote the absorption and utilization of water and mineral elements, particularly nitrogen, phosphorus, and potassium, benefiting plant growth and development (Smith and Read, 2008; Sharifi, et al., 2007). PGPR includes a variety of soil microorganisms, such as nitrogen-fixing bacteria Azotobacter sp., and certain species of Pseudomonas and Bacillus sp. (Glick et al., 1998). Trichoderma spp. is a common type of fungus in soil. Studies have shown that Trichoderma has biocontrol effects, has the ability to dissolve insoluble inorganic phosphates and potassium in soil, and can promote the germination of various plant seeds and the growth of seedlings (Zhang et al., 2012). To date, many studies have reported the disease control effects of Trichoderma against tomato bacterial wilt and tobacco bacterial wilt (Zhu and Yao, 2014; Tan et al., 2011), but its effect on ginger disease control and the root soil microbial community has not received enough attention.

Rhizosphere microorganisms are important components of soil ecosystems (Yang et al., 2016), affecting energy flow and material conversion in soil environments and participating in many important biochemical reactions (Ling et al., 2014). Bacteria are one of the main components of microorganisms, and their stable community structure and functional diversity play an important role in maintaining soil microecological balance (Jacobsen and Hjelms, 2014). Therefore, studying soil microecosystem have important theoretical and practical significance in tackling challenges associated with continuous cropping (Xia et al., 2018). We speculate that, by applying microbial agents, the abundance, community composition, and functional diversity of rhizosphere microorganisms will be improved. Bacillus and Trichoderma as antagonists of plant pathogen are widely used to improve plant health and productivity, combining the use of biocontrol agents has potential synergistic effects (Huang et al., 2021). Our previous pot experiment results showed that the combination of AMF, Bacillus and Trichoderma had the best control effect than the single use, so the mixed bacteria were selected to carry out the study. In this study, a compound microbial agent with excellent promotion and disease prevention ability for ginger previously selected in a previous screening was applied under field conditions with both new planting and continuous cropping modes. The impact of the exogenous compound microbial agent on rhizosphere microorganisms was analyzed. High-throughput sequencing technology was used to explore the response of ginger rhizosphere bacterial communities to the compound microbial agent and the correlation between the changes in bacterial community structure and ginger disease prevention. This study provides a theoretical basis for exploring the field disease prevention mechanism of compound microbial agents on ginger.



2. Materials and methods


2.1. Experiment materials

The ginger variety used in the field experiment was Shandong Laiwu ginger, and the microbial agents applied were the experimental samples from Guangxi Academy of Agricultural Sciences, including a mix of arbuscular mycorrhizal (AM) agents in the ratio 1:1:1 (Glomus reticulatum LCGX-39, Glomus mosseae FSGX-1631, and Glomus versiforme LCGX-58), Bacillus velezensis KC-5, and Trichoderma viride BJM-11. There was no mutual inhibition among the strains.



2.2. Experiment site

The experiment was conducted at the Wu-Ming Li-Jian Research Station of Guangxi Academy of Agricultural Sciences (23°15′N, 108°02′E), and the tested soil was red soil. Before the experiment, the basic physical and chemical properties of the soil were as follows: available N 91.83 mg/kg, available P 81.86 mg/kg, available K 256.53 mg/kg, organic matter 23.67 g/kg, and pH 6.56.

The experimental area is in a subtropical monsoon climate zone with abundant light, heat, and water resources. The average annual temperature is 21.7°C, the average annual sunshine hours are 1,660, and the average annual rainfall is 1,300 mm.



2.3. Experiment design

The field for the continuous cropping experiment was used for planting ginger for two consecutive years, and the field for the new planting experiment was used for planting ginger for the first time.

There were four treatments in the experiment, including new planting plus microbial agent treatment (NT), new planting only control (NK), continuous cropping plus microbial agent treatment (CT), and continuous cropping only control (CK). Each treatment had three replicates, and a randomized complete block design was employed. The soil preparation was conducted on February 13, 2021, and the plastic film was removed on February 28. The ginger was planted on March 7. The AM agent was applied by spreading before planting ginger, with approximately 50 g of the agent per block (the spore count of the agent was approximately 85 spores per gram). The plants were irrigated with Bacillus velezensis (at a concentration of 108 CFU/mL) and Trichoderma viride (at a concentration of 106 CFU/mL) suspension since a month after planting for three times at April 7, May 7, and June 7, respectively, during the whole growth duration, with a rate of 200 kg/ha each time.

The land with a deep, loose, and fertile loamy and sandy soil layer and good drainage was selected, and the soil was well prepared. After application of base fertilizer, the land was ridged to a height of 60 cm and a width of 4.5 m. A drainage ditch with a width of 60 cm was built between each ridge. Before being planted, the pieces of ginger were first washed with tap water, then soaked in multi-bactericide (diluted at a ratio of 1:1,000) for 30 min before being dried at room temperature for 1–2 days. The disinfected ginger pieces were buried in sterile sand in a greenhouse for sprouting at 15°C–25°C and soil humidity 70%–80%. When the sprouts reached a length of 1 cm, they were transplanted to the field.

There were four ridges in total. Each ridge was 4.5 m wide and 70 m long divided into four small areas. The ginger is planted in two small beds with a 50 cm aisle in the middle. Each bed is 1.5 m wide, and two rows of ginger had a space of 25 cm × 45 cm between plants. The continuous cropping and new planting experiments were set with two treatments: inoculation and control (Figure 1).
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FIGURE 1
 Field experiment design for microbial agent treatments in newly planted and continuous cropping ginger. NT, newly-planted microbial treatment; NK, newly-planted control; CT, continuous cropping microbial treatment; CK, continuous cropping control.




2.4. Sample collection and determination

When gingers were harvested on December 10, 2021, the severity index and control efficacy of ginger wilt disease were scored according to NY/T1464.31 “Guidelines for Field Efficacy Trials of Pesticides Part 31: Fungicides for the Control of Ginger Wilt Disease.” The disease severity grading criteria are as follows: grade 0, asymptomatic; grade 1, slight yellowing of 10% of leaves, no obvious symptoms in fleshy stems; grade 3, yellowing of 11% to 30% of leaves, slight curling of leaf edges, water-stained spots appear on fleshy stems; grade 5, yellowing of 31% to 50% of leaves, curling of leaf edges, stunted plants, partial rotting of fleshy stems; grade 7, more than 51% of leaves are withered, plants wilt, and most of the fleshy stems are rot; grade 9, plants die, fleshy stems are rot or only fibrous vascular bundles are left. The disease severity index was calculated as follows: Disease severity index = Σ (Number of plants in each disease grade × Corresponding disease grade)/(Maximum disease grade × Total number of plants) × 100. The control efficacy (%) was calculated as (Disease severity index of control group − Disease severity index of treatment group)/Disease severity index of control group × 100.

The rhizosphere soil of ginger was collected by five-point sampling method at the harvest time in December 2021. The roots with soil were collected and put into a plastic bag, and kept on ice for transportation. In laboratory, the ginger roots were shaken to drop the loose surface soil that is the rhizosphere soil, which was then collected using a sterile brush (Feng et al., 2017). The soil was air-dried and sieved through a 20-mesh sieve, and 300 g was stored for determining the physical and chemical properties of the soil. The dried soil samples were used to measure soil pH using the water extraction method, soil organic matter content using the potassium dichromate heating method, available nitrogen using the alkaline hydrolysis diffusion method, available phosphorus using the molybdenum-antimony colorimetric method, and available potassium using the flame photometry method (Liang et al., 2009).



2.5. DNA extraction and illumina sequencing

Genomic DNA was extracted from soil using the Fast DNA TM SPIN Kit (MP Biomedicals, Solon, OH, United States). After extraction, the DNA was checked for quality using 0.8% agarose gel electrophoresis and a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States).

The Ralstonia solanacearum in ginger rhizosphere soil of different treatments was determined by real-time fluorescence quantitative PCR. The flic gene of R. solanacearum was amplified using a primer pair flicF/flicR (5′-GAA CGC CAA CGG TGC GAA CT-3′/5′-GGC GGC CTT CAG GGA GGT C-3′) (Zhao et al., 2019). The plasmid containing the flic gene of R. solanacearum was diluted 10 times to prepare a standard curve of 103–109 copies/μL.

The SYBR® Premix Ex Taq™ real-time fluorescent PCR kit from TaKaRa company was used to run on the ABI 7500™ real-time fluorescent quantitative PCR detector. The amplification reaction system was 20 μL, SYBR® Premix Ex Taq™ (2 ×) 10 μL, ROX reference dye (50×) 0.4 μL, upstream and downstream primers (10 mmol L−1) 0.8 μL, DNA template 2 μL, double distilled water 6.0 μL. Three sample replicates were set in each group, and three replicates were measured. The copy number of flic gene in 1 g dry soil sample was calculated according to the measured Ct value, and the results were presented in logarithmic form l g (copies/g, dry soil).

The V3–V4 region of the bacterial 16S rRNA gene was amplified with PCR using 338F (5′-ACT CCT ACG GGA GGC AGC A-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) primers (Yang et al., 2019). The PCR reaction mixture (25 μL) contained 0.25 μL of DNA polymerase, 5 μL of reaction buffer, 5 μL of high GC buffer, 2 μL of dNTP (10 mM), 2 μL of template DNA, 1 μL of each primer (10 μM), and 8.75 μL of ddH2O. The PCR conditions were as follows: 98°C for 30 s; 98°C for 15 s, 50°C for 30 s, 72°C for 30 s, 27 cycles; 72°C for 5 min. The PCR products were then used to prepare sequencing libraries using the TruSeq Nano DNA LT Library Prep Kit and sequenced on an Illumina MiSeq platform. Raw reads were deposited in the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA977085).



2.6. Sequence data analyses

The Illumina MiSeq raw paired-end sequencing data were in FASTQ format. The quality control was performed by removing sequences with a quality score less than Q20. The quality-filtered sequences were then assembled using FLASH with a minimum overlap of 10 bp and no mismatches. The sequences containing ambiguous bases or chimeras were removed using QIIME2 (Hugo et al., 2020). The filtered sequences were aligned to the 16S rRNA gene sequences in the GreenGenes database using the UCLUST algorithm implemented in QIIME2 with a 97% similarity threshold for operational taxonomic units (OTU) clustering.



2.7. Data processing and statistical analyses

To test the effects of treatments on crop yield, soil physical and chemical properties, the least significant difference test was performed at 5% level using SPSS Statistics for Windows (SPSS 19.0) software package. The OTU table with 97% similarity was selected, and the bacterial community composition analysis and Venn analysis were performed using the R language (v.3.3.1) tool, and statistics and plotting were performed. Multivariate statistical methods such as principal coordinates analysis (PCoA) were used for analysis of differences in bacterial communities. The Metastats and LEfSe software was used to screen biomarker features of each group (Segata et al., 2011). To study the relationship between the soil physicochemical indices and samples and microbial communities, redundancy analysis (RDA) was used to correlate the biochemical indices as environmental factors with the sample communities.




3. Results


3.1. Soil properties and ginger yield

In this study, soil properties, including alkaline nitrogen, available phosphorus, available potassium, organic matter, and pH in the ginger rhizosphere soils with four treatments were measured and the results were shown in Table 1. It can be seen from Table 1 that regardless of the microbial treatment (CT) or control (CK), continuous cropping of ginger significantly reduced the main physicochemical indicators of soil in the newly-planted microbial treatment (NT) compared to the control (NK) (p < 0.05). This indicates that continuous ginger cultivation led to more consumption of soil nutrients. There were also significant differences in soil physicochemical properties between the microbial treatment and control. The effective P, available K, and organic matter in NT were higher than those in NK, especially the organic matter, which was 13% higher in NT than in NK (p < 0.05). The alkaline nitrogen in CT was higher than that in CK, and the other indicators showed no significant difference. There was no significant difference in soil pH between the newly-planted and continuous cropping treatments.



TABLE 1 Effects of different planting systems on the physicochemical and biological characteristics of the ginger rhizosphere soil.
[image: Table1]

As indicated in Table 2, the three treatments including NT, NK, and CT significantly reduced the disease index of ginger wilt (p < 0.05) compared to CK. Among them, NT had the lowest disease index (5.2) and the highest correctional efficiency (85.87%). NK had a disease index of 8.4 and a correctional efficiency of 77.17%, followed by CT with a disease index of 15.6 and a correctional efficiency of 57.61%. The flic gene abundance of R. solanacearum in the rhizosphere soil of NT treatment was 2.51 × 106 copies/g, dry soil, and the flic gene abundance of R. solanacearum in the rhizosphere soil of NK treatment was 10.62 × 106 copies/g, dry soil, it is 4.23 times that of NT. The flic gene abundance of R. solanacearum in rhizosphere soil of CT treatment was 15.23 × 106 copies/g, dry soil, and the flic gene abundance of R. solanacearum in rhizosphere soil of CK treatment was 38.47 × 106 copies/g, dry soil, it is 2.53 times that of CT. The abundance of flic gene in the rhizosphere of NT and CT was significantly lower than that of NK and CK (p < 0.05), respectively. Under the same microbial application conditions, the yield in NT was significantly increased by 39% compared to that in CT, and the yield in NK was significantly increased by 56% compared to that in CK.



TABLE 2 Effects of different treatments on the control of ginger wilt disease and yield.
[image: Table2]



3.2. Taxonomic characterization of rhizosphere microbiota

The V3–V4 region of bacterial 16S rDNA gene was amplified, and the structure and composition of bacterial populations were analyzed by high-throughput sequencing. A total of 1,269,686 sequences with an average length of 416 bp were obtained from 12 soil samples using Illumina MiSeq. After quality control and chimera filtering, 634,843 high-quality sequences were obtained. Finally, 601,196 effective tags were detected in all the samples, accounting for 94.7% of the total quantified sequences. The quality reads of soil samples ranged from 53,462 to 69,760 in the 12 replicates (Supplementary Table S1). These sequences were clustered into operational taxonomic units (OTUs) at a 3% difference level and annotated with species names, resulting in a total of 23,872 OTUs. In the sparse curve analysis, all the curves tended to saturate (Supplementary Figure S1), and effective coverage of almost all the bacterial diversity was found at 97% sequence similarity by rank-abundance curve analysis (Supplementary Figure S2).



3.3. Species composition analysis

At the similarity level of 97%, OTUs were obtained for each treatment, and a Venn diagram was used to visualize the number of the shared and unique OTUs in different treatments. As shown in Figure 2, there were 2,059 shared OTUs among the four treatments, and the numbers of OTUs unique to NT, NK, CT, and CK were 319, 218, 273, and 248, respectively, indicating significant changes in the bacterial colony diversity in different treatments (Figure 2).
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FIGURE 2
 Venn diagram of different treatments (97% sequence similarity). NT, newly-planted microbial treatment; NK, newly-planted control; CT, continuous cropping microbial treatment; CK, continuous cropping control.




3.4. Changes in bacterial community composition and diversity

The OTUs were classified into 32 bacterial phyla and 94 classes. At the phylum level (Figure 3A), the top 13 phyla were Proteobacteria (24.16% to 29.71%), Actinobacteria (25.05% to 28%), Chloroflexi (13.73% to 16.32%), Acidobacteria (9.97% to 15.06%), Firmicutes (3.14% to 5.92%), Gemmatimonadetes (2.47% to 4.07%), Bacteroidetes (1.42% to 3.82%), Cyanobacteria (0.51% to 2.89%), Nitrospirae (0.93% to 1.79%), Rokubacteria (0.74% to 2.34%), Planctomycetes (0.88% to 1.03%), Patescibacteria (0.49% to 1.15%), and Verrucomicrobia (0.56% to 1.04%). Proteobacteria and Actinobacteria were the dominant phyla, accounting for 49.21% to 57.71% of the total bacteria, indicating their high abundance. The phylum-level abundance of Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes showed significant changes between the new planting and continuous cropping treatments. No matter new planting or continuous cropping, the application of microbial agents increased the abundance of Chloroflexi, Acidobacteria, Gemmatimonadetes, Cyanobacteria, and Nitrospirae. Therefore, the microbial agents significantly altered the relative abundance of dominant bacterial taxa, affecting the composition and structure of the bacterial community.
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FIGURE 3
 Main community composition of bacteria at phylum level (A) and genus level (B) under different treatments. NT, newly-planted microbial treatment; NK, newly-planted control; CT, continuous cropping microbial treatment; CK, continuous cropping control.


From Figure 3B, it can be seen that the top 10 genera in terms of abundance were Roseiflexaceae, Gaiellales, Gaiella, Streptomyces, Gemmatimonadaceae, Sphingomonas, Xanthobacteraceae, Bacillus, Nitrospira, and Rokubacteriales, followed by Nocardioides, Bradyrhizobium, Bryobacter, and Arthrobacter. The abundance of Roseiflexaceae, Gaiellales, and Gaiella in the continuous cropping group (CK and CT) was higher than that in the new planting group (NK and NT), while the abundance of Streptomyces in the new planting group (NK and NT) was higher than that in the continuous cropping group (CK and CT). There was little difference in the abundance of bacterial agents and control treatments in the continuous cropping group, but in the new planting group, the abundance NT was significantly higher at 3.97% compared to NK at 1.52%. Bacillus is a potential beneficial bacterium that can increase plant disease resistance. In the continuous cropping group, the abundance of Bacillus in CT was 2.5%, which is significantly lower in CK at 0.8%. However, in the new planting group, there was little difference in the abundance of Bacillus between NT and NK. These data suggest that the microbial agents can significantly change the relative abundance of dominant bacterial genera in the community.



3.5. PCoA analysis of OTUs

Principal co-ordinates analysis (PCoA) of sequencing showed significantly separate clustering of the soil microbiota community between each pair of control and microbial agent treated groups (p = 0.001), with the main principal component (PC) scores: PC1 = 27.5%, PC2 = 14.22%, demonstrating the effects of the microbial agent treatments on the indigenous bacterial community in the rhizosphere soil of field ginger (Figure 4).
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FIGURE 4
 Principal coordinate analysis (PCoA) of bacterial community structure based on the Bray–Curtis distance metric in all soil samples. NT, newly-planted microbial treatment; NK, newly-planted control; CT, continuous cropping microbial treatment; CK, continuous cropping control.




3.6. Comparative assessment of microbial biomarkers

LEfSe analysis was conducted with the LDA threshold of 3.5 to identify the microbial biomarkers that differed significantly between the microbial agents. The results showed that Streptomyces and Streptomycetales were significantly enriched in NT compared to NK, while Oxyphotobacteria and Chloroflexia were significantly enriched in NK (Figure 5C). In addition, Rokubacteria and Bacillaceae were enriched in CT, while Streptomycetaceae and Pseudonocardiales were enriched in CK (Figure 5D). When comparing NT and CT, Alphaproteobacteria and Streptomycetales were significantly enriched in NT, while Gaiellales and Blastocatellia were significantly enriched in CT (Figure 5B). Finally, when comparing NK and CK, Thermomicrobiales and Burkholderiaceae were significantly enriched in NK, while Streptomycetaceae and Streptomycetales were significantly enriched in CK (Figure 5A). The results suggest that different cropping systems have a significant impact on the composition of microbial communities in the ginger rhizosphere soil.
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FIGURE 5
 Cladograms plotted from LEfSe comparison analysis indicating the taxonomic representation of statistically and biologically consistent differences of identified biomarkers among different cropping systems. NT, newly-planted microbial treatment; NK, newly-planted control; CT, continuous cropping microbial treatment; CK, continuous cropping control.




3.7. Environmental factors and microbial association

The results of RDA indicated that soil properties, including hydrolyzable nitrogen (R2 = 0.6913**), available phosphorus (R2 = 0.4981**), available potassium (R2 = 0.5821**), and organic matter (R2 = 0.5715**), were the significant predictors of bacterial community composition at the genus level in the ginger rhizosphere soil (Supplementary Table S2). The magnitude of the effects of soil physicochemical properties on the bacterial community composition followed the order of hydrolyzable nitrogen, available potassium, organic matter, and available phosphorus. Available phosphorus was positively correlated with hydrolyzable nitrogen, available potassium, and organic matter, but negatively correlated with pH (Figure 6).
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FIGURE 6
 Redundancy analysis (RDA) of soil bacterial community structure associated with soil properties. NT, newly-planted microbial treatment; NK, newly-planted control; CT, continuous cropping microbial treatment; CK, continuous cropping control.


By calculating the Spearman correlation between the environmental factors and bacterial genera, it was found that the abundance of 12 genera was significantly and positively correlated with the environmental factors, while the abundance of 5 genera was significantly and negatively correlated with the soil physicochemical factors. Specifically, norank_f_JG30-KF-CM45, Marmoricia, RB41, and norank_f_norank_o_11–24 were significantly and negatively correlated with pH; Bradyrhizobium, Mycobacterium, norank_f_JG30-KF-AS9, norank_f_norank_o_S085, and Kribbella were significantly and positively correlated with available phosphorus, and norank_f_JG30-KF-CM45 was significantly and negatively correlated with available phosphorus; Bradyrhizobium, Mycobacterium, norank_f_norank_o_Saccharimonadales, norank_f_norank_o_S085, and Streptomyces were significantly and positively correlated with hydrolysable nitrogen, while norank_f_norank_o_norank_c_TK10 was significantly and negatively correlated with hydrolysable nitrogen; Bradyrhizobium, Mycobacterium, norank_f_norank_o_Saccharimonadales, norank_f_norank_o_S085, Kribbella, Streptomyces, Dongia, and Acidbacter were significantly and positively correlated with available potassium, while norank_f_JG30-KF-CM45, Marmoricia, norank_f_bacteriap25, and MND1 were significantly and negatively correlated with available potassium; Bradyrhizobium, Mycobacterium, norank_f_norank_o_Saccharimonadales, norank_f_norank_o_S085, and Streptomyces were significantly and positively correlated with organic matter, while norank_f_norank_o_norank_c_TK10 and norank_f_JG30-KF-CM45 were significantly and negatively correlated with organic matter (Figure 7).

[image: Figure 7]

FIGURE 7
 Heatmap correlation between dominant bacteria genara and soil physico-chemical properties.





4. Discussion


4.1. Effects of microbial agents on rhizosphere soil physicochemical properties and yield of ginger

The results of soil physicochemical properties showed that regardless of the cultivation method or inoculant treatment, the changes in soil pH were not significant, and the impact on the rhizosphere microorganisms was also weak. This is likely due to the short-term effects of continuous cropping, the buffering effect of the soil on pH, and the complexity of the field environment. It has been reported that different crop cultivation methods result in different nutrient utilization and transformation efficiencies in the soil, which in turn lead to different fertility properties (Xun et al., 2015; Liu et al., 2019). The results of this study showed that after 1 year of continuous cropping, the content of available nitrogen, available phosphorus, available potassium, and organic matter in the rhizosphere soil of ginger significantly decreased compared to the newly planted ginger. Therefore, continuous cropping may lead to nutrient loss in soil.

Based on the view of sustainability of agricultural production, one of the most effective measures is to use one or several beneficial bacteria as microbial fertilizers for crop cultivation. These microbial fertilizers not only interact with the crops, but also directly affect the soil physicochemical properties such as soil nutrients and pH, which in turn have feedback effects on the microorganisms and crops (Liu, et al., 2017). In this study, after inoculation of microbial agents in newly planted ginger, the contents of available phosphorus, available potassium, and organic matter in the soil were significantly increased. This is similar to the conclusion of Zhang et al. (2019) that in the first year of planting Panax notoginseng (Burk.) Chen, the soil nitrogen content remained basically unchanged, while the phosphorus content increased significantly, and the potassium content decreased significantly. In the present study, however, the microbial agent inoculation treatment in ginger under continuous cropping condition did not cause significant changes in soil physicochemical properties, which may be related to the factors such as soil type, crop species, application cycle, and complexity of the field environment.



4.2. Effects of microbial agents on soil bacterial community

Soil microbial community structure and composition are closely related to the soil environment, and planting patterns can cause changes in the soil physical and chemical properties, thus changing the microbial community structure. Proteobacteria, Acidobacteria, Bacteriodetes and Actinobacteria are the dominant groups in the soil bacteria in farmland. Microbial agents change the relative abundance of Proteobacteria, Bacteriodetes, and Acidobacteria to some extent (Li et al., 2014). In this study, Proteobacteria were the most abundant group in the soil for all the four treatments, with a relative abundance of 24.16% to 29.71%, which is consistent with the results of previous studies (Shen et al., 2015; Zhu et al., 2017). The abundance of bacterial phyla in the soil differed between the continuous cropping and the new planting treatments. Among them, the changes in the relative abundance of Proteobacteria, Actinobacteria, Firmicutes and Bacteriodetes were the most obvious, and their abundance in the continuous cropping treatment was significantly lower than that in the new planting treatment. Therefore, different cropping patterns significantly affect the relative abundance of dominant bacterial groups and the composition of bacterial community structure in soil. Based on the results of this study, continuous ginger cropping will reduce the diversity of the rhizosphere soil bacterial community, degrade the structure of the bacterial community, cause an imbalance in the rhizosphere microecology, and thus might trigger the continuous cropping diseases.

The abundance of R. solanacearum is an important factor leading to the incidence of ginger (Prameela and Suseela, 2020). Inoculation of microbial agents can significantly reduce the abundance of R. solanacearum in the rhizosphere soil of ginger (p < 0.05), inhibit the growth of R. solanacearum to a certain extent, delay the development of ginger bacterial wilt and reduce its disease index. Inoculation of microbial agents resulted in a decrease in the number of R. solanacearum in the soil. It is speculated that there is a complex interaction between microbial agents, R. solanacearum and soil bacterial communities. Microbial agents can inhibit the growth of R. solanacearum by regulating soil bacterial communities.

Microbial agents (bio-fertilizers, organic fertilizers) can improve soil microbial community structure and control soil-borne diseases by increasing the abundance of beneficial bacteria in the soil (Zhao et al., 2011). Our research found that regardless of whether it was newly planted or continuously cropped, the bacterial inoculant treatment (NT and CT) could increase the abundance of Chloroflexi, Acidobacteria, Gemmatimonadetes, Cyanobacteria and Nitrospirae. In particular, Acidobacteria and Gemmatimonadetes, which have strong stress resistance and are beneficial to plants, were found to be significantly increased by 12.2% and 17.1%, respectively, in CT compared to CK in the continuously cropped group. In the newly planted group, the treatment NT increased the abundance of Acidobacteria and Gemmatimonadetes by 34.4% and 10.7%, respectively, compared to NK. Acidobacteria and Gemmatimonadetes can improve soil environment, promote ginger growth, and produce antibacterial substances to inhibit the pathogenic bacteria that settle in plant roots, thereby reducing the occurrence of soil-borne diseases (Liu et al., 2021). Bacillus is a group of potential beneficial bacteria that can increase plant disease resistance. This study found that the abundance of Bacillus sp. in the microbial agent treatment was significantly higher than that in CK in the continuous cropping group. This may be due to the good colonization of Bacillus velezensis KC-5 in the soil. B. velezensis KC-5 was isolated and screened from the rhizosphere soil of ginger. After applying B. velezensis KC-5 to the rhizosphere soil of ginger, the specific root exudates of ginger would promote the growth and reproduction of the bacteria. However, there was little difference in the abundance of Bacillus between NT and NK in the new planting. This may be due to the newly planted experimental area shows a milder occurrence of bacteria wilt, the new treatment with B. velezensis KC-5 shows colonization in the new area (NT). As for the new control (NK), even though there is no colonization of KC-5, the rhizosphere soil may contain indigenous B. velezensis, resulting in no significant difference. However, in the continuous cropping experimental area, the occurrence of bacteria wilt is severe. After applying the microbial agent, the continuous cropping treatment (CT) shows colonization of B. velezensis KC-5. On the other hand, the continuous cropping control (CK) not only lacks colonization of KC-5 but also has a reduced abundance of beneficial bacteria in the rhizosphere due to the severe occurrence of bacteria wilt, resulting in significant differences when compared with the continuous cropping control (CK). Nitrospira are the ammonia-oxidizing bacteria that contribute to soil nitrification (Saikia et al., 2018). Their abundance being significantly increased in the microbial agent treatment may have promoted the plant growth. Our research confirmed that the bio-bacterial agents can improve the soil bacterial community structure. Therefore, applying beneficial bacteria to regulate the soil microbial community composition can help prevent ginger wilt disease.



4.3. Correlation between soil chemical properties and microbial community under microbial agent treatment

Ginger’s susceptibility to bacteria wilt is influenced by various factors. Wang et al. (2017) demonstrated that temperature and pH are crucial soil factors affecting the pathogenicity of R. solanacarum. Other studies (Mahmood and Bashir, 2011) have suggested that severe occurrences of bacteria wilt may be primarily attributed to soil compaction, imbalanced pH levels, and deteriorated physicochemical properties. In this study, the rhizosphere soil of the newly planted experimental area (with less bacteria wilt) showed significantly higher levels of available nitrogen (AN), available phosphorus (AP), and available potassium (AK) compared to the continuous cropping soil (experiencing severe bacteria wilt). This indicates that increasing the content of AN, AP, and AK in the soil plays a vital role in reducing the incidence of bacteria wilt. Many studies have shown the importance of soil physicochemical properties on soil microbial community, and the increase in soil organic matter and available nitrogen content can promote the formation of bacterial diversity (Liu et al., 2014; Li et al., 2018). With the accumulation of soil nutrients, the relative abundance of Actinobacteria increases (Zeng et al., 2017). Through correlation analysis, this study found that the abundance of Bradyrhizobium and Mycobacterium was significantly correlated with the hydrolysable nitrogen, available phosphorus, available potassium, and organic matter in the soil; Streptomyces was significantly correlated with the available potassium and organic matter content. More experimental results demonstrated that cropping patterns, soil physicochemical properties, and soil microbial community structure are correlated each other (Ofek-Lalzar et al., 2014; Pang et al., 2017). The above-mentioned research results indicate that different planting patterns and soil chemical properties have inconsistent effects on various soil bacterial communities. As this research focused on analyzing the composition of the bacteria in the rhizosphere soil of mature ginger, further research is needed to investigate the impact of bacterial agents and newly planted ginger on the bacterial community structure at other stages of ginger growth.

Interestingly, high-throughput sequencing results showed that the application of microbial agents did not affect the abundance of Ralstonia, so in addition to directly inhibiting pathogens, microbial agents may also reduce the incidence of bacterial wilt through some indirect ways (Tan et al., 2016). Therefore, the specific ways of microbial agents to inhibit pathogens need to be explored in the future.




5. Conclusion

High-throughput sequencing results showed that application of microbial inoculant altered the bacterial community structure in ginger rhyzosphere soil. The dominant phyla in the four treatments were Proteobacteria, Actinobacteria, Chloroflexi and Acidobacteria, which accounted for 72.91% to 89.09%. The abundance of bacteria at phyla level of Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes in the new planting treatment was significantly higher than that in the continuous cropping treatment. The microbial agent treatment improved the abundance of the potential probiotics such as Acidobacteria and Gemmatimonadetes in the soil, which helps optimize the soil microecological balance. The difference in bacterial community structure between the continuous cropping and new planting conditions was greater than that between the microbial and non-microbial inoculant treatments. Correlation analysis showed that the cropping pattern and microbial agent treatments caused significant changes in the physical and chemical properties of the soil, and hydrolyzable N, available P, available K, and organic matter were the significant factors affecting the composition of genus-level bacteria communities in ginger rhizosphere soil. In the future, transcriptome and metabolome analyses associated with specific microbial taxa are required to further explore the potential mechanism, safety, and application strategy of the microbial agents.
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(A) Pusa Basmati-1

Bacterial dose (CFU mL™1) Germination *Shoot Root length Number Fresh
(%) length of roots weight
Mock 100 4.767° 4.233b 3.667 0.36°
108 100 5.467° 3.467¢ 3.333 0.397°
107 100 4.1° 4.467° 3.333 0.447°
CD (0.05) NS 0.149 0.115 NS 0.002
cv 1.56 1.424 23.705 0.208
(B) BPT5204
Bacterial dose (CFU mL™!) Germination *Shoot Root length Number Fresh
(%) length (cm) (cm) of roots weight (g)
Mock 100 3.067 4.133¢ 2.667 0.281°
108 100 3.033 4.4> 3.0 0.287>
107 100 3.1 5.467% 3.667 0.322
CD (0.05) NS NS 0.149 NS 0.013
cv 2431 1.597 23.958 2.175

*Microbacterium testaceum D18 induced growth alteration in rice seedlings treated with 10% and 107 CFU mL~!, OD bacterial suspension after 7 days.

**Disease severity was calculated using the following formula:
> (Scale x Number of plants infected) x100
Total number of plants x Maximum disease scale "
***Blast severity reduction was estimated using the following formula:

Blast severity reduction = % x 100 C = disease severity in control.

Disease severity

T = disease severity in treatment.

The different letters are statistically significant. Bold values represent the statistical parameters, critical difference, and coefficient of variance.

Dry weight

0.145"
0.1532
0.1522
0.002
0.643

Dry weight
@

0.106*
0.099"
0.105%
0.001
0.674

Net weight

0.216¢
0.244°
0.294%
0.002
0.47

Net weight
(®

0.175"
0.188"
0.214°
0.014
3.655

**Disease
severity (%)

48.03
8.48
7.85

**Disease
severity (%)

45.71
6.61
7.58

**Reduction
in disease
severity (%)

82.34
83.67

**Reduction
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severity (%)

85.55
83.41
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Gene name Sequence length (bp) Maxscore Totalscore Querycover (%) E-value Identity (%) *Closest match  Species identity Accession number assigned

D18_cycS 808 953 953 100 0.0 88.00 M. testaceum StLB037 M. testaceum ON157417
D18_fumC 910 1,299 1,299 100 0.0 92.42 M. testaceum StLB037 M. testaceum ON157418
D18_gyrB 788 1,112 1,272 100 0.0 92.13 M. testaceum StLB037 M. testaceum ON157419
D18_infB 898 1,448 1,448 100 0.0 95.77 M. testaceum StLB037 M. testaceum ON157420
D18_metG 785 1,212 1,212 100 0.0 94.52 M. testaceum StLB037 M. testaceum ON157421
DlS_pyk 846 1,303 1,303 100 0.0 94.44 M. testaceum StLB037 M. testaceum ON157422
D18_rpoC 946 1,637 1,637 100 0.0 97.89 M. testaceum StLB037 M. testaceum ON157423
D18_tyrS 767 15157 1,157 100 0.0 93.87 M. testaceum StLB037 M. testaceum ON157424

*Gene sequences were BLAST analyzed in GenBank database https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome. Closest match as of October 2022.
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Bacillus paramcoides }YZ-SD5

Bacillus sp. LeM2

Rhizobiuam laguerreae
Rhizophagus rregularis
Bacillus sublilus, Bacillus simplex and

Bacillus megaterium
Enterobacter Delta PSK and
Bradyrhizobium japonicum

Acinetobacter sp. RSC9

Klebsiella sp. San01

Bacillus sp., Pseudomonas sp.

Bacillus megaterium

Bradyrhizobium and Azospirillum

baldaniorum

Effect or mechal

m

Production and accumulation of reactive
oxygen species.

cation-proton antiporters, cation

transporters, osmoprotectant synthesis and

transport, H'-transporting FIF0-ATPase,

indole-3-acetic acid production

Increase relative water content,

concentrations of photosynthetic pigments,

peroxidase activity, total biomass, salt

tolerance index, and reduced salt-induced

total phenolic contents

Induce a plant antioxidant response, secrete

the osmoprotectant proline and reduce
ethylene level via the enzymatic ACC

deaminase activity

ACC deaminase production, phosphate

solubilization, and catalase enzyme secretion

Increase polyphenol oxidase, peroxidase, and

phenylalanine ammonia-lyase activity

Accumulate osmolytes, increase enzymatic

and non-enzymatic antioxidants

Production of ACC deaminase and trehalose

Improve germination, seedling growth and

potassium uptake

Enhance total chlorophyll, proline, total

phenol, and oxidative damage such as

electrolyte leakage and membrane stability

index

Promate photosynthetic pigments, proline

and antioxidant production

Increase in total proline and glycine betaine

accumulation

Produce gibberellic acid, indole-3-acetic acid,

hydrogen cyanide, ammonia, 1-amino

cyclopropane-1-carboxylic acid deaminase,

exopolysaccharides, protease, chitinase,

amylase, cellulase, and solubilized minerals

such as phosphorous, zinc, and potassium

Decrease concentration of malondialdehyde

and hydrogen peroxide
Reduce electrolytic leakage and enhance
enzymatic activity for the scavenging of

reactive oxygen species (ROS);

Increase the production of proline and total

soluble sugar

Increase chlorophyll content, proline content,

total soluble sugar, electrolyte leakage, and

activities of antioxidant enzymes;

Decrease the levels of electrolyte leakage and

H.0; content

Decrease in malondialdehyde content, H,O,

content and superoxide anion, increase in

antioxidant enzymes such as catalase and

superoxide dismutase;

up-regulate the transeript accumulation of
ion transporter genes HKTI, NHX and SOS1

Increase the activities of superoxide

dismutase (SOD), peroxidase (POD), Na'~

K'-ATPase and Ca**-Mg™-ATPase

Inhibit the accumulation of H,0, and

‘malondialdehyde; enhance the activities of

catalase, ascorbate peroxidase, glutathione

reductase, and monodehydroascorbate

reductase were enhanced, and the levels of

the non-enzymatic antioxidants, ascorbate

and glutathione

Upregulate the expression of two marker
genes (LcHKT1 and LeNHX7) related to

salinity tolerance

Decrease electrolyte leakage, the amounts of

malondialdehyde and hydrogen peroxide
Produce IAA, solubilize phosphate,
potassium and zinc and fix atmospheric

nitrogen

Enhance 2,2-diphenyl-1-picrylhydrazyl
radical scavenging ability and elevate
activities of ascorbate peroxidase and
superoxide dismutase

Enhance levels of plant chlorophyll,

carotenoid and proline, reduce MDA content,

ROS and electrolyte leakage

Affect K* uptake not by solubilizing it but

changing K* transporters expression

Increase nitrogen compounds (nitrate, free

ammonia, free amino acids, proline, and

soluble protein); increase in sodium and the
highest potassium content values, nitrogen

derived from the atmosphere, and nitrogen

fixation efficiency
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Treatments Disease index Flic gene copies of Rs  Control efficacy (%) Yield (kg/hm?)

(copies/g)
NT 52+061d 251 x 10°d 85.87+1.54a 6,479 + 86.02a
NK 8.4+0.36c 10.62 x 10°c 77.17£0.95b 5,464 + 36.86b
cr 156 + 0.8b 15.23 x 10°b 57.61+1.69¢ 3,889 + 104.7¢
oK 368+051a 3847 10% / 2357193714

The values were mean & standard error, =3, Different lowercase ltters followed the data in the same column indicate significant differences at p:< 005 levels according to the least significant
diffrence (LSD) means comparison test. Treatments: NT (newly-planted microbial treatment); NK (newly-planted control); CT (continuous cropping microbial treatment); CK (continuous
cropping control).
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Treatment Soil chemical property

Available N Available P Available K OM (g/kg)
(mg/kg) (mg/kg) (mg/kg)
NT 924997 56442092 68877 £ 260.240 24872191 690442
NK 9253+ 13.71a 1887+ 18.72b 5851+ 170.85b, 2197+ 0.68b 65140.18b
cr 68.97 £ 18.19b 2823+ 16.23¢ 153.97 £ 22.15¢ 17.4:% 166 6.8540.142b
K 624157 2094622 18207 £ 24.07¢ 1673 % 1.42¢ 7.1£008

The values were mean & standard error, #1=3, Different lowercase leters followed the data in the same column indicate significant differences at p <0.05 levels according to the least

gnificant difference (LSD) means comparison test. OM (organic matter). Treatments: NT (newly-planted microbal treatment); NK (newly-planted control); CT (continuous cropping
microbial treatment); CK (continuous cropping control)
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Taxonomic group GZ1 Gz2 GZ3 HB1 HB2 HB3 Mean

Delfiia 0243 0559 0.445 0576 0.806 0722 0558
Rhodococcus 0077 0.085 0072 0.192 0.058 0.091 0,09
Corynebacterium 0.002 0.009 0.061 0.009 0.007 0.009 0.016
Ralstonia 0.006 0014 0011 0016 0013 0022 0.014
Acidothermus 0019 0017 0020 0.005 0.004 0.003 0011
Burkholderia 0012 0.009 0.007 0.009 0010 0010 0.009
Bradyrhizobium 0.024 0.008 0011 0.005 0.002 0.003 0.009
Cloacibacterium 0.001 0.009 0018 0.005 0011 0.003 0.008
Rhizobacter 0.041 0.000 0.000 0.000 0.001 0.000 0.007
Mycobacterium 0014 0012 0,004 0.002 0.002 0.002 0.006
Brevundimonas 0.001 0,003 0.005 0.004 0.001 0017 0,005
Candidatus_Solibacter 0.009 0.005 0.009 0.003 0.001 0.003 0.005
Acidibacter 0,008 oon 0,005 0.002 0.001 0.004 0,005

Roseiarcus 0.005 0.008 0.010 0.004 0.001 0.001 0.005
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Samples Richness ACE Shannon Simpson Coverage
Gz1 660 67154 666.64 431 093 09994
Gz2 356 396.60 37325 273 068 09993
Gz3 371 40136 41718 320 079 0.9987
HBL 213 27113 23962 203 063 09992
HB2 224 255.07 24071 127 037 09992

HB3 133 13825 13671 152 047 0.9998





OPS/images/fmicb-13-1092552/fmicb-13-1092552-t001.jpg
Sample id ngitude (°E) Latitude (°N) GPS coordinates

Gz1 1103741 30.2389 1810 WGS-84 2022405
Gz2 1103741 302389 1810 WGS-84 2022405
673 1103741 30.2389 1810 WGS-84 2022405
HBI 1066827 27.1520 815 WGS-84 2022415
HB2 1066827 27.1520 815 WGS-84 2022415

HB3 1066827 27.1520 815 WGS-84 2022415





OPS/images/fmicb-13-1030982/fmicb-13-1030982-g004.jpg
B¢ 630+PsIN

028
024
020
016
012
008
004
000

0

0D 600nm






OPS/images/fmicb-13-1030982/fmicb-13-1030982-g005.jpg
(s01)
Jejdes/iaquinu eusyoeg

Botrytis cinerea

control





OPS/images/fmicb-13-1030982/fmicb-13-1030982-g006.jpg
A Bc Actin

e =2

2

e 8 a Control

5

3 o PsIN

g 4

ks

e i =
24hpi 72hpi

PsJN+Bc
96hpi






OPS/images/fmicb-13-1030982/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-1030982/fmicb-13-1030982-g001.jpg
Fruiting cuttings (BBCH 57) Fruiting cuttings (BBCH 63)

Fruiting cuttings (BBCH 62-63) Fruiting cuttings (BBCH 64)

phytofirmans PsJN
(107 cfu. L%, 1 mL)






OPS/images/fmicb-13-1030982/fmicb-13-1030982-g002.jpg
Relative expression

Bc Actin

O Control
@ PsIN

8

4

0'_"_1_|‘

24hpi

72hpi






OPS/images/fmicb-13-1030982/fmicb-13-1030982-g003.jpg
-
o)

Bc630 + PBS






OPS/images/fmicb-13-1013468/fmicb-13-1013468-t001.jpg
Gene name Primer (5'-3')

18S-F CGGCTACCACATCCAAGGAA
185-R TGTCACTACCTCCCCGTGTCA
NbEF-1a-F AGGATACAACCCTGACAAGA
NbEF-10-R GTGGGACCAAAAGTAACAAC
VdEF-1a-F TGAGTTCGAGGCTGGTATCT

VdEF-1a-R CACTTGGTGGTGTCCATCTT
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Treatments

Time point 1

Without spider mites

Stem
n =36
(6 per plant)

Root
n =36
(6 per plant)

Colonized tomato plant pieces % (95% Cl)

Without spider mites

Stem
n =36
(6 per plant)

Root
n =36
(6 per plant)

Time point 2

With spider mites

Stem
n=284
(6 per plant)

Root
n=84
(6 per plant)

ST 0% (0.0-13.7)a 3% (0.1-14.5)ab 14% (4.7-29.5)abc 17% (6.4-32.8)abc 5% (1.3-11.7)a 11% (5.0-19.4)abc
SD 44% (27.9-61.9)b 33% (18.6-51.0)b 14% (4.7-29.5)abc 19% (8.2-36.0)c 12% (5.9-20.8)abc 6% (2.0-13.3)ab
STSD 28% (14.2-45.2)b 25% (12.1-42.22)b 22% (10.1-39.2)c 17% (6.4-32.8)abc 15% (8.5-25.0)bc 18% (10.4-27.8)c

Values are percentages with 95% confidence intervals of the total number of colonized tomato tissue pieces at time point 1 (T1-4 weeks after seed treatment and 2 weeks after soil drenching) and
time point 2 (T2- 6 weeks after seed treatment and 4 weeks after soil drenching). Note that at T1 all plants are without spider mites, whereas at T2 there are plants with and without spider mites.
Same letters for colonized plant tissue pieces at time points 1 and 2, respectively, indicate no significant differences at a = 0.05 (by post-hoc tests using multcomp function).
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NM-CK 1L81£0.14bc 0.41£0.01bc 15.52£0.01b 113321048 0850040
NM-CS 102£0.12¢ 0212003 14162004 7264074 053£002¢
Melatonin
AM-CK 219£021a 0590040 171220042 115021122 083004
AM-CS L17£017d 02820.03d 148220.04d 85740716 066£0.02b
NM-CK 171£0.14¢ 0342004 15.13£004c 1056£0.81a 078004
NM-CS 073£0.12f 0.16£0.02f 1317004 606+0.54d 044003d
Non-melatonin
AM-CK 191£0.18b 051£003b 15.97£0.01b 11020721 08320062
AM-CS 0.91£0.16¢ 0.23£003de 1407£004¢ 7515061 0562004
ANOVA
cs e e - - I
AM e e B » »
MT e e B » »
CSxAM x MT M * ns ns ns

Difference in various growth parameters and comparative analysis. The data are the means ¢ standard deviation (=4). AM, AM inoculation; NM, non-AM inoculations; CK, optimal
temperature condition; CS, cold tress. Different letters means significantly different based on p<(0.05. ** “##“+" indicate significant diferences at p <005, p<0.01, and p<0.001,
respectively, and “ns’” represents no significant difference. MT, melatonin application.
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