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Editorial on the Research Topic
 Plant Microbiome: Interactions, Mechanisms of Action, and Applications



An improved understanding of the plant microbiome is likely to yield valuable applications in agriculture, horticulture, forestry, and in conservation of natural plant communities. The symbiotic microbiota of plants are involved in everything from nutrient acquisition to escalation of defense systems during periods of biotic and abiotic stresses. A large body of research has shown that the interactions between plants and their microbiomes are highly complex and dynamic in nature (Abhilash et al., 2016; Compant et al., 2019; Srivastava et al., 2021). Biotic and abiotic stresses represent a continuous and prime threat to global food and fiber production (Dean et al., 2012; Santoyo et al., 2017; Begum et al., 2019; Gamalero et al., 2020). Our goal is to maintain plant productivity by managing the microbiome so that biotic and abiotic stresses are minimized. This research focus is yielding insights that should lead to better crop plant management, especially in resource-limited agricultural systems (Begum et al., 2019; Gamalero et al., 2020; Vescio et al., 2021). In other words, the successful implementation of microbiota-mediated crop protection will depend on the mechanistic understanding of how microorganisms interact with their hosts and with one another in natural environments. Considering these developments, our Research Topic “Plant Microbiome: Interactions, Mechanisms of Action, and Applications,” offers a timely snapshot of 25 articles on plant microbiome research with a special focus on specificity, diversity and function of complex microbial communities associated directly or indirectly with the plant (i.e., endophytic, epiphytic, and rhizospheric communities). Included is the translation of molecular understanding of plant microbiome research. Overall, we propose novel strategies and applications of growth-promoting microbes, arbuscular mycorrhizal (AM) fungi, and bioactive compounds in order to enhance resilience in the face of biotic and abiotic stressors.

The arbuscular mycorrhizal (AM) symbiosis is an ancient mutualism with global significance for more than 80% of all plant species and for their dependent communities. In this context, and in this special issue, Zhang et al. reveal that Rhizophagus irregularis inoculation improves plant growth by enhancing AM symbiosis, stimulating antioxidant response, and inhibiting lead uptake. They report melatonin as a potent regulator of plant growth that strengthens AM symbiosis and heavy metal tolerance. Ding et al. expand our knowledge of the regulation of plant–pathogen relationships by examining the antagonistic effect of the AM fungus (Sieverdingia tortuosa) against the anthracnose pathogen (Colletotrichum lentis) of common vetch (Vicia sativa L.). The AM fungus activated phenylpropanoid biosynthesis and the mitogen-activated protein kinase (MAPK) signaling cascade to strengthen the plant defense system against pathogen invasion. Besides this, the work of Bukovská et al. illustrate the role of AM fungi as efficient recyclers of nutrients bound in organic forms from soil to plants.

Diazotrophic bacteria are important components of many microbiomes. They have the potential to penetrate the internal tissues of plants and work as endophytic, mini-nitrogen factories (Imran et al.). Additionally, they also contribute to plant growth promotion and biological control as revealed by the study of Singh, Singh, Guo et al.. The latter analyzed and identified the genes involved in growth promotion and biocontrol of fungal pathogens in the sugarcane, root-associated endophyte (Pseudomonas aeruginosa strain “B18”). Similar insights were provided by Singh, Singh, Li et al. who documented the role of diazotrophic bacteria (i.e., Pantoea dispersa and Enterobacter asburiae) in growth promotion of sugarcane by inducing nitrogen uptake and defense genes. Likewise, Solanki et al. shed light on microbial composition, distribution, and dynamics of diazotrophs in the sugarcane legume-intercropping system; sugarcane intercropping with legumes and short-duration vegetable crops boosted soil fertility and biological nitrogen fixation without any negative impact on crop production. Similarly, Choudhary et al. explored topsoil bacterial community and nutrient dynamics under cereal-based, climate-smart, agri-food systems. It was clear that microbes wield a positive influence on soil resilience in terms of nutrient cycling and availability to plants.

In forest ecosystems, microbial communities, particularly fungal communities, have been documented with a metabarcoding approach. Environmental factors (e.g., seasonal and soil properties) and host tree species have been explored as possible determinants of community structure (Park, Oh, Yoo, Fong et al.). Another study by Park, Oh, Yoo, Park et al. portrayed the composition and the interaction of the root fungal microbiome of Pinus densiflora with [the valuable] pine mushroom (Tricholoma matsutake). The authors concluded that successional change plays an important role in fungal microbiome composition in pine seedlings during transplantation and seedling growth stages. Tricholoma matsutake is an ectomycorrhizal fungus that produces edible mushrooms. But not only abiotic factors or properties modulate the plant microbiome; soilborne fungal pathogens can as well. For example, Phytophthora cinnamomi not only causes root rot disease in avocado trees but it also can modify the composition of the rhizosphere microbiome by increasing the abundance of opportunistic fungal pathogens (Solís-García et al.). Similarly, Chen et al. noted a process in which the diversity of the foliar microbiome was reduced. Interestingly, Newcombe et al. revealed that plants may host pathogens of their competitors. One pathogen in particular, Fusarium culmorum, was present as an endophyte in asymptomatic leaves of wild cottonwood trees while retaining the capacity to cause disease in wheat of the region. There has been little investigation into microbiome effects on plant competition, perhaps in part because competing plants in agricultural fields are controlled mechanically or chemically.

Barajas et al. explored the role of soil in microbiome structuring by employing a two-step model of plant root microbiome acquisition under multiple plant species and soil sources. They concluded that plant domestication trade-offs drive tomato and ruderal metagenomic differences and that they may even be the deciding factor for plant-bacteria interaction outcomes. Using the same model plant (i.e., tomato), Haque et al. highlight the advantages of biofilm-producing bacteria in alleviating water stress along with plant growth promoting attributes and disease suppression capabilities. Silva et al. focused on phenotypic and genomic aspects of the potential phosphorus-solubilizing microorganisms as bioinoculants in agriculture. Sorokan et al. examined the role of endophytic Bacillus spp. as biocontrol agents for the management of viruses and their arthropod vectors. They suggest that the endophytic lifestyle, RNase, and antifeedant activity of Bacillus spp. should be the baseline for the development of bio-inoculants for protecting crops from viral infection. Similarly, in the case of phytoparasitic nematodes, Banakar et al. focused on the FMR Famide-like peptide (FLPs) family of neuromotor genes and demonstrated the potential management of Meloidogyne incognita causing root knot diseases in plants.

The complete sequencing and genome analysis of plant growth promoting bacteria are revealing extensive mechanisms for stimulating plant growth and protecting against pathogens, as supported by the work of Singh, Singh, Li et al. The authors determined the genome of Enterobacter roggenkampii ED5, a nitrogen-fixing endophytic bacterium with biocontrol and stress tolerance properties. Other work by Li et al. also revealed new genomic characteristics of the symbiotic strain Bradyrhizobium diazoefficiens 113-2. Additionally, its genome was compared with other related genomes providing new molecular insights into species specificity and host specificity. Another work by Singh, Singh, Li et al. deciphered the complete genome of the endophytic bacterium Pseudomonas aeruginosa strain “B18,” whose beneficial interactions with plants include direct and indirect mechanisms of plant promotion.

Beside research articles, new perspectives and reviews enrich this special issue. For instance, Oyserman et al. propose that genotype, environment and microbiome (GEM) interactions shape host phenotypes. They outline the versatility of the GEM model, and thus provide a way to keep in view the important role of the microbiome in determining plant fitness. Similarly, Imran et al. reviewed the role of diazotrophs and their important activity in nitrogen fixation, and how these free-living organisms can help to reduce nitrogen inputs to agricultural systems. Likewise, Kaul et al. highlighted the concept of engineering plant microbiomes for enhancement of plant functions such as combating physiological stresses, as growth promoters, acquisition of essential nutrients, priming host plant defenses, increasing niche breadth, biocontrol agents and in biogeochemical processes. Other reviews of Ray et al. and Babalola et al. provide an overview of how plant performance is influenced by microbiome diversity and function; various holistic microbiome approaches for enhancing crop productivity and restoring soil health are discussed. Naamala and Smith provide an elaborate review of the identification, characterization and application of compounds of microbial origin. They suggest ways to move forward with inoculants to improve agricultural practices.

There is no doubt that in the coming decades the twin challenges of feeding a growing human population while conserving biological diversity will grow. To be successful in meeting these challenges, the plant microbiome will need to be better understood and managed. The articles of this special issue show us where we stand with the plant-microbe interactome. Novel approaches and innovative perspectives point to the exciting possibilities of new insights and applications. Well-executed, agricultural field trials may still be needed. But, there is enough knowledge already to inspire researchers to increase efforts to decode the role of the microbiome in plant performance and health.
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Melatonin is a new kind of plant growth regulator. The aim of this study was to figure out the effect of melatonin on arbuscular mycorrhizal (AM) symbiosis and heavy metal tolerance. A three-factor experiment was conducted to determine the effect of melatonin application on the growth, AM symbiosis, and stress tolerance of Medicago truncatula. A two-factor (AM inoculation and Pb stress) experiment was conducted to determine the effect of AM fungus on melatonin accumulation under Pb stress. AM plants under Pb stress had a higher melatonin accumulation than non-mycorrhizal (NM) plants under Pb stress. Acetylserotonin methyltransferase (ASMT) is the enzymatic reaction of the last step in melatonin synthesis. The accumulation of melatonin may be related to the expression of MtASMT. Melatonin application increased the relative expression of MtPT4 and AM colonization in AM plants. Melatonin application decreased Pb uptake with and without AM inoculation. Both melatonin application and AM inoculation improved M. truncatula growth and increased antioxidant response with Pb stress. These results indicated that melatonin application has positive effects on AM symbiosis and Pb stress tolerance under Pb stress. AM inoculation improve melatonin synthesis capacity under Pb stress. Melatonin application may improve AM plant growth by enhancing AM symbiosis, stimulating antioxidant response, and inhibiting Pb uptake.

Keywords: arbuscular mycorrhizal fungus, lead uptake, melatonin synthesis, antioxidant response, symbiosis


INTRODUCTION

With social and economic development, soil heavy metal pollution has produced a series of problems in China (Li et al., 2014). Anthropogenic activities such as mining and smelting are the primary sources of soil heavy metal pollution (Yang et al., 2018). Lead (Pb), a toxic element in plants, enters the soil mainly through lead-zinc mining (Yabe et al., 2018). More than 800,000 tons of Pb have been released into the environment globally, and most Pb has accumulated in the soil environment, where it negatively affects plant growth and development (Yang et al., 2018).

Melatonin, N-acetyl-5-methoxytryptamine, was first isolated and identified from the bovine pineal gland (Lerner et al., 1960). Melatonin is a tryptophan-derived molecule that acts as an antioxidant under abiotic stress (Burkhardt et al., 2001). In 1995, melatonin was detected in the edible plants tomato and banana, which suggests that melatonin is ubiquitous in plants (Dubbels et al., 1995). A recent study identified melatonin receptor 1 in Arabidopsis thaliana, serving as strong evidence that melatonin might be a new growth regulator in plants involved in plant growth and stress tolerance (Wei et al., 2018; Arnao and Hernandez-Ruiz, 2019). Melatonin synthesis in plants is primarily divided into two steps that involve four enzymes, tryptophan decarboxylase (TDC), tryptamine 5-hydroxylase (T5H), serotonin N-acetyltransferase (SNAT), and acetylserotonin methyltransferase (ASMT) (Back et al., 2016; Lee et al., 2017). The first step of melatonin synthesis in plants is the transformation of tryptophan to serotonin through TDC and T5H activity. The second step of melatonin synthesis is the transformation of serotonin to melatonin through SNAT and ASMT (Back et al., 2016). ASMT, a terminal enzyme in melatonin synthesis, is the rate-limiting step during melatonin synthesis (Park et al., 2013). Exogenous melatonin application increases plant survival under conditions of heavy metal toxicity through improving antioxidant capacity and enhancing the levels of protective molecules (Li et al., 2016; Gu et al., 2017). Heavy metal-stressed plants regulate the expression of melatonin synthesis-related genes, such as OsASMT (Byeon et al., 2015), to enhance heavy metal tolerance. Therefore, melatonin-rich plants or plants to which melatonin has been exogenously applied have a higher potential for the improvement of plant growth and stress tolerance (Tan and Reiter, 2015; Tang et al., 2018).

Arbuscular mycorrhizal (AM) symbiosis is a mutualistic endosymbiosis between AM fungi and terrestrial plants (Javot et al., 2007). AM fungi are abundant in heavy metal-contaminated areas, such as areas of lead-zinc mining (Yang et al., 2015). MtPT4 is the low-affinity phosphate (Pi) transporter in Medicago truncatula located in arbuscule-colonized cells that are specifically induced in mycorrhizal roots (Javot et al., 2007). The expression of MtPT4 is used to determine the symbiotic state of the colonized root system (Isayenkov et al., 2004). AM fungi were shown to improve stress tolerance by stimulating the synthesis of the endogenous growth regulator jasmonate (Sánchez-Romera et al., 2016) and strigolactone (Aroca et al., 2013). However, how mycorrhizal plants regulate melatonin synthesis under heavy metal stress is unclear. Whether the simultaneous application of AM fungi and melatonin to a host plant improves its AM symbiosis, growth conditions, and heavy metal tolerance is unknown.

We hypothesized that AM inoculation enhances melatonin accumulation under Pb stress and that the application of melatonin would promote AM plant growth and Pb tolerance. Therefore, the purpose of this study was to determine the effect of melatonin application on AM symbiosis, growth, and Pb tolerance through evaluating AM colonization, Pb levels, the antioxidant response, and proline accumulation. Moreover, the difference of melatonin accumulation between mycorrhizal and non-mycorrhizal (NM) plants under Pb stress was determined to evaluate the effect of AM inoculation on melatonin production. This study provides a new evidence for the role of melatonin in AM plants.



MATERIALS AND METHODS


Plant Material, AM Fungal Inoculum, and Substrates

Seeds of M. truncatula (Jemalong A17) were kindly provided by Prof. Philipp Franken (Plant Physiology Department, Humboldt University of Berlin). Seeds were sterilized by concentrated sulfuric acid for 10 min and washed by sterile water 10 times. Sterilized seeds were placed in Petri dishes with 0.8% water agar at 4°C in the dark for 2 days, then at 26°C in the dark for 1 day, and finally at 26°C in the light (3000 lx) for 1 day. Uniformed seedlings were transplanted into the pot (10 cm diameter, 12 cm height), which contained 0.45 kg mixed substrates (sand: soil = 1:1). The sand was sieved through a 2-mm soil sieve and then washed with tap water until the supernatant was clear. After drying, the sand was sterilized in the oven at 170°C for 3 h. The soil was collected from the nursery garden of Northwest A&F University. The soil was sieved through a 2-mm soil sieve. The soil (loam, pH 8.2) contained 4.12 g kg–1 organic matter, 14.05 mg kg–1 Olsen phosphorus, 24.81 mg kg–1 available nitrogen, and 55.14 mg kg–1 rapidly available potassium. Soils were sterilized in the autoclave at 121°C for 2 h. The AM inoculum of Rhizophagus irregularis (Bank of Glomales in China, No. BGC BJ09) consisted of the sandy substrate that contained spores (approximately 21 spores per gram), mycelia, and colonized root fragments. Each AM treatment was inoculation with 20 g of inoculum. Each NM treatment was inoculation with 20 g of sterilized inoculum (3 h in an oven at 170°C). The inoculum was provided by Beijing Academy of Agriculture and Forestry Sciences (Beijing, China).



Experimental Design

Experiment 1 was performed as a two-factorial experiment using two Pb levels (0 and 800 mg kg–1 substrate) and two AM fungi treatment conditions (with and without AM fungi inoculation). Each pot contained one M. truncatula seedlings and 450 g of sterilized sand and soil (1:1 v:v). Each pot added 20 g of sterilized (NM treatment) or unsterilized inoculum (AM treatment). Therefore, each pot contained 470 g of substance. Each treatment consisted of four biological replicates, and each biological replicate consisted of four pots of seedlings. Fifty milliliters of a Pb solution (7.52 g L–1) was added to Pb-treated seedlings once after the seedlings had been cultivated for 2 weeks. A Pb stock solution was prepared with Pb(NO3)2. The NO3– concentrations among all treatments were normalized by using the NO3– salt of the relevant compound (4:1:1 HNO3:KNO3: NaNO3) to eliminate the effects of NO3– from Pb(NO3)2 following the method of Wang et al. (2012). Plants treated with Pb suffered Pb stress for 12 weeks.

Experiment 2 was performed as a three-factorial experiment using two Pb levels (0 and 800 mg kg–1 substrate), two AM fungi treatment conditions (with and without AM fungi inoculation), and two melatonin treatment conditions (with and without exogenous melatonin application). Each pot contained one M. truncatula seedling and 450 g of sterilized sand and soil (1:1 v:v). Each treatment consisted of four biological replicates, and each biological replicate consisted of three pots of seedlings. Pb treatment is the same as experiment 1. Plants treated with Pb suffered Pb stress for 12 weeks. One hundred milliliters of a melatonin solution (10 μM melatonin) was added to the culture substance of melatonin-treated seedlings at 12 weeks post-colonization following the method of Antoniou et al. (2017). Melatonin treatment lasted for 2 weeks. To plants not treated with melatonin, 100 ml of ddH2O was applied.

Twenty milliliters of modified Hoagland’s nutrient solution [5 mM Ca(NO3)2, 5 mM KNO3, 2 mM MgSO4, 0.2 mM KH2PHO4, 46 μM H3BO3, 9 μM MnCl2, 0.8 μM ZnSO4, 0.3 μM CuSO4, 0.1 μM H2MoO4, and 18 μM FeNaEDTA] was added to each treatment of both experiment 1 and experiment 2 once a week. All M. truncatula seedlings were grown in the greenhouse with 28°C/24°C day/night temperature under 16 h daylight and 40–60% humidity. Water was supplied every day throughout plant growth to maintain soil moisture.



Plant Sampling and Biomass Measurement

The seedlings from each treatment group (experiment 1 and experiment 2) were harvested 14 weeks post-colonization. The shoots were cut, and the roots were separated. Fresh shoot and root biomass were weighed. Parts of the roots were used to assess the effect of AM colonization. Parts of the samples were dried for Pb measurement. The remaining parts of the samples were ground to a powder using liquid nitrogen and stored at −80°C for further analysis.



AM Colonization

The root samples were stained with trypan blue (0.12%) and assessed using the method of Hu et al. (2017). Decolorized root segments were placed parallel to the long axis of a slide and then covered with a transparent coverslip. Five slides were prepared for each sample. Another coverslip with a vertical line was placed over the transparent coverslip. All intersections between roots and the vertical line were counted. AM colonization was calculated as follows: (count number of hyphae, vesicles, and arbuscules)/total counted number.



Melatonin Determination

Melatonin was extracted using an acetone–methanol method (Pape and Lüning, 2006). The powdered samples (0.1 g) were extracted in 5 ml of an extraction mixture (acetone:methanol:water = 89:10:1) in the dark, and trichloroacetic acid was used to precipitate protein. The extracts were centrifuged (12,000 × g, 4°C) for 15 min, and then the supernatants were used for measurements. A plant melatonin ELISA kit was used to evaluate the melatonin content following the manufacturer’s instructions (Shanghai Jiwei Biological Technology Co., Ltd., China).



RNA Isolation and Quantitative Real-Time PCR (qRT-PCR) Analysis

The powered root samples were used for total RNA extraction by E.Z.N.ATM plant RNA kit (Omega Bio-Tek, Norcross, GA, United States). Each treatment consists of four biological replicates. The RNA quality of each sample was evaluated by 1% agarose gels stained with DuRed. RNA concentrations were determined by NanoDrop 2000 (Thermo Fisher Scientific, Pittsburgh, PA, United States). First-strand cDNA synthesis was obtained from 2 μg of total RNA using the PrimerScript® First-strand cDNA Synthesis Kit (TaKaRa Bio, Dalian, China). Gene-specific primers for four melatonin synthesis genes, MtPT4, and MtP5CS were designed as described in Supplementary Table S1. The M. truncatula elongation factor 1-alpha gene (MtEF-1α, DQ282611.1) was used as an internal control (Jiang et al., 2018; Zeng et al., 2020). qRT-PCR was performed based on SYBR Green PCR and MIQE guidelines. CF96X Real-time PCR system (Bio-Rad, Hercules, CA, United States) was used to perform the qPCR experiments. The reaction volume was 20 μl containing 0.5 μl each gene-specific primer (10 μM), 2.0 μl of cDNA, 7 μl RNase-free H2O, and 10 μl SYBR Green PCR master mix (Roche Diagnostics, Basel, Switzerland). qPCR was performed under the following thermal cycles: 10 min at 95°C and 40 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 15 s, extension at 72°C for 20 s, followed by heating from 60 to 95°C at a rate of 0.5°C per 10 s. The specificity of the primer pairs was indicated by the melting curve. The amplification efficiency of each primer pair was measured by the method of the standard curve.



Measurement of the Pb Content

The dried root and leaf samples (0.05 g) were digested with 10 ml of HClO4 + HCl (4:1) at 300°C for 5 h. H2O2 was added after brown smoke was produced. The Pb content in the digested solution was determined by atomic absorption spectrometry (PinAAcle 500, United States) (Tüzen, 2003).



Measurement of the Malonaldehyde (MDA) Content

MDA was extracted in 1 ml of 5% trichloroacetic acid from 0.1 g of powdered sample and centrifuged (12,000 × g) for 20 min. Thiobarbital acid was added to supernatant and then heated in boiling water bath for 30 min and centrifuged (5,000 × g) for 10 min. Supernatant was measured for absorbance at 450 nm, 532 nm, and 600 nm. MDA content was calculated by the method of Kumar and Knowles (1993).



Measurement of Antioxidant Enzyme and P5C Reductase (P5CR) Activity

Powdered root samples were incubated with an enzyme extraction solution (50 mM potassium phosphate buffer, 1 mM EDTA, and 1% polyvinylpyrrolidone, 4°C) and centrifuged (14,000 × g) for 30 min at 4°C. The supernatant was used to determine the superoxide dismutase (SOD) and catalase (CAT) activity following the method of Beyer and Fridovich (1987). Ascorbate peroxidase (APX) activity was determined by the method of Nakano and Asada (1981). P5CR activity was determined by the method of Madan et al. (1995).



Measurement of Proline and Flavone Content

The powdered root samples were extracted in 3% sulfosalicylic acid and centrifuged (10,000 × g) for 15 min. The supernatant was used to determine the proline content by using the method of Bates et al. (1973). The powdered root samples were extracted in 80% methyl ethanol (Zhishen et al., 1999). Rutin was used as a standard to determine the total flavone contents. The absorbance at 510 nm was measured.



Statistical Analysis

Statistical analysis was performed using the SPSS 22.0 statistical program (SPSS Inc., Chicago, IL, United States). The data used for statistical analysis exhibited a normal distribution. The data in experiment 1 were analyzed using multifactor analysis of variance with two factors (AM fungi inoculation and Pb treatment) followed by Tukey HSD test when ANOVA indicated a significant difference. The data in experiment 2 were analyzed using multifactor analysis of variance with three factors (AM fungi inoculation, Pb treatment, and melatonin application) followed by Tukey HSD test when ANOVA indicated a significant difference. Correlation analysis was performed using Pearson’s test (P < 0.05).




RESULTS


Melatonin Contents

Arbuscular mycorrhizal inoculation did not affect the melatonin content in roots without Pb stress. With Pb stress, AM inoculation increased the melatonin content in the roots (Figure 1). Pb stress largely increased the melatonin content in both AM and NM roots compared to the melatonin content of the AM and NM roots of unstressed plants. AM inoculation and Pb stress had a significant effect on the root melatonin content.
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FIGURE 1. The melatonin content of mycorrhizal roots under Pb stress. The data are the means ± standard deviation (n = 4). Different letters above the columns indicate significant difference among the means of melatonin content by Tukey HSD’s test (P < 0.05), respectively. AM = AM inoculation; Pb = lead stress; NM0 = non-AM inoculation in the absence of Pb treatment; NM800 = non-AM inoculation with 800 mg kg–1 Pb treatment; AM0 = AM inoculation in the absence of Pb treatment; AM800 = AM inoculation with 800 mg kg–1 Pb treatment. Significant effect of two-way ANOVA: **P < 0.01; NS, not significant.




Expression of Melatonin Synthesis Genes

Pb stress largely decreased (P < 0.05) the relative expression of MtT5H and MtTDC in NM roots (Figures 2A,B). AM inoculation decreased (P < 0.05) the relative expression of MtT5H and MtTDC in the absence of Pb stress. In AM roots, Pb stress upregulated (P < 0.05) the relative expression of MtASMT by 12-fold compared to the AM roots of unstressed plants (Figure 2D). In the absence of Pb stress, the relative expression of MtSNAT and MtASMT was not influenced by AM inoculation. In the presence of Pb stress, AM inoculation upregulated (P < 0.05) the relative expression of MtASMT by 2-fold but downregulated the relative expression of MtSNAT (Figure 2C). The relative expression of MtASMT was positively correlated (MtASMT: r = 0.976, P < 0.001) with melatonin content in the roots (Supplementary Figure S1).
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FIGURE 2. (A–D) The relative expression of MtTDC, MtT5H, MtSNAT and MtASMT of AM roots under Pb stress. The data are the means ± standard deviation (n = 4). Different letters above the columns indicate significant difference among the means of melatonin synthesis-related genes expression by Tukey HSD’s test (P < 0.05), *P < 0.05, **P < 0.01; NS, not significant. The abbreviation is consistent with the above.




Biomass and AM Colonization

Arbuscular mycorrhizal inoculation increased the shoot and root biomass of M. truncatula (Figure 3A) compared with the shoot and root biomass of NM plants with and without Pb stress. Melatonin application dramatically increased the shoot and root biomass. Pb stress significantly decreased the biomass of leaves and roots compared to unstressed plants.
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FIGURE 3. (A) The fresh weight both in shoots and roots of AM plants under Pb stress and melatonin application. The data are the means ± standard deviation (n = 4). Significant difference between NM plants and AM plants were labeled followed by the effect of two-way ANOVA. CK-CK = absence of both Pb stress and melatonin application; CK-M = melatonin application without Pb stress; Pb-CK = Pb stress without melatonin application; Pb-M = presence of both Pb stress and melatonin application. (B) The relative expression of MtPT4 of AM roots under Pb stress and melatonin application. (C,D) The Pb content of AM plants under Pb stress and melatonin application. The data are the means ± standard deviation (n = 4). Different letters above the columns indicate significant difference among the means by Tukey HSD’s test (P < 0.05). **P < 0.01, ***P < 0.001; NS, not significant. N.D. = not detect. Mel = melatonin application. The abbreviation is consistent with the above.


The effect of AM colonization was positively enhanced by melatonin application with and without Pb stress (Table 1). AM plants to which melatonin was applied had the highest colonization of up to 92%. Pb stress decreased colonization with and without melatonin application.


TABLE 1. The AM colonization of M. truncatula under Pb stress and melatonin application.
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The Transcription of MtPT4

Arbuscular mycorrhizal inoculation largely increased (P < 0.05) the transcription of MtPT4 with and without Pb stress. The relative expression of MtPT4 in AM roots was decreased (P < 0.05) by Pb stress (Figure 3B). Melatonin application has a positive effect (P < 0.05) on MtPT4 transcription under Pb stress.



The Pb Concentration

Melatonin application decreased the root Pb concentration with and without AM inoculation (Figure 3D). With melatonin application, AM inoculation did not affect the Pb concentration in leaves and roots (Figures 3C,D). Without melatonin application, AM inoculation did not affect the root and leaf Pb concentration.



Antioxidant Response

Pb stress significantly increased MDA content in roots compared to the roots of unstressed plants (Figure 4A). AM inoculation significantly decreased the MDA content in the roots of plants under Pb stress. Melatonin application decreased the MDA content in AM and NM plants under Pb stress but did not affect MDA content without Pb stress.
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FIGURE 4. (A–D) The MDA contents, SOD activity, CAT activity, and APX activity of AM roots under Pb stress and melatonin application. The data are the means ± standard deviation (n = 4). Different letters above the columns indicate significant difference among the means of MDA content or antioxidant enzyme activity by Tukey HSD’s test (P < 0.05), *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant. The abbreviation is consistent with the above.


In roots, AM inoculation and melatonin application did not affect SOD activity in the absence of Pb stress (Figure 4B). AM inoculation and melatonin application increased the SOD, CAT, and APX activities in roots under Pb stress (Figures 4B–D). Pb stress increased the CAT activity in AM roots. AM roots under Pb stress to which melatonin was applied had the highest SOD, CAT, and APX activities among all treatments.



Proline Content and Synthesis

In roots, melatonin application increased the proline content and P5CR activity compared to plants not treated with melatonin (Figures 5A,C). However, melatonin application did not affect the transcription of MtP5CS in AM roots (Figure 5B). Melatonin application upregulated the expression of MtP5CS in NM roots with and without Pb stress. Without melatonin application, AM inoculation increased the proline content and P5CR activity. However, with melatonin application, NM roots had a higher proline content than AM roots with and without Pb stress. Pb stress increased the root proline content and P5CR activity.
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FIGURE 5. (A–D) The proline content, MtP5CS expression, P5CR activity, and total flavone content of AM roots under Pb stress and melatonin application. The data are the means ± standard deviation (n = 4). Different letters above the columns indicate significant difference among the means by Tukey HSD’s test (P < 0.05), *P < 0.05, **P < 0.01; NS, not significant. The abbreviation is consistent with the above.




Total Flavone Content

In NM plants, melatonin application increased the total flavone content with Pb stress (Figure 5D). In AM plants under Pb stress, melatonin application increased the total flavone content. Pb stress and AM inoculation did not affect the root flavone content.




DISCUSSION


Arbuscular Mycorrhizal Inoculation Enhanced Melatonin Synthesis Under Pb Stress

Melatonin helps plants cope with oxidative damage through plant signal transduction and play the role of an endogenous antioxidant (Manchester et al., 2015; Zhan et al., 2019). In this study, Pb stress stimulated the accumulation of melatonin in roots, indicating that Pb-stressed plants may increase their antioxidant capacity by increasing melatonin accumulation. Several abiotic stresses, such as high temperature (Byeon and Back, 2014) and chemical stress (Arnao and HernándezRuiz, 2010), increased melatonin content in plants, which also indicated that melatonin accumulation is a positive response to abiotic stress. AM inoculation promoted melatonin synthesis under Pb stress. This result suggested that AM plants can become melatonin-rich under Pb stress to cope with Pb toxicity. Endophytic bacteria from grapevine roots could produce melatonin in response to abiotic stress (Jiao et al., 2016). Liu et al. (2016) observed melatonin accumulation in Trichoderma asperellum fungus under stress, which indicated that microorganisms could participate in melatonin accumulation under abiotic stress. Therefore, Melatonin produced by AM fungi may contribute to melatonin accumulation in M. truncatula roots under Pb stress. In plants, the melatonin accumulation is dependent on the efficiency of the synthesis of melatonin from serotonin (Kang et al., 2013; Byeon et al., 2014). In sunflower roots, salt stress increased the melatonin content by upregulating ASMT activity, revealing the positive effect of ASMT on melatonin synthesis (Mukherjee et al., 2014). Correlation analysis revealed a significant positive correlation between the relative expression of MtASMT and melatonin content. Kang et al. (2013) suggested that ASMT rather than SNAT is the rate-limiting enzyme in plant melatonin synthesis. Cd-stressed rice showed increased melatonin accumulation due to downregulated SNAT expression and upregulated ASMT expression (Byeon et al., 2015). Therefore, AM inoculation may induce melatonin synthesis in roots by stimulating the expression of MtASMT. AM plants are more suitable to survive from Pb stress than NM plants due to better melatonin regulation.



Melatonin Application Improved AM Symbiosis by Decreasing Pb Accumulation

When host plants are exposed to Pb-contaminated environments, the high level of Pb inhibits protein activity, alters membrane oxidation, and disturbs mineral nutrient uptake (Nagajyoti et al., 2010). In this study, both AM inoculation and melatonin application increased M. truncatula growth under Pb stress, which suggested that both AM inoculation and melatonin can improve Pb stress tolerance. The adverse effects of Pb toxicity are usually caused by the excessive uptake of Pb in host plants. Once Pb has fixed to root surface, Pb could penetrate the root system passively and follows the water conduction system (Pourrut et al., 2013). In watermelon seedlings, melatonin treatment enhances tolerance to vanadium stress by decreasing the vanadium content and stimulating the antioxidant response (Nawaz et al., 2018). In addition, melatonin application reduced cadmium uptake and mitigated cadmium toxicity in tomato plants (Li et al., 2016). Gu et al. (2017) suggested that reduced cadmium uptake may be caused by melatonin-modulated heavy metal transporters. Melatonin inhibited Pb uptake under Pb stress, which may alleviate Pb toxicity. Taken together, these results suggest that melatonin application improves AM plant growth by the inhibition of Pb absorption.

MtPT4 is a low-affinity phosphate (Pi) transporter in M. truncatula located in arbuscule-colonized cells (Javot et al., 2007). MtPT4 expression is induced by AM symbiosis, and MtPT4 is usually used to characterize the relationship between AM fungi and host plant (Javot et al., 2007; Hu et al., 2017). In this study, Pb stress decreased AM colonization and inhibited MtPT4 expression, which suggests Pb accumulation in roots has a negative effect on AM fungal inoculation. In Lycium barbarum, AM inoculation can maintain the ability of phosphate transporters to cope with drought stress (Hu et al., 2017). In alfalfa, AM plants upregulated the expression of MsPT4 and MsMT2 to decrease arsenic uptake and increase phosphorus uptake (Li et al., 2018). Melatonin-treated plants have lower Pb accumulation in root and lower Pb toxicity to the symbiosis structure. Therefore, melatonin-treated plants enhanced AM colonization by upregulating MtPT4 expression and decreasing Pb accumulation. The synergistic effect of melatonin and AM symbiosis on plant growth may be because melatonin treatment resulted in a tighter AM symbiotic relationship.



Melatonin Application Induced Antioxidant Response in Mycorrhizal Plants

The main reason for the negative effect of Pb stress on plant growth is the induction of oxidative injury by excessive Pb in plants. Pb stress affects respiration and blocks the leakage of electron transport chain (Shahid et al., 2012; Kohli et al., 2017), which induces the production of reactive oxygen species (ROS). The MDA content was measured to evaluate the levels of oxidative damage in plants (Fu and Huang, 2001). Both melatonin application and AM inoculation protected M. truncatula from oxidative injury by decreasing the MDA content. The O2–/H2O2 system, which converts ROS into non-toxic molecules, such as H2O, by enzymatic reactions, is one of the key elements in the response to oxidative injury. The SOD activity was increased by melatonin application and AM inoculation under Pb stress, which indicated that AM plants to which melatonin was applied have an increased ability to scavenge O2– radicals (Baxter et al., 2013). Excessive H2O2 in the roots was detoxified by CAT or the AsA-GSH cycle. Melatonin application and AM treatment increased the CAT and APX activities under Pb stress, which indicated that melatonin application and AM inoculation are beneficial for H2O2 cleavage. Therefore, the synergistic effect of melatonin and AM symbiosis on Pb tolerance may be due to decreased oxidative injury and increased antioxidant enzyme activity.

Finally, several protective molecules, such as proline and flavonoids, participate in heavy metal detoxification (Chadzinikolau et al., 2017; Lima et al., 2019). Melatonin application promoted the accumulation of proline and flavonoids under Pb stress, which indicated that melatonin application enhances Pb detoxification in both AM and NM roots. In addition, melatonin application increased proline synthesis via increasing P5CR activity and the relative expression of MtP5CS (Stein et al., 2011). In M. sativa, melatonin application improved drought damage by increasing proline accumulation and synthesis pathway (Antoniou et al., 2017). Liang et al. (2018) suggested that melatonin application increases antioxidant capacity by increasing SOD, CAT, and POD activity and alleviates leaf senescence by promoting flavonoid biosynthesis. Melatonin application increased phenylalanine ammonia-lyase (PAL) activity to tolerant Marssonina apple blotch (Yin et al., 2013; Abdallah et al., 2016), suggesting the potential role of melatonin in flavonoid synthesis. Therefore, melatonin application increases antioxidant capacity and Pb detoxification by stimulating the antioxidant response and increasing the accumulation of protective molecules. However, AM inoculation and melatonin application did not have a synergistic effect on proline and flavonoid accumulations. This finding suggested that AM fungi and melatonin application use different methods to increase Pb tolerance. The synthesis of both flavonoids and proline is regulated by salicylic acid (Misra and Saxena, 2009; Abdallah et al., 2016). The opposite effects of melatonin application (Park et al., 2013) and AM inoculation (Medina et al., 2003) on salicylic acid regulation may account for this result. Certainly, further study should be conducted to determine whether salicylic acid metabolism leads to the interaction between AM symbiosis and melatonin under abiotic stress.




CONCLUSION

To the best of our knowledge, this study is the first to analyze the effect of melatonin on heavy metal stress tolerance in AM plants, providing a new mechanism of Pb tolerance. AM inoculation may stimulate the accumulation of melatonin through the upregulation of MtASMT in roots. Melatonin application may inhibit Pb uptake to improve AM symbiosis under Pb stress. AM inoculation and melatonin application had a synergistic effect on host plant growth and Pb stress tolerance. This synergy may be due to improved AM symbiosis, alleviated the oxidative injury, and increased antioxidant enzyme activity. Overall, our results suggest that melatonin application could enhance mycorrhizal plant growth and Pb stress tolerance through stimulating antioxidant response and improving AM symbiosis. The combined use of AM inoculation and melatonin treatment is a potential way to help host plants cope with heavy metal toxicity.
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Soil microorganisms play a critical role in soil biogeochemical processes, nutrient cycling, and resilience of agri-food systems and are immensely influenced by agronomic management practices. Understanding soil bacterial community and nutrient dynamics under contrasting management practices is of utmost importance for building climate-smart agri-food systems. Soil samples were collected at 0–15 cm soil depth from six management scenarios in long-term conservation agriculture (CA) and climate-smart agriculture (CSA) practices. These scenarios (Sc) involved; ScI-conventional tillage based rice-wheat rotation, ScII- partial CA based rice-wheat-mungbean, ScIII- partial CSA based rice-wheat-mungbean, ScIV is partial CSA based maize-wheat-mungbean, ScV and ScVI are CSA based scenarios, were similar to ScIII and ScIV respectively, layered with precision water & nutrient management. The sequencing of soil DNA results revealed that across the six scenarios, a total of forty bacterial phyla were observed, with Proteobacteria as dominant in all scenarios, followed by Acidobacteria and Actinobacteria. The relative abundance of Proteobacteria was 29% higher in rice-based CSA scenarios (ScIII and ScV) and 16% higher in maize-based CSA scenarios (ScIV and ScVI) compared to conventional-till practice (ScI). The relative abundance of Acidobacteria and Actinobacteria was respectively 29% and 91% higher in CT than CSA based rice and 27% and 110% higher than maize-based scenarios. Some taxa are present relatively in very low abundance or exclusively in some scenarios, but these might play important roles there. Three phyla are exclusively present in ScI and ScII i.e., Spirochaetes, Thermi, and Euryarchaeota. Shannon diversity index was 11% higher in CT compared to CSA scenarios. Maize based CSA scenarios recorded higher diversity indices than rice-based CSA scenarios. Similar to changes in soil bacterial community, the nutrient dynamics among the different scenarios also varied significantly. After nine years of continuous cropping, the soil organic carbon was improved by 111% and 31% in CSA and CA scenarios over the CT scenario. Similarly, the available nitrogen, phosphorus, and potassium were improved by, respectively, 38, 70, and 59% in CSA scenarios compared to the CT scenario. These results indicate that CSA based management has a positive influence on soil resilience in terms of relative abundances of bacterial groups, soil organic carbon & available plant nutrients and hence may play a critical role in the sustainability of the intensive cereal based agri-food systems.
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INTRODUCTION

Soil is the foundation of any agricultural production system; keeping the soil in a good health is crucial to produce desired food, feed, and fiber to meet the growing population requirements on a sustainable basis. Indo-Gangetic plains (IGP) of South Asia is not only a highly productive and intensively cultivated region but also the most populous region of the world and thereby posing a significant pressure on natural resources. Over the past few decades, the mounting pressure to produce more food using conventional resource management practices has led to the degradation of the natural resources (soil, water, environment). The degradation process will be more aggressive in the future and may have more impact under the growing challenges of climate change (Jat et al., 2019b). Since the intensive cereal systems of Indian western IGP will continue to serve as the basis for food security, the overexploitation of resources in that process has raised serious concerns for the sustainability of natural resources especially groundwater and soil health. Ensuring soil’s resilience is critical to provide long-term sustainability to food security in the region. In this respect, different soil and crop management practices such as conservation agriculture and precision water and nutrient management have a significant role to play not only for producing more from less but also to mediate the soil processes for improving soil biological, chemical and physical properties (Choudhary et al., 2018b; Jat et al., 2018).

In Indian western IGP, conventional management practices of growing rice-wheat rotation are labor, water, and energy-intensive and accelerate the loss of soil organic carbon (SOC) and soil quality (chemical, physical and biological) deterioration (Jat et al., 2018). Increasing costs of production and changes in the subsidy policies of the Government are forcing the farmers to use chemical fertilizers in favor of N at the cost of P, K and other micro-nutrients. These are the causes of soil nutrient imbalances, loss of soil fertility, decreasing nutrient use efficiency and increasing cost of nutrient management. Conventional agriculture practices like repeated tillage, open-field burning of crop residues and over-pumping of groundwater in the monotonous rice-wheat cropping systems are the major drivers for the unsustainability of the natural resources especially soil and environmental quality, and groundwater table (Lohan et al., 2018; Jat et al., 2019b). Moreover, the productivity, growth, and sustainability of agricultural crops depend upon soil health status defined by a set of measurable physical, chemical, and biological attributes as well as functional soil processes controlled by management and climate change drivers. The climate change induced extreme weather events are increasing and projected to be growing at multiple rates in the future if effective measures are not taken. Therefore, adapting agriculture and crop production systems to these extreme climate events are required to build sustainable agri-food systems for the future (Sapkota et al., 2019).

There are a wide range of management practices having the potential to increase resource use efficiency, improve adaptive capacity while reducing the environmental footprint from the production system, and are defined as climate-smart agriculture (CSA) practices (FAO, 2010; Jat et al., 2016). Among different CSA practices; zero-till direct drilling, crop residue retention, crop diversification, and precision nutrient and water management are considered key to positively influence crop productivity and soil health (Ghimire et al., 2017; Jat et al., 2018, 2019a,b; Datta et al., 2019) while adapting to climatic risks and reducing green house gas (GHG) emissions (Sapkota et al., 2015; Jat et al., 2016). However, the application of CSA practices in isolation may or may not play its potential role in adapting to climate risks in the intensive agri-food systems of the IGP. Moreover, recycling of crop residues with viable in situ management practices in largely mechanized harvesting of intensive rice-wheat rotation is a must for soil’s resilience and system sustainability (Lohan et al., 2018; Shyamsundar et al., 2019). Therefore, layering of these CSA practices in optimal combinations may help in adapting to climate risks and building resilience to climate variability and ensure food security (Aryal et al., 2016; Kakraliya et al., 2018; Jat et al., 2019b).

For a sustainable agri-food system, soil resilience is one of the key foundations. Soil microorganisms are inevitable constituents of the soil ecosystem and play critical roles in its essential processes and critical functions, mainly nutrient cycling, soil organic matter dynamics etc. (Nannipieri et al., 2003; Kibblewhite et al., 2007) and making soil resilient toward climate change. It is therefore important to study the soil microbial community composition and to improve knowledge on its role in the agro-ecosystem. Under Intensive cereal-based systems of South Asia, several studies have been conducted to understand the effects of CSA practices on soil carbon pools (Jat et al., 2019a), soil quality (Jat et al., 2020), productivity and profitability (Kakraliya et al., 2018; Jat et al., 2019b) and their role in adaptation to climatic risks (Kakraliya et al., 2018) as well as GHG mitigation (Sapkota et al., 2019) but the studies on soil microbial structure and community changes and their role in building the resilience are limited under CSA practices. Effect of management practices on soil microbial populations has been studied for a long time but most of these studies were done by the methods of culturing, substrate utilization, and phospholipid fatty acid analysis (Doran, 1980; Parkinson and Coleman, 1991; Govaerts et al., 2008; Jangid et al., 2008). Due to limitations of these methods only a small portion of microbial communities can be studied (Atlas and Bartha, 1998; Handelsman, 2004; Douterelo et al., 2014). With every day advancing in sequencing technologies and with the availability of high throughput sequencing platforms, studies can be done more intensively on microbial communities. These sequencing approaches can offer a wider understanding of the complex structures of microbial communities at the different levels of microbial taxa (Cardenas and Tiedje, 2008).

Globally a number of studies has been undertaken on the effects of different agricultural management practices on the taxonomic diversity of bacterial communities by throughput sequencing (Lienhard et al., 2014; Degrune et al., 2016; Wang et al., 2016; Piazza et al., 2019; Sun et al., 2020). They reported that soil and crop management practices significantly influenced soil microbial community structure and abundance. Management practices not only manipulate soil biological properties but also chemical properties as both are interlinked to each other. The microorganisms play a critical role in regulating soil carbon dynamics by adopting different mechanisms (Zhou et al., 2012). With the warming conditions due to climate change scenarios, Li et al. (2019) projected a decrease in carbon use efficiency and an increase in microbial biomass turnover rate. Whereas, for stability and resilience, the interaction between communities also changes, which can influence the gene expression of single species (Jansson and Hofmockel, 2020). With the changing soil conditions either by climate or by different management, soil microorganisms respond by acclimation and adaption. But most of these studies were undertaken in isolation to understand and quantify the effect of one or two factors/treatments/practices like tillage and crop residue on microbial communities. However, under the growing complexity of climate change effects on agriculture, the application of portfolio of multiple practices (includes a wide range of practices like crop rotation, tillage, crop establishment, crop residue retention, precision nutrient and water management), called CSA, are needed. Under such portfolio of CSA practices, understanding the role of soil bacterial community and nutrient dynamics in building resilience would further help to advance the science to address the climate change issues in agri-food systems.

For the comprehensive understanding of microbial community composition, under different CSA practices involving crop rotation, tillage, crop establishment, residue, nutrient, and water management, we assessed their effects on the bacterial community structure, diversity and nutrients availability in a long-term experiment under semi-arid climates of Indian western IGP. The study was carried out with specific objectives (1) to study the shift in soil bacterial diversity and community composition in rice/maize-based agri-food systems under CSA practices; (2) quantify the availability of soil macro and micronutrients changes under CSA practices over farmers’ management, and; (3) establish the relationships between the composition of the bacterial community and nutrients under CSA in cereal-based food systems.



MATERIALS AND METHODS


Study Site and Experimental Design

A long-term production scale fixed plot experiment was started in 2009 at the Indian Council of Agricultural Research -Central Soil Salinity Research Institute (29.42°N latitude, 76.57°E longitude, and at an elevation of 243 m above msl), Karnal, Haryana, India. The experiment initially consisted of four management scenarios (Jat et al., 2020) but later in 2016 two more scenarios (ScV and ScVI) were introduced by splitting ScIII and ScIV into two equal parts (Jat et al., 2019b). All the scenarios were varied with residue, tillage, crop, irrigation, and nutrient applications. Six scenarios (Sc) included were: (i) farmers’ practice (ScI, conventional-till (CT) rice-CT wheat); (ii) partial conservation agriculture/CA (ScII, CT rice-Zero tillage (ZT) wheat-ZT mungbean with flood irrigation); (iii) rice-based partial climate-smart agriculture (CSA) (ScIII, ZT rice-ZT wheat-ZT mungbean with flood irrigation); (iv) maize-based partial CSA (ScIV, ZT maize-ZT wheat-ZT mungbean with flood irrigation); (v) rice-based full CSA (ScV, ZT rice-ZT wheat-ZT mungbean with SDI); and (vi) maize-based full CSA (ScVI, ZT maize-ZT wheat-ZT mungbean with SDI). ScIII and ScIV were based on principals of CA practices and called partial CSA. However, in ScV and ScVI, in addition to the ScIII and ScIV, irrigation water and N were also precisely managed using subsurface drip irrigation (SDI) and designated full CSA. Scenarios were structured in a randomized complete block design and replicated thrice. The description of scenarios is listed in Table 1.


TABLE 1. Drivers of agricultural change, crop rotation, tillage, crop establishment method, and residue management of different scenarios.
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Soil Sampling and Analysis

Soil samples (0–15 cm) were collected from six scenarios replicated thrice (a total of 18 samples) after harvesting of the wheat crop in May 2018. Crop residues were removed from the soil surface and samples were taken randomly aseptically using an auger. After sampling, soil samples were sieved by 2-mm sieve and were divided into two parts. One part was immediately transferred to the laboratory for DNA extraction and the other part was air-dried, ground, and stored in plastic containers for chemical analysis.

Soil electrical conductivity (EC) and pH in the soil to water ratio of 1:2 were determined by standard methods (Jackson, 1973). The total carbon content of the soils was determined using the CHNS Vario El III analyzer (Elementar, Germany). As inorganic carbon was negligible, the total carbon represents total organic carbon and designated as soil organic carbon (SOC). The available N in soil was determined by the method of Subbiah and Asija (1956). Available Phosphorus (Olsen P) was determined by the method outlined by Olsen et al. (1954). Available Potassium (K) in soil was determined by flame photometer using neutral 1N ammonium acetate extractant as described by Jackson (1973). Available Sulfur (S) was estimated by the turbidimetric barium chloride method given by Chesnin and Yien (1951). Available (DTPA-extractable) Iron (Fe), Manganese (Mn), Zinc (Zn) and Copper (Cu) in the soil samples were estimated by extracting the soils with 0.005M DTPA + 0.01M CaCl2 + 0.1M TEA solution adjusted to pH 7.3 (soil: extractant ratio 1:2) and micronutrient cations in the extract were determined using atomic absorption spectrophotometer (Lindsay and Norvell, 1978).



Extraction and Sequencing of Soil DNA

From the soil samples, DNA was extracted by MO BIO’s PowerSoil DNA Isolation Kit as per the instructions of the manufacturer. The DNA quantity and quality was measured by Nanodrop spectrophotometer (ThermoFisher Scientific, United States). Amplicon sequencing libraries for V3-V4 fragments of the 16S rRNA gene were prepared. The protocol also includes overhang adapter sequences that were appended to the primer pair sequences for compatibility with Illumina index and sequencing adapters. About 30 ng of template DNA was amplified for 26 cycles using KAPA HiFi Hot Start PCR Kit (KAPA Biosystems Inc., Boston, MA, United States). The forward and reverse primer concentrations were kept at 0.2 μM each. The amplicons were confirmed on 1.5% agarose gel electrophoresis. The second round of PCR was performed for 10 cycles to add appropriate sample-specific indexes and Illumina flow cell-specific sequences. We have used Illumina Nextera XT v2 Index Kit (Illumina, United States) and the PCR was carried out with HiFi Hot Start PCR Kit.

The second-round PCR products (sequencing libraries) were purified using Ampure XP magnetic beads (Beckman Coulter, United States) and concentrations were measured using Qubit dsDNA HS assay (Thermo Fisher Scientific, United States). The sample libraries were normalized based on the Qubit concentrations and proceeded for sequencing in Illumina MiSeq 300 paired-end chemistry. The forward primer was constructed with the Illumina i5 adapter (5′ – AATGATACGGCGACCACCGAGATCTACAC[i5]TCGTCGGC AGCGTC), and the reverse fusion primer was constructed with the Illumina i7 adapter (5′ – CAAGCAGAAGACGG CATACGAGAT[i7]GTCTCGTGGGCTCGG).

V3V4_Forward 341FCCTACGGGNGGCWGCAG

V3V4_Reverse 805RGACTACHVGGGTATCTAATCC

The libraries were normalized and pooled for multiplex sequencing. Finally, these pools were quantified using Qubit dsDNA HS assay and fluorometer (Thermo Fisher Scientific, MA, United States) and then diluted to 2 nM final concentration using Resuspension Buffer (RSB -Illumina, CA, United States). The normalized sample was denatured for 5 minutes using 0.2 N NaOH and neutralized by HT1 Buffer (Illumina, CA, United States). Denatured libraries were further diluted to 13 pM concentration for loading. Samples were then loaded into an Illumina MiSeq v3 600 cycles cartridge (Illumina, CA, United States). The flow cell and the PR2 buffer were placed in the designated slots in the machine and the run was performed in paired-end mode with 275 bp read length for each of forward (Read 1) and reverse (Read 2) reads.



Bioinformatics and Statistical Analysis of Data

After completion of the sequencing run, the data were demultiplexed using bcl2fastq software v2.20 and Fast Q files were generated based on the unique dual barcode sequences. The sequencing quality was assessed using Fast QC v0.11.8 software. The paired-end reads were quality checked with FastQC (Available from S. Andrews at1) and the raw reads having primer sequence and high-quality bases (≥Q 30) were selected. The reads were further stitched (Aronesty, 2013) and analyzed by the QIIME 1 pipeline (Caporaso et al., 2010). The query sequences were clustered using the UCLUST method (Edgar, 2010) against a curated chimera free 16S rRNA database (DeSantis et al., 2006). RDP classifier (Wang et al., 2007) was used to assign the taxonomies to the clusters at ≥97% sequence similarity against the reference database which resulted in the generation of a biom file. Further sample wise and comparative analysis was performed. Alpha diversity- Shannon, Simpson, Chao, OTUs (Operational Taxonomic Units), and rarefaction curves were calculated based on the rarefied biom. Beta diversity was determined by principal coordinate analysis (PCoA) using both unweighted and weighted UniFrac metrics. The data were further subjected to analysis of variance (ANOVA) and analyzed using the general linear model (GLM) procedures of the SPSS Windows version 17.0 (SPSS Inc., Chicago, IL, United States). Treatment means were separated by Duncan Multiple Range Test at 5% level of significance.

The principal component analysis was done with the dataset (of 19 attributes) following Andrews et al. (2002) and Choudhary et al. (2018a). The principal components receiving high eigenvalues and variables with high factor loading were assumed to be variables that best represented system attributes. Therefore, only the PCs with eigenvalues > 0.9 and those that explained at least 5% of the variation in the data were examined. Only highly weighted variables within each PC were retained for the minimum data set (MDS). When more than one variable was retained under a single PC, multivariate Pearson’s correlation coefficients were employed to determine if the variables could be considered redundant and variables with the highest correlation sum were selected for the MDS (Andrews et al., 2002).



RESULTS


Effect of Management Scenarios on α and β-Diversity

From the extracted DNA of 18 soil samples (6 scenarios each replicated thrice) a total of 5,601,598 raw reads were obtained for the V3-V4 region. After quality filtering, a total of 4,743,950 processed reads were obtained; from these 869,033 reads were utilized for bacterial identification. Sequences from all six scenarios have been submitted to NCBI with the Bio project: PRJNA563825. These reads were grouped according to their sequences and a total of 59,372 OTU were identified in six samples. Rarefaction analysis was done for observed species/OTUs with a minimum of 38000 sequences per sample (Figure 1). A significantly (p ≤ 0.05) higher number of OTU (3765 ± 127) and Chao1 (5306 ± 108) were recorded in ScII (Table 2). Shannon diversity index was recorded 11% higher in conventional tillage (CT) based scenarios (ScI and ScII) compared to those of CSA based scenarios (ScIII to ScVI). All diversity indices Shannon, Simpson, Chao1, and OTU have recorded higher in maize-based scenarios (ScIV and ScVI) compared to rice-based CSA scenarios (ScIII and ScV) (Table 2). The β-diversity matrix focuses on the difference in taxonomic abundance profiles from different samples. Beta diversity by weighted Unifrac method considers both sequences and abundance information and generates a distance matrix containing a dissimilarity value for each pairwise comparison for each sample (Figure 2). ScIII was observed to have less difference in taxonomy abundance with ScIV, ScVI, and ScV. In contrast, ScV had a higher difference in taxonomic abundance with ScII and ScI. On average ScI, ScII, ScV had higher difference while ScIII, ScIV, ScVI had less difference.
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FIGURE 1. Rarefaction analysis of six soil samples having different agriculture management systems. Where; ScI, conventional rice-wheat system; ScII, partial CA based rice-wheat-mungbean system; ScIII, partial CSA based rice-wheat-mungbean system; ScIV, partial CSA based maize-wheat- mungbean system; ScV, full CSA based rice-wheat-mungbean system with sub surface drip irrigation; ScVI, full CSA based maize-wheat-mungbean system with sub surface drip irrigation.



TABLE 2. Bacterial diversity indices of six scenarios for clusters at ≥97% sequence similarity against the reference database.
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FIGURE 2. Principal coordinate analysis (PCoA) of soil bacterial β-diversity based on weighted UniFrac.




Bacterial Community Structure in Different Management Scenarios

A total of 40 phyla were observed in six scenarios of crop management. Proteobacteria was the dominant phylum in all scenarios followed by Acidobacteria and Actinobacteria (Figure 3). Proteobacteria ranged from 53.1 ± 1.23 (ScI) to 69.2 ± 3.91% (ScV). The relative abundance of Proteobacteria was 29% higher in rice-based CSA scenarios (ScIII and ScV) and 16% higher in maize-based CSA scenarios (ScIV and ScVI) over farmers’ practice (ScI). The relative abundance of Acidobacteria (ranged from 7.98 to 12.4%), and was not significantly different between scenarios (p ≤ 0.05). Actinobacteria was followed by Acidobacteria in ScII, ScIII, ScIV, and ScVI but in ScI and ScV Actinobacteria (15.2 ± 2.06 and 8.03 ± 0.38%) was higher than Acidobacteria (12.37 ± 1.06 and 7.98 ± 0.39%). Actinobacteria was 100% higher in farmers’ practice (ScI) and 43% in partial CA scenario (ScII) than CSA based scenarios (ScIII-VI). The relative abundance of Acidobacteria and Actinobacteria was respectively 29% and 91%, 27% and 110%, and 10% and 40% higher in farmers’ practice than rice-based CSA scenarios, maize-based scenarios, and partial CA scenario. The top five most abundant phyla, Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, and Cholroflexi, were represented by nearly 90% of the total sequences. The relative abundance of Chloroflexi was found significantly (p ≤ 0.05) higher in ScI (6.05 ± 0.28%) and ScII (5.27 ± 0.63%) than CSA based scenarios. The relative abundance of members of Firmicutes was significantly (p ≤ 0.05) higher in ScI (4.76 ± 0.75%) over other scenarios.
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FIGURE 3. Distribution of different dominating phyla (> 1%) in different agriculture management scenarios. Where; ScI, conventional rice-wheat system; ScII, partial CA based rice-wheat-mungbean system; ScIII, partial CSA based rice-wheat-mungbean system; ScIV, partial CSA based maize-wheat-mungbean system; ScV, full CSA based rice-wheat-mungbean system with sub surface drip irrigation; ScVI, full CSA based maize-wheat-mungbean system with sub surface drip irrigation. The same letters within each column are not statistically different between scenarios for each phylum (P ≤ 0.05, Duncan’s multiple range test) and values are the average of three replicates (n = 3); means ± standard error SE.


Different relative abundances were also observed at the class level (Figure 4). Alphaproteobacteria was recorded highest in ScIV (28.55 ± 0.12%) followed by ScIII (27.78 ± 0.40%). However, the abundance of Gammaproteobacteria was higher in CSA based scenarios (20.57% – 41.16%) than partial CA (13.30%) and farmers’ practice (13.86%). These two classes Alphaproteobacteria and Gammaproteobacteria represented 37 to 62% sequences in the different scenarios. At the order level, relative abundance of Pseudomonadales was reported highest followed by Rhizobiales and Sphingomonadales (Figure 5). Among the scenarios, Pseudomonadales was significantly higher in rice-based CSA scenarios (ScIII and ScV) over other scenarios. It was 130% higher in rice-based over maize-based CSA scenarios (ScIV and ScVI), 251% higher in rice-based and 53% higher in maize-based CSA scenarios over farmers’ practice. Rhizobiales showed no significant differences (p ≥ 0.05) between scenarios. The relative abundance of Sphingomonadales was observed higher (51%) in maize-based CSA scenarios over rice-based CSA scenario. Actinomycetales were 121% higher in farmers’ practice over CSA-based scenarios (ScIII, ScIV, ScV, and ScVI) and 51% higher over partial CA-based scenario (ScII). In all six scenarios Pseudomonadales, Rhizobiales, Sphingomonadales, Burkholderiales, and Actinomycetales were the dominant orders, constituting approximately 49 -69% in different scenarios.
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FIGURE 4. Relative abundance of classes (> 1%) in different agriculture management scenarios. Where; ScI, conventional rice-wheat system; ScII, partial CA based rice-wheat-mungbean system; ScIII, partial CSA based rice-wheat-mungbean system; ScIV, partial CSA based maize-wheat-mungbean system; ScV, full CSA based rice-wheat-mungbean system with sub surface drip irrigation; ScVI, full CSA based maize-wheat-mungbean system with sub surface drip irrigation. The same letters within each column are not statistically different (P ≤ 0.05, Duncan’s multiple range test) and values are the average of three replicates (n = 3); means ± standard error SE.
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FIGURE 5. Distribution of dominating orders (> 1%) in different agriculture management scenarios. Where; ScI, conventional rice-wheat system; ScII, partial CA based rice-wheat-mungbean system; ScIII, partial CSA based rice-wheat-mungbean system; ScIV, partial CSA based maize-wheat-mungbean system; ScV, full CSA based rice-wheat-mungbean system with sub surface drip irrigation; ScVI, full CSA based maize-wheat-mungbean system with sub surface drip irrigation. The same letters within each column are not statistically different (P ≤ 0.05, Duncan’s multiple range test) and values are the average of three replicates (n = 3); means ± standard error SE.


There were some taxa that were either found in very low abundance or exclusively in some of the scenarios. Three phyla, Spirochaetes, Thermi, and Euryarchaeota, were exclusively present in ScI and ScII (Figure 6). Chitinophagaceae family of Bacteriodetes was found higher in CSA based scenarios in general and specifically in maize-based scenarios, whereas the Gaiellaceae family was exceptionally higher in farmers’ practice (data not shown).
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FIGURE 6. Venn graphs based on the presence of different phyla in scenarios.




Effect of Management Scenarios on Soil Chemical Properties and Available Nutrients

Soil properties like EC, pH, organic carbon, available macronutrients (N, P, and K) and micronutrient cations (Zn, Cu, Fe, and Mn) were analyzed for all the six scenarios (Table 3). Soil pH was found highest in ScIII and ScVI (7.70 ± 0.07 and 7.74 ± 0.06) and lowest in ScII (7.07 ± 0.04). SOC was highest in ScV (13.1 ± 0.02 g kg–1) followed by ScIV (12.5 ± 0.03 g kg–1) and ScVI (11.9 ± 0.01 g kg–1). SOC was 111% higher in CSA based scenarios (ScIII to ScVI) compared to farmers’ practice (ScI) and 31% higher than partial CA practice (ScII). Available nitrogen (N) was found highest (171 ± 1.00 kg ha–1) in ScIII and ScV, followed by ScVI (157 ± 1.53 kg ha–1) and ScIV (156 ± 3.21 kg ha–1). It was 38% and 14% higher in CSA based scenarios than ScI and ScII, respectively. Available phosphorus (P) was highest in ScV (31 ± 1.34 kg ha–1) and ScIV (30 ± 1.04 kg ha–1). It was 70% higher in CSA based scenarios than ScI and 18% higher than ScII. Available K was found highest (226 kg ha–1) with ScII and ScIV; it was 59% higher in CSA based scenarios over farmers’ practice (ScI). Among micronutrient cations, Zn was higher in ScIII and ScV, Mn was in ScIII, ScIV and ScV and Fe in ScII.


TABLE 3. Soil Chemical properties and available nutrients in soils after wheat harvesting.
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Relationships Between Bacterial Phyla and Soil Chemical Properties

The relationships between soil bacterial phyla (top 9) and soil chemical and available nutrients (pH, EC, C, N, P, K, Zn, Cu, Mg, Fe, and Mn) were examined using principal component analysis (PCA). Four principal components (PCs) with eigenvalues > 0.9 were extracted representing 96.7% of the total variance (Table 4). The PCA indicated that axis 1 (PC1) accounted for 54.3% and axis 2 (PC2) accounted for 23.1% of the total variance (Figure 7), whereas PC3 and PC4 showed 14.1 and 5.2% of the total variance (Table 5). In PC1, there were nine variables (Proteobacteria, Actinobacteria, Chloroflexi, firmicutes, nitrospirae, EC, SOC, N, K) with higher loadings (eigen vector > 0.8). To avoid the redundancy correlation study (Pearson’s correlation) was done among the nine variables (data not shown). The highest correlation sum was observed under C followed by N, K, and Nitrospirae. These four variables from PC1 were selected for the minimum dataset. In PC2, Bacteroidetes, Verrucomicrobia, and Gemmatimonadetes were the important variables with higher loadings whereas in PC3, and PC4, Mn and Zn were selected. Therefore, among the nineteen variables nine variables namely SOC, N, K, Mn, Zn and Nitrospirae, Bacteroidetes, Verrucomicrobia, and Gemmatimonadetes were the most critical parameters as influenced by management practices.


TABLE 4. Principal components (PC) and component loadings extracted from different soil properties and microbial phyla; underlined component loadings were used to interpret the PC.
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FIGURE 7. Principal component analysis among the soil properties and dominating bacterial phyla of six agricultural management systems.



TABLE 5. Relationships between bacterial phyla and soil properties in six scenarios of agriculture management.

[image: Table 5]Correlation study (Pearson’s correlation) among all the nineteen variables was performed and the results showed that the main phyla were correlated (positively or negatively) with soil nutrients (Table 5). In particular, SOC was significantly positively correlated with Nitrospirae (r = 0.96, p < 0.05) whereas significantly negatively correlated with Actinobacteria (r = 0.93, p < 0.05), Chloroflexi (r = 0.92, p < 0.05), and Firmicutes (r = 0.88, p < 0.05). Others did not have any relationship with SOC. Available N was strongly positively correlated with the phylum Proteobacteria (r = 0.94, p < 0.05) and negatively correlated with Acidobacteria (r = 0.85, p < 0.05), Actinobacteria (r = 0.90, p < 0.05) and Chloroflexi (r = 0.93, p < 0.05). Chloroflexi and Nitrospirae were negatively and positively correlated with available P, respectively.



DISCUSSION

The rarefaction curve (Figure 1) shows that sequenced samples contain many common, readily detectable OTUs and plateau has not been reached because of the possibility that some OTUs may not have been predicted. Different agriculture practices influence soil bacterial diversity and community profiles (Navarro-Noya et al., 2013; Lupwayi et al., 2017; Choudhary et al., 2018d; Zhu et al., 2018). An increase in bacterial diversity with tillage is reported by some researchers (Lienhard et al., 2014; Degrune et al., 2016) and also confirmed in our previous study (Choudhary et al., 2018d), while there are also reports of increased bacterial diversity under zero tillage and residue retention (Ceja-Navarro et al., 2010; Constancias et al., 2014; Wang et al., 2019). Under tillage practices, due to soil disturbance and mixing of crop residues in soils, alteration in the distribution of nutrients can occur, resulting in more bacterial diversity under tillage based scenarios (ScI and ScII) than CSA based practices. Due to the lack of disturbance under no-tillage conditions in soils of CSA based practices for a long time (9 years), a type of equilibrium has been established between different bacterial taxa (Tyler, 2019) which leads to the lower diversity indices in CSA based scenarios (Table 2). Although soil samples were taken after the same crop (wheat) in all scenarios, the effect of preceding crops also create differences in bacterial diversity (Hilton et al., 2018). Higher diversity indices in maize-based CSA systems over rice-based can be attributed to the difference in their roots exudates and rhizodeposits (Sasse et al., 2018). Chemical composition of the cell wall of different crop residues (e.g., maize vs. rice) also can leave a pre-crop imprint on soil microbiome (Venter et al., 2016; Babin et al., 2019). Chemical energy and nutrients release during decomposition of crop residue varies with plant species (Jensen et al., 2005) and they also can influence soil microbial communities.

Agriculture management systems directly affect soil environments which in turn affect soil microbial community structures (Dong et al., 2017). In different agricultural management practices Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, and Cholroflexi are known to be among the dominating phyla (Degrune et al., 2016; Chen et al., 2018; Tyler, 2019; Wang et al., 2019). In our study, Proteobacteria was the dominating phylum, but its relative abundance was higher in CSA based scenarios compared to those of partial CA and farmers’ practice (Figure 3). Proteobacteria are copiotrophic in nature, which thrive better under conditions of high nutrient availability (Ho et al., 2017). Proteobacteria are known to be highly abundant in soils having minimum tillage, whereas Acidobacteria, Actinobacteria, and Cholroflexi to be in conventional tillage (Legrand et al., 2018). Relatively higher abundance of Acidobacteria and Actinobacteria were associated with tillage based scenarios (ScI and ScII) which were reported to have oligotrophic lifestyle and thrive better under lower nutrient availability conditions (Fierer et al., 2012; Koyama et al., 2014; Ho et al., 2017). As stated in a previous study (Choudhary et al., 2018d), the ratio of Proteobacteria and Acidobacteria (P/A) also provides insight into the soil nutrient status (Smit et al., 2001); a high P/A ratio would be indicative of a copiotrophic and a low one of oligotrophic nature of soils. In ScI and ScII the ratio of relative abundance of Proteobacteria and Acidobacteria was found lower than that of CA-based scenarios. In surface soil layer, SOC and macronutrients (N, P, and K) were found to be significantly higher in CA-based management practices than tillage based practices, which was also confirmed in the study of Patra et al. (2019). Moreover higher enzyme activities under CA/CSA-based scenarios than conventional practices (Jat et al., 2019a, 2020) facilitates the mineralization of nutrients that become available to microbes and favors copiotrophs more in CSA based practices. Under maize-based scenarios quality and size of maize residues may play a role in the lower relative abundance of Proteobacteria than in rice-based CSA scenarios as the type of residue has influence on microbial diversity (Nelson and Mele, 2006). The difference between crop types (maize/rice) also has a major role in determining the type of bacterial communities in soils. The study of chloroplast genome revealed a closer relationship between rice and wheat than maize (Matsuoka et al., 2002) and this evolutionary history of plants can be a significant factor in the shaping of associated bacterial community composition (Bouffaud et al., 2014). Every plant species host distinct bacterial community in which rhizodeposition also play a major role (Bulgarelli et al., 2013).

The phylum Chloroflexi was recorded higher in ScI and ScII; members of this phylum contain varied phenotypes with wide-ranging metabolic lifestyles, aerobic thermophiles, photoautotrophs, and anaerobic halorespires (Hug et al., 2013). Members of Chloroflexi are also oligotrophic and reported to have a role in cellulose degradation and C-cycling (Cole et al., 2013; Pepe-Ranney et al., 2016). Under conventional tillage practices, soil disturbance occurs and also in the absence of residue cover more chances of drying of soil occurs in farmers’ practice as compared to CA practices. Firmicutes are known to produce endospores (Mandic-Mulec and Prosser, 2011) which make them able to survive in disturbed conditions caused by tillage and uncovered soil surface. Hence, their relative abundance is higher under conventional tillage than zero tillage practices (Lienhard et al., 2014).

Higher abundance of Alphaproteobacteria in ScIII and ScIV can be attributed to long-term CSA practices (9 years) followed in these scenarios which created a congenial environment that favored Alphaproteobacteria. Whereas a higher abundance of Gammaproteobacteria in CA-based scenarios may be due to the ZT practices followed in these scenarios (Essel et al., 2018). Pseudomonadales were favored in CSA practices which consist of bacteria like Azotobacter and Pseudomonas having plant growth-promoting activities (Nehra and Choudhary, 2015). Some of the Pseudomonas species are also known as plant pathogenic (Höfte and De Vos, 2007). CSA practices also favored Rhizobiales which is a well-known order consisting of the members of atmospheric nitrogen-fixers and are symbiotic with plant roots. Quality, quantity, and management of residue are differed between scenarios, which may be important factors affecting the structure of bacterial communities (Jiménez-Bueno et al., 2016). Crop residues are considered as a crucial ecological niche of different microbial communities. The order Rhizobiales and Sphingomonadales were found prevalent in the wheat-oilseed rape cropping system irrespective of the type of residues (Kerdraon et al., 2019). Members of the Chitinophagaceae family are known for the decomposition of complex organic materials and reported to be more abundant in no-till than conventional-till (Kraut-Cohen et al., 2020). Members of the Gaiellaceae family favor elevated levels of oxygen (Albuquerque and da Costa, 2014) and are exceptionally higher where regular tillage is practiced. During hot summer, puddling operation (churning of soil in the presence of water) exposes the soil to high sunlight and heat in the IGP. Deinococcus–Thermus, having thermophilic properties and being resistant to radiations (Griffiths and Gupta, 2007), were exclusively present in scenarios where tillage practice followed (ScI and ScII). Methanomicrobia and Methanobacteria were the two classes of Euryarchaeota (Archaeabacteria) present in tillage based systems as in these scenarios rice crop was established by transplanting (Table 1) and water stagnates for a longer time which creates anaerobic condition and favors these two classes.

Beta diversity showed (Figure 2) that ScIII, IV, V, and VI are closely related to each other and distantly related to ScI and II, which is the reflection of management followed in these scenarios. Varying/inconsistent results were obtained at lower classification levels which may be because of many different factors associated with different crop rotations, tillage, and water and residue management directly or indirectly influencing microbial community structure (Ramirez-Villanueva et al., 2015; Venter et al., 2016; Wang et al., 2016; Babin et al., 2019). In addition to these factors root exudates associated with various crops also have different impacts on soil microbial communities (Sasse et al., 2018). Conservation agriculture practices improve soil physicochemical properties and nutrient availability (Jat et al., 2018) which could be also a reason behind different types of distribution of bacterial groups among scenarios.

A significant variation in soil pH was observed among the scenarios. The lowest pH was observed in ScII, which might be due to the well mixing of crop residues into the soil during puddling operation before rice transplanting, which releases the organic acids (Ghimire et al., 2017), facilitating a pH drop in soil. SOC was higher in CSA based scenarios which can be attributed to the higher quantity of carbon input through crop residue retentions under CSA practices, since the initiation of the experiment (Jat et al., 2018, 2019a). Less soil disturbance conditions under zero tillage (ZT) resulted in slow decomposition of crop residue which is also a factor responsible for high C and N under CSA practices (Dikgwatlhe et al., 2014). The availability of macronutrients (N, P, and K) is significantly influenced by agriculture practices (Zhang et al., 2018; Jat et al., 2018; Sithole and Magwaza, 2019); in our study, higher N, P and K were observed under CSA practices. Higher amounts of residues under CSA practices serve as a source of plant nutrients (Bhattacharjya et al., 2019) moreover mungbean integration in these cropping systems also increases the availability of macro and micronutrients (Jat et al., 2018). The DTPA extractable Fe content was much higher than the critical Fe concentration in soil (4.5 mg/kg) under CSA practices (ScIII-VI) but it was lower than tillage based scenarios (ScI-II). It might be due to the oxidation of Fe under the aerobic condition which facilitates the conversion of ferrous (Fe2+) to ferric (Fe3+) and gets precipitated and becomes unavailable to plants (Lovley, 1995; Sparrow and Uren, 2014). But in ScI and ScII, rice was grown in the submerged puddled condition which keeps the iron in reduced soluble form in the soil (Pezeshki and DeLaune, 2012) which might enhance higher recovery of DTPA-Fe from soil. Conservation agriculture-based management practices improve soil physical, chemical, and biological properties of soil and in turn soil quality (Raiesi and Kabiri, 2016; Choudhary et al., 2018b). Improved soil quality leads to an increase in the availability of soil nutrients (Wang et al., 2019). Soil properties such as SOC, macronutrients (N and K), and micronutrients (Zn and Mn) were the important variables that significantly influenced microbial dominance (such as Nitrospirae, Bacteroidetes, Verrucomicrobia, and Gemmatimonadetes) as revealed by PCA. Higher carbon inputs through crop residues (and roots, rhizodeposition etc.) coupled with ZT enhanced SOC and N content which favor the biological activities and microbial colony counts (Choudhary et al., 2018a, b; Jat et al., 2019a). Crop residues provide K, Zn, and Mn and serve as a food source to microorganisms, allowing the flourishing of the populations of certain phyla. Choudhary et al. (2018a) reported microbial biomass carbon as one of the key indicators in the soil, while studying soil quality index under CA, which is a sensitive indicator of change in soil organic matter levels (Gregorich et al., 1994). Land and agriculture management practices influenced all the soil chemical properties (Parisi et al., 2005; Van Leeuwen et al., 2015) which directly or indirectly have strong bearings on soil microbial phyla dominance.

Since Acidobacteria and Actinobacteria are oligotrophic in nature, they showed a negative correlation with SOC and available N. Proteobacteria, which are of copiotrophic nature, showed a positive correlation with available N. A study on bacterial diversity in four scenarios out of six scenarios has been done previously after 6 years of continuous experimentation (Choudhary et al., 2018c, d). Although the result of diversity indices of this study was similar to our previous study (Choudhary et al., 2018d), the differences were observed at different classification levels (phylum, class, order). In the previous study, Acidobacteria was the most dominant phylum in the CA-based scenario followed by Proteobacteria, and in other scenarios, Proteobacteria was dominating followed by Acidobacteria. At the class level, Alphaproteobacteria was the most abundant class followed by Acidobacteria- 6 in all scenarios except in ScIV. The most abundant class in ScIV was DA052 followed by Alphaproteobacteria. There are many reasons behind the different patterns of bacterial diversity in the same soils under similar conditions (Quince et al., 2017). It may be due to the difference between sampling dates and sample size. In the previous study, sampling was done in mid-May and in the present study, it was done in mid-April which can cause a difference in soil moisture, temperature, and other factors. The previous study was done from composite soil samples which may have masked differences that varied between management systems (Tyler, 2019). The contribution of the specific phylum or group in the agroecosystem is very important, but still, the role of microbial diversity in functioning and sustainability of the agroecosystem is poorly understood (van der Heijden and Wagg, 2013). Despite the occurrence of many genera or species in different management practices, which are important contributors in a variety of ecosystems, their potential ecological roles in the soil remain unknown. In the coming years with the advancement of techniques and wider studies, in-depth roles of these will be unraveled.



CONCLUSION

Conservation agriculture coupled with precision water and nutrient management in intensive cereal based cropping systems serves as fully validated Climate Smart Agriculture (CSA). The crucial role of soil bacterial composition & diversity and their interactions with available soil nutrients further provides insights for building resilience against climatic risks. A higher relative abundance of copiotrophs (Proteobacteria) was found in CSA based agri-food systems while oligotrophs (Acidobacteria and Actinobacteria) were associated with conventional tillage (CT) based rice-wheat system. The bacterial diversity indices were directly correlated with the intensity of tillage & system management practices with higher diversity under CT and lower with CSA scenarios. In surface soil layers, soil organic carbon (SOC) and major nutrients (N, P, and K) were significantly higher in CSA practices than business-as-usual (CT based rice-wheat). Soil organic carbon and available- P were found positively correlated with the Nitrospirae whereas available- N was with the Proteobacteria indicating a significant role of CSA based management practices in nutrient cycling and plant availability.
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Several factors influenced the sugarcane production, and among them, higher use of nitrogen and depletion of soil nutrient constitutes a significant concern in China. Sugarcane-legume intercropping may help to regulate the microbial structure and functions. In the present study, sugarcane rhizosphere soils of three cropping systems: Sugarcane only (S-only), sugarcane with peanut (S + P), and sugarcane + soybean (S + S) were sampled in tillering, elongation, and maturation stages from two different experimental fields. High-throughput sequencing technologies applied to assess the effects of different cropping systems on the structure of nitrogenase (nifH) gene communities. A total of 3818 OTUs (operational taxonomic units) were acquired from all soil samples. Intercropping systems noticeably increased the relative abundance of Proteobacteria in the tillering stage. The increased microbial diversity in the rhizosphere was mainly due to soil organic carbon and total soil N. In contrast, intercropping has no significant negative impact on microbial abundance, but sugarcane growth stages influence it significantly, and two bacteria (Bradyrhizobium and Pseudacidovorax) showed significant shift during plant growth. The results provide insight into the microbial structure of Proteobacteria in the sugarcane legume-intercropping field, and how microbial community behaves in different growth stages. It can boost the microbial activity of the soil, and that could be a new strategy to stimulate soil fertility without causing any negative impact on crop production.

Keywords: intercropping, microbial community, high throughput sequencing, NifH gene, sugarcane


INTRODUCTION

Globally, sugarcane is a leading source of sugar and biofuel. In China, where tropical and subtropical summer rainfall climate predominates, sugarcane has emerged as an excellent substitute in agriculture, because it can grow well during the dry season. In the past few years, Guangxi province occupied an essential place in the Chinese sugar industry (Li and Yang, 2015). Still, sugar production suffers from abiotic or biotic factors every year in China (Deng et al., 2017). Nutrient depletion in the soil is the major abiotic factor in Guangxi, and to get higher sugarcane production, balanced use of nitrogen fertilizer is the crucial factor (Thorburn et al., 2017). Biological nitrogen fixation (BNF) approved as a long-term solution that can fix the nitrogen without any negative impact on the environment (Vitousek et al., 2002; Iannetta et al., 2016). Soil and rhizosphere associated diazotrophs (N-fixers) are well-known for their contributions in N mineralization and cycling (Herridge et al., 2008; Hsu and Buckley, 2008; Li et al., 2016b; Zhang et al., 2017; Gupta et al., 2019). Among all soil nutrients, nitrogen is essential for plant growth and development, and plant assimilates the nitrogen from the soil as nitrite, nitrate, or ammonia (Horel et al., 2019). The significant phyla of diazotrophs bacteria are Actinobacteria, Bacteroidetes, Cyanobacteria, Chlorobi, Chloroflexi, Firmicutes, and Proteobacteria (Ganzert et al., 2014; Pérez-Montaño et al., 2014; Szymańska et al., 2018). Among all phyla, Proteobacteria significantly associated with the plant rhizosphere, and several non-symbiotic Proteobacteria have been acknowledged as free-living diazotrophs such as Azohydromonas, Azospirillum, Azospira, Azoarcus, Azotobacter, Burkholderia, Herbaspirillum, Pelomonas, Pseudacidovorax, and Sphingomonas (Chen et al., 2003; Aoki et al., 2013; Pankievicz et al., 2015; Roley et al., 2019).

Sugarcane cropping with other crops has taken worldwide attention to managing soil health and plant productivity (Singh et al., 2010; Dai et al., 2013; Li et al., 2013, 2018). China and sub-Saharan Africa have discovered better yielding and nutrient acquisition benefits under adverse conditions when cereal has grown with the legumes (Zhang and Li, 2003; Kermah et al., 2017; Solanki et al., 2017). Plant root-associated microbes are involved in the symbiosis of nutrients with other microbes and plants (Rilling et al., 2018). Several researchers reported diazotrophic soil bacteria as plant growth promoters of sugarcane that can associate with legumes as well as other crops (Chen et al., 2001, 2005; Garau et al., 2009; Bontemps et al., 2010; Castro-González et al., 2011; Paungfoo-Lonhienne et al., 2016). These are the most efficient and harmless sources for soil nourishment and increase agricultural production. Microbial characterization of plant rhizosphere is essential to understand the role of soil diazotrophs in N assimilation. So far, culture-independent methods have investigated for N fixation in different habitats, including soils (Zehr et al., 2003; Izquierdo and Nüsslein, 2006; Chowdhury et al., 2009; Li et al., 2012; Solanki et al., 2019b), plant parts (Lovell et al., 2001; Chowdhury et al., 2009) and water resources (Blais et al., 2012; Tai et al., 2013).

High throughput sequencing (HTS) generates more information than Sanger sequencing (Collavino et al., 2014; Gaby et al., 2018). Therefore, to acquire more data about rhizosphere associated diazotrophs, researchers are using HTS to unlock the complex microbial structure (Caporaso et al., 2012; Rascovan et al., 2016; Zhang et al., 2017). The nifH gene, which encodes a subunit of the nitrogenase enzyme, offers a convenient marker and that used to determine the distribution and diversity of diazotrophs in diverse environments (Coelho et al., 2009; Zou et al., 2011; Collavino et al., 2014). Investigation of nifH diversity in soil and rhizosphere, commonly disclose unidentified diazotrophs sequences (Poly et al., 2001; Buckley et al., 2007; Gaby et al., 2018). Past research evidence directs that these non-cultivated diazotrophs are dominant organisms in different soil systems as compared to cultivated diazotrophs (Hsu and Buckley, 2008), and sugarcane rhizosphere-biome in regards to the diazotrophs remain mostly obscure during intercropping with the legume. Therefore, we characterized the sugarcane rhizosphere diazotrophs during plant development when peanut and soybean crops were used as intercrop in the field. By sampling of rhizosphere soil of two different experimental areas in three different stages such as tillering, elongation and maturation, and analysis of the microbial composition, distribution, and dynamics of diazotrophs in a commercial sugarcane variety and their correlation with the soil parameters might help to understand the microbial structure in sugarcane rhizosphere.



MATERIALS AND METHODS


Plant Material, Field Plan, and Sampling

Sugarcane (var GT31), peanut (var GH771), and soybean (var GC8) were obtained by the breeding unit of Sugarcane Research Institute and Cash Crop Research Institute, Guangxi Academy of Agricultural Sciences (GXAAS), Nanning, Guangxi, China. Two field experiments were carried out during the spring season at the experimental field station of Sugarcane Research Institute, GXAAS/SRC, CAAS, Nanning, Guangxi, China. Red loamy lateritic red earth (lato sol) used in this study. The details of soil and weather have been given in Supplementary Table S1. Three treatments were used with three replications: sugarcane only (S-only), sugarcane with peanut (S + P), and sugarcane with soybean (S + S) (Supplementary Figures S1, S2). Manual plantation of all three crops was performed into the soil during March-April 2014 in both experimental fields. Soil samples were accomplished at three growth stages of sugarcane; tillering, elongation, and maturation, respectively. Twenty rhizospheric soil (tightly adhering soil of root) samples were collected with a brush within 2 mm of the sugarcane root surfaces at each growth stage, passed through a 2 mm sieve, and stored at −20°C for analysis. Cane height and yield were measured manually at the end of the experiment.



DNA Extractions and nifH Gene PCR Amplification

Genomic DNA was extracted from soil samples by using GnS-GII protocol (Plassart et al., 2012) and purified by the Ezup Column Soil DNA Purification Kit (Sangon Biotech, Shanghai, China). DNA quality and quantity were detected by NanoDrop ND-2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States). Degenerate Z-primers (Zehr et al., 1998) were used to amplify the nitrogenase (nifH) gene through a Nested polymerase chain reaction (PCR) in the Peltier Thermal Cycler (Bio-Rad, Hercules, United States). Each 25 μl reaction contained 12.5 μl ready to use PCR mix (Tiangen Biotech, Beijing, China), 1.0 μl of each primer (10 μM), 2.5 μl of DNA template (10 ng/ml), and 9.0 μl PCR grade water. Outer primers (nifH3 and nifH4) were used for the first PCR (94°C-4 min, 30 cycles of 1 min at 94°C, 55°C, and 72°C, final extension at 72°C for 7 min), and inner primers (nifH1 and nifH2) were used with first PCR-product as a template followed by a touchdown PCR strategy. First, 20 touchdown cycles were performed by a reduction of 0.5°C per cycle ranging from 67 to 57°C, and rest 15 cycles were performed with the annealing temperature of 57°C. Purification of PCR products was done by TIANgel Midi Purification Kit (Tiangen Biotech, Beijing, China). T4 DNA polymerase, Klenow Fragment, and T4 Polynucleotide Kinase were used to change jagged ends in to blunt ends. Then sequencing adapters were added to each end of amplicons to construct libraries and qualified library was used for high-throughput sequencing with the Illumina Miseq sequencer platform.



Bioinformatics

Illumina generated paired-end sequences were processed using the QIIME 2 v2018.11 bioinformatics pipeline (Bolyen et al., 2019). The obtained sequences were initially undergone for quality filtering employing DADA2 algorithm (Callahan et al., 2016) that resolves amplicon-sequencing errors to generate amplicon sequence variants (ASVs). Moreover, we used an analysis pipeline named TaxADivA, which uses their own well-curated nifH gene database for diazotroph community characterization in high-throughput nifH amplicon sequencing (Gaby et al., 2018). Hence, we used this custom nifH gene database to train aQIIME Naïve Bayes classifier for taxonomic assignment of our sequences using Qiime feature-classifier option. Beta diversity heatmap and principal component analysis were performed by the software R (v3.0.3) in the QIIME pipeline. The taxonomic rank (Phylum to Species) and the histogram was drawn with the software R (v3.0.3). Circos plots were drawn by Circos Table Viewer v0.63-9 software (Krzywinski et al., 2009). Heatmaps and Venn plots were generated using the package “ggplots” of software R (v3.0.3). The Illumina generated sequence data was deposited to the National Center for Biotechnology Information (NCBI) under Bio-Project accession number: PRJNA310619 (Supplementary Table S3).



Statistical Analysis

The experiments were conducted in replicates, and data were analyzed using standard analysis of variance (ANOVA) followed by the Tukey’s HSD tests all pairwise by Origin 2017SR2 software (Northampton, MA, United States). Soil chemical parameters and enzymes data were used from our previous study (Solanki et al., 2019a), to calculate Spearman’s rank correlation coefficient between soil variables and bacterial taxa by using PAST3 software (Hammer et al., 2001) and heatmap generates by using ClustVis online tool (Metsalu and Vilo, 2015).



RESULTS AND DISCUSSION


Sequencing Results and Microbial Diversity

HTS enlightens a modern approach to discover and classify the natural microbial niches, in a short time of period (Gaby and Buckley, 2014; Gaby et al., 2018). These tools are also utilized for different kinds of environmental samples (Izquierdo and Nüsslein, 2006; Chowdhury et al., 2009; Li et al., 2012). Sugarcane is a long time perennial grass crop, and root-associated microbes play an essential role in each growth stage. To understand the functional diversity, composition, structure, and dynamics of rhizospheric diazotrophs communities under different cropping systems, we isolated the soil DNA and amplified a ∼360bp nifH gene fragment by nested PCR. The utility of the nested PCR method has been well-established in earlier studies of nifH gene diversity (Jenkins et al., 2004; Orr et al., 2011; Blais et al., 2012; Liu et al., 2012). A total of 812,292 sequences were obtained through the High throughput sequencing of 20 soil samples, and after quality filtration, a total of 786,283 sequences were found. A total of 644,145, high-quality paired-end reads were used to remove Chimeras, and a total of 801,126 non-chimeric sequences were obtained in a total average of 13,263 sequences per sample, and the average length is 358–366 bp with ~99% connecting ratio. Non-chimeric sequences were clustered into Operational Taxonomic Units (OTU) at 97% similarity, and a total of 3818OTUs were acquired. No statistically significant difference was detected between cropping systems and sugarcane growth stages based on the Shannon index, but the S + S intercrop and maturation stage showed higher Shannon index values (7.22 ± 0.11 and 7.36 ± 0.09), respectively (Figure 1A). The Shannon diversity index of the nifH gene ranged 6.40–7.64 in this study, which is higher than those in other studies (Coelho et al., 2009; Jungblut and Neilan, 2010; Niederberger et al., 2012; Tai et al., 2013,2014; Zhang et al., 2017). These results concluded that the monoculture cultivation system might alter the ecological environment of soil microorganisms, and thereby causing reductions of bacterial communities in the soil. On the other hand, Non-metric multidimensional scaling (NMDS) analysis based on the Bray Curtis dissimilarity metric, all three cropping systems (S-only, S + P, and S + S) varied in tillering and elongation (Figure 1B). Similarly, a beta-diversity heat map and UPGMA clustering based on Bray Curtis dissimilarity metric showed robust clustering among cropping systems and growth stages. In the heatmap, column-wise, and raw-wise, all three cropping systems clustered together in the tillering (Figure 2). Next, treatment S-only of elongation and maturation stages was gathered together, S + P and S + S also grouped in elongation and maturation stage, respectively (Figure 2). Solanki et al. (2019b) reported similar kinds of results by the survey of intercropped fields of formers from different locations of Nanning. However, in the study of Solanki et al. (2019b), less microbial taxa identified from sugarcane rhizosphere due to use of the Green genes database for identification of the nifH gene community. In the present study, we used the nifH gene database pipeline TaxADivA, which is specially designed by Gaby et al. (2018) to analyze the nifH gene community. The outcome of the present study is also consistent with several researchers who verified that grass-legume intercropping enhanced the microbial diversity of soil (Li et al., 2013, 2016c; Lian et al., 2019). However, a dramatic change in the Shannon index, and beta diversity NMDS plot, also reflecting on the nutritional depletion of soil under the elongation and maturation stages. Dong-Hai et al. (2014) reported that sugarcane-soybean intercropping had significant effects on the diversity of nitrogen-fixing bacteria in the rhizosphere of sugarcane. Recently, Zhou et al. (2017) demonstrated that legumes crops improve the soil microbial community higher than grass crops. In the present study, we found higher diversity in the intercropped sugarcane as compared to monoculture, and among intercropped, soybean showed higher diversity than peanut intercropping. It may be due to the root exudates of multiple plantscan boost the soil microbial taxa. The bacterial community in intercropping may contact the crop roots directly, and this interaction may stimulate the plant root to release exudates and nutrients (Haldar and Sengupta, 2015; Canarini et al., 2019).
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FIGURE 1. Box plots of Shannan diversity index (A), Principal coordinate analysis (PCoA) based on the Bray-Curtis distance metrics of diazotrophs between the cropping systems and growth stages (B). S only, Sugarcane monoculture; S + P, Sugarcane and Peanut intercropping; S + S, Sugarcane and Soybean intercropping.
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FIGURE 2. The heatmap of correlation between three cropping systems and three growth stages of sugarcane-based on OTUs profile. Red means a positive correlation, while blue represents a negative correlation. S only, Sugarcane monoculture; S + P, Sugarcane and Peanut intercropping; S + S-Sugarcane and Soybean intercropping.




Microbial Distribution and Abundance

As, identification and taxonomic classification of organisms requires a reference database, which is usually available for universal genes such as 16S (the taxonomic marker gene for bacteria) (Maidak et al., 2001), a database with the same level of functionality has not been well-developed for the most functional genes including nifH gene. In the present study, we utilized TaxADivA pipeline to analyze nifH gene community (Gaby et al., 2018). The result shows that cropping systems have a significant impact on diazotrophic microbiome. Circos plot showing the relative abundance and microbial distribution among all the samples (Figure 3). The dominant phylum in the sugarcane rhizosphere of all samples turned out to be Proteobacteria, which accounted for 98–99% in all three cropping systems (Figure 3A). Other phyla identified in all soil samples were Firmicutes, Actinobacteria, and Cyanobacteria. The phylum Actinobacteria was higher in S + S treatment in elongation and maturation stages. When comparing the OTUs classification at class level, Proteobacteria phyla was divided into three sub-groups: Alphaproteobacteria (85%), Gammaproteobacteria (10%), and Betaproteobacteria (4%) (Supplementary Figure S3). The treatment S + P was showed higher OTU numbers in the case of class Alphaproteobacteria in the maturation stage, whereas S + S showed higher OTU numbers in the case of Gammaproteobacteria in the tillering, and the maximum OTUs of Betaproteobacteria were found in S-only treatment during tillering. In the case of Bacilli and Actinobacteria, the maximum OTUs resulted in S-only treatment in the tillering stage (Supplementary Figure S3). Differences in the effects of cropping systems were also noticeable at the order level (Figure 3B). OTU abundance in the order rank was affected to a greater extent by both intercropping systems. Three dominated order Rhizobiales (83.7% each), Chromatiales (6.4 and 7.9%), and Burkholderiales (4.1 and 2.7%) that covers 93% total abundance were found higher in S + P and S + S samples, respectively. However, Orders such as Rhodocyclales, Bacillales, Frankiales, and Pseudomonadales have an adverse effect by the intercropping systems. In the case of growth stages, except Rhizobiales, other dominated orders (Chromatiales, Burkholderiales, Rhodospirillales, Rhodocyclales, Bacillales, Frankiales, and Pseudomonadales) determined higher in tillering stage (Figure 3B). Rhizobiales order abundance was higher in the maturation stage. To get an overall view of the identified connections among the samples, hierarchically clustered heatmaps were generated (Figure 4A). The closer the color was to the purple, the more dominant microorganism was. There were differences among cropping systems and growth stages. According to the heatmaps, the fluctuation of bacterial communities in 0-time was lower than other treatments. Cropping system S + S and tillering stage were clustered together. Among the three cropping systems, the activity of bacteria was the lowest in S + P. However, the tillering stage samples showed dominant bacterial activity at the family level (Figure 4A). Moreover, differences in OTU abundance in the sugarcane rhizosphere were also calculated at the family level (Supplementary Figure S4). In the S-only treatment, the highest number of OTUs was determined for the families: Bradyrhizobiaceae (77.4%), Ectothiorhodospiraceae (5.7%), Rhizobiaceae (4.3%), Comamonadaceae (2.8%), Rhodocyclaceae (2.7%), Bacillaceae (2.1), and Rhodospirillaceae (1.8%). In the S + P treatment, the order of families acc. to OTUs number was as follows: Bradyrhizobiaceae (79.5%), Ectothiorhodospiraceae (5.3%), Comamonadaceae (4.6%), Rhodospirillaceae (3.2%), Rhizobiaceae (3.1%), and Bacillaceae (1.3%), whereas in the S + S treatment, it was: Bradyrhizobiaceae (78.9%), Ectothiorhodospiraceae (7.7%), Rhizobiaceae (3.9%), Comamonadaceae (3.1%), Rhodospirillaceae (1.8%), and Bacillaceae (1.1%). Except for family Ectothiorhodospiraceae, other family abundance identified higher in all three cropping systems as compared to the 0-time. In the case of stages, a higher number of OTUs found in tillering, followed by maturation and elongation (Supplementary Figure S4). At the genus level, 28 genera belonging to the 6 phyla were detected in the samples. In total, 25 most abundant shared genera with a relative abundance? ≥?0.01% were present in all samples across different groups, but their relative abundance levels were markedly different among the different cropping systems and growth stages (Figure 4B). The lower bacterial activity was detected in 0-time samples as compared to others. Bradyrhizobium (78.9%) was the most prevalent genus followed by Halorhodospira (6.8%), Pseudacidovorax (3.4%), Rhizobium (3.3%), Azospirillum (2.2%), Bacillus (1.3%), Azospira (0.7%), Azonexus (0.5%), Frankia (0.5%), Klebsiella (0.4%), Pseudomonas (0.3%), Thiocapsa (0.3%), Sphingomonas (0.3%), Methylobacterium (0.2%), and Sinorhizobium (0.2%) (Figure 3B). The Rhizobium, Bacillus, Azospira, Frankia, Azonexus, Pseudomonas, Burkholderia, and Spirochaeta made up the abundant bacterial genera in S-only treatment as compared to both intercropping treatments. The Bradyrhizobiumi, Pseudacidovorax, Azospirillum, Thiocapsa, Sphingomonas, Methylobacterium, and Sinorhizobium were the seven most abundant genera in the samples from the S + P treatment, while the Halorhodospira and Klebsiella were more prominent in the S + S treatment. The Azoarcus and Herbaspirillum were found abundant in 0-time soil samples (Figure 4B). Most of the dominant genera were found in the tillering stage, except Bradrhizobiumi and Klebsiella. They were dominant in the maturation stage (Figure 3B). Moreover, genus abundance-based Venn diagram showed that eight genera (Azospirillum, Rhizobium, Bradyrhizobium, Halorhodospira, Pseudacidovorax, Methylobacterium, Desulfovibrio, and Azospira) found common in all samples (Figure 5A). Genus Sphingomonas, Thiocapsa, and Azonexus commonly existed in 0 time, S only, and S + P samples. Genus Frankia and Bacillus were found common in all three cropping systems (S only, S + P, and S + S). Two genes Azotobacter and Agrobacterium, were found common in S + P and S + S samples. Although, genes Corynebacterium, Pelodictyon, Burkholderiawere found only in S only samples. Three unique genera (Actinobacteria, Azoarcus, and Mastigocladus) were found in S + S samples (Figure 5A). Venn diagram based on sugarcane growth stages determined that nine genera such as Azospirillum, Rhizobium, Bradyrhizobium, Halorhodospira, Pseudacidovorax, Azonexus, Desulfovibrio, Pseudomonas, and Azospira were found common in all samples. Maximum unique genera (Corynebacterium, Pelodictyon, Burkholderia, and Mastigocladus) were found in the maturation stage (Figure 5B). Furthermore, we analyzed the individual genus by box plot. The genus Bradyrhizobium and Pseudacidovorax significantly (P < 0.05) influenced by sugarcane growth stages. Bradyrhizobium abundance significantly (P < 0.05) enlarged in the maturation stage. Besides, Pseudacidovorax abundance concentrated substantially at the maturation stage (Supplementary Figure S5). These results also matched with past studies executed by various molecular tools (Orr et al., 2011; Blais et al., 2012; Li et al., 2012; Yousuf et al., 2014; Solanki et al., 2019b). Proteobacteria is a relatively abundant phylum that is commonly found in sugarcane soil (Pisa et al., 2011; Solanki et al., 2019b). The high abundance of Pseudacidovorax was found in all cropping systems in the tillering stage and Bradyrhizobium in elongation and maturation, and these results showed that the functional shift of diazotrophs according to sugarcane growth. Several past reports also reported the association of Bradyrhizobium with the non-leguminous plants (Rouws et al., 2014a; Nyoki and Ndakidemi, 2018b; De Alencar et al., 2019; Hara et al., 2019; Wasai-Hara et al., 2020). Nyoki and Ndakidemi (2018b) described that inoculation of Bradyrhizobium with soybean and maize improves the crop health and yield significantly. Irrespective of diazotrophs, alphaproteo bacteria have commonly existed in the rhizosphere of several grass crops (Yousuf et al., 2014; Solanki et al., 2017). Likewise, Bradyrhizobium sp. is more competent to colonize the roots of non-leguminous plants like sugarcane (Rouws et al., 2014b; Solanki et al., 2019b). Pseudacidovorax genus has been already perceived as active diazotrophs in soil, plant, and water (Zhang and Chen, 2012; Fu and Zheng, 2016; Wedage et al., 2019). Besides, two genera play diverse functions in tillering, elongation, and maturation stages, concluded that different kinds of soil biota have distinct types of actions in soil nutrient mineralization, and they directly influenced by the plant root exudates (Canarini et al., 2019).
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FIGURE 3. Circular representation of the proportional structure of bacterial communities at the phylum level (A) and Order level (B) associated with the sugarcane rhizosphere in different growth stages. Taxa with a proportion lower than 0.1% in all samples are summarized as “OT-Others.” Values within the inner circle indicate the number of reads of a phylum and Order within the normalized dataset. S, Sugarcane only; SP, Sugarcane + Peanut; SS, Sugarcane + Soybean; T, Tillering; E, Elongation; M, Maturation; FR, Firmicutes; AC, Actinobacteria; CY, Cyanobacteria; Cm, Chromatiales; Bk, Burkholderiales; Rs, Rhodospirillales; Rc, Rhodocyclales; Bc, Bacillales; Fn, Frankiales; Ps, Pseudomonadales; En, Enterobacteriales; Sg, Sphingomonadales; Oc, Oscillatoriales; Sr, Spirochaetales; OT, Others.
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FIGURE 4. Relative abundance heatmap of diazotrophic bacterial taxa at the family level (A), a Bar graph of relative abundance of diazotrophs at the genus level (B). The most abundant classes are shown. Taxa with a proportion lower than 0.1% in all samples are summarized as “Others.” S only, Sugarcane monoculture; S + P, Sugarcane and Peanut intercropping; S + S, Sugarcane and Soybean intercropping.
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FIGURE 5. Venn diagram of diazotrophs at the genus level that distributed in different cropping systems (A) and growth stages (B). Unique and shared OTUs between the sample pairs are based on 97% similarity. Taxa with a proportion lower than 0.1% not used in this analysis. S only, Sugarcane monoculture; S + P, Sugarcane and Peanut intercropping; S + S, Sugarcane and Soybean intercropping.




Correlation Analysis

Plant root, rhizosphere, and non-rhizospheric soil microflora are playing significant roles in plant growth promotion and soil mineralization. Various findings reported that soil microflora, soil enzyme activities, and crop production might be influenced by different land management practices (Zou et al., 2011; Yang et al., 2013; Wang et al., 2014). However, in the present study, we found that the intercropping system did not cause any negative impact on cane growth and yield (Supplementary Figure S6). Hauggaard-Nielsen et al. (2012) and Zaeem et al. (2019) reported that intercropping crops boosts the soil nutrients. These reports help us to infer that intercropping promote direct and indirect benefits for sugarcane plants which may be associated with actions of different soil microbes to solubilize minerals and protect the plant from pathogens. Mineral solubilization is an important method of soil microbes in the intercropped crops (Zhang and Li, 2003; Wang et al., 2014; Iannetta et al., 2016; Li et al., 2016a). In the present study, the Spearman’s rank correlation analysis was calculated among all the chemical properties, and taxon abundance at genus levels and diversity index for diazotrophs, and values were illuminated in a heat map (Figure 6). Highly significant correlations were observed between various soil properties, enzyme activities, and diazotrophs community. A highly significant positive correlation was observed between chemical properties, i.e., SOC and total N, P, and bacterial taxa, i.e., Klebsiella and Azospirillum. A negative correlation between soil pH and Shannan index concluded that low pH reduced microbial diversity. However, the abundance of genus Azospirillum, Thiocapsa, and Azonexus show a positive correlation with soil pH as compared to other diazotrophs, and these bacteria probably help the sugarcane plant to reduce soil acidity. Our results collaborated with past reports of Nyoki and Ndakidemi (2018a), who found that diazotrophic bacteria such as Rhizobium reduced the soil acidity in the rhizosphere of soybean and increased the soil pH, which favored the availability of plant nutrients (Bagayoko et al., 2000; Nyoki and Ndakidemi, 2018a). A high positive correlation between soil organic carbon (SOC) and abundance of bacteria such as Bradyrhizobium (r = 0.50, P < 0.05), Klebsiella (r = 0.46, P < 0.05), and Azospirillum (r = 0.40, P < 0.1) revealed the microbial association with C cycling. Norman and Friesen (2017) reported that BNF is a complex process of diazotrophs that needs a higher amount of organic C. Moreover, a significantly negative correlation was observed between SOC and abundance of the genus such as Pseudacidovorax, Pseudomonas, Rhizobium, and Azospira (Figure 6). Rhizospheric soil is a complex system, and higher amount of soil carbon increased the diffusive transport of organic soluble substrates in diazotrophs that enhance the microbial mobility in the rhizosphere (Ding et al., 2015; Chen et al., 2019). Intercropping improves the organics matter of soil through a higher microbial activity that also influences the soil pH (Solanki et al., 2017; Layek et al., 2018). For soil minerals, a significant positive link found between total N and abundance of genus Klebsiella (r = 0.56, P < 0.01), and a negative link with Rhizobium and Pseudacidovorax (Figure 6). These results directed that microbial diversity influenced the soil N. A positive correlation between soil C:N ratio and abundance of bacteria such as Rhizobium, Frankia, Azospirillum, and Bradyrhizobium represent the importance of diazotrophs in carbon and nitrogen cycles. However, few less abundant bacteria such as Azospira, Azonexus, and Pseudomonas showed a negative correlation with C:N ratio. Moreover, abundance of genus Bradyrhizobium and Azospirillum showed a positive association with available N–NH4 and N- NO3–, respectively. Although, a robust negative association between available N like N–NH4 and N- NO3–, and abundance of genus Azospira (Figure 6), and Shannon diversity indicated that different diazotrophs genera had the differential kind of functions in the sugarcane rhizosphere. A positive correlation between total and available P, and abundance of genus Azospirillum revealed the importance of mineral solubilization in the sugarcane rhizosphere. These results collaborated with past reports, who reported that soil P played a significant role in microbial growth and plant development (Bagayoko et al., 2000; Ding et al., 2015). Additionally, a positive correlation between available K and abundance of Azospira and Azonexus revealed that few bacteria plays important role in K mineralization to balance soil nutrients. Thomas and Hungria (1988) reported that K played a significant role in nitrogenase activity. In the present study, positive correlation between total K and abundance of genus Klebsiella and Methylobacterium recommend that these microbes immobilize the soil K and transport it to the plant. Soil N played a significant role in sugarcane tillering (Leite et al., 2016), although soil K also plays a crucial role in the photosynthesis under stressed conditions (Shukla et al., 2009). In the case of soil enzyme nitrite reductase, a significant positive links resulted with the abundance of genus Azospira. On the contrary, a negative correlation between nitrogenase enzyme and abundance of genus Sphingomonas, Thiocapsa, and Klebsiella concluded that soil nitrogen content and other microbes influenced the enzyme production. Furthermore, a significant positive correlation between enzyme dehydrogenase and abundance of Halorhodospira revealed that few microbes maintained microbial activity even in nutrient depletion condition. On the contrary, soil enzymes such as urease and dehydrogenase showed a negative correlation with abundance of genus Azonexus and Bacillus, respectively, and it may be due to reduction of soil nutrients in sugarcane rhizosphere that enhance the microbial completion (Zong et al., 2015; Jones et al., 2018). Intercropping improved the organic matter in soil that influenced the microbial activity and plant growth (Verma et al., 2014; Duchene et al., 2017). The correlation analysis also signifies that soil biochemical properties correlated with the different kind of bacterial genus. Differential patterns of microbial niches also associated with environmental factors, and sugarcane root and soil association.


[image: image]

FIGURE 6. Spearman’s rank correlation between the soil parameters and microbial community of sugarcane rhizosphere. *P < 0.1, **P < 0.05, ***P < 0.01. Av, available; DI, diversity index; SOC, soil organic carbon.




CONCLUSION

In conclusion, the intercropping system enriched the soil organic carbon that helps the diazotrophs to propagate at the tillering stage. These diazotrophs immobilize the soil nutrients that help sugarcane plant to stimulate their growth. A long-duration crop interacts with diverse kinds of taxa to cope with their requirement, and when it has grown with short duration crops during tillering, soil nutrients competition increased, and it reduced in elongation and maturation. However, intercropping crops helps to utilize the maximum amount of soil nutrients through diverse kinds to microbes, and directly or indirectly, this process reduces the growth of other microbes. High throughput sequencing results of nifH gene provide information in-depth about diazotrophic Proteobacteria, and higher abundance of Bradyrhizobium played a significant role in sugarcane growth. Soil organic carbon, nitrogen and nitrite reductase enzyme had a significant correlation with microbial diversity. The present study represents an insight into the HTS technology application under different cropping systems as well as different growth stages. Hence, further investigation is needed to utilize intercropping to boost soil BNFs and PGPRs in sugarcane rhizosphere. More attention that is considered must be paid to studies and application of new combinations of intercropping with legumes and short duration vegetables with a long duration crop like sugarcane that can help to balance the soil nutrients and utilize the space in an efficient manner.
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Rhizopus oryzae causes tobacco pole rot in China during tobacco flue-curing. Flue-curing is a post-harvest process done to prepare tobacco leaves and involves three different stages: the yellowing stage has the lowest temperatures and highest humidity, then the color-fixing stage has higher temperatures and medium humidity, and finally the stem-drying stage has the highest temperatures and lowest humidity. In this study, fungal culturing and IonS5XL high-throughput sequencing techniques were used to reveal the fungal community of the petioles and lamina of tobacco leaves infected with pole rot during flue-curing. A total of 108 fungal isolates belonging to 6 genera were isolated on media. The most common fungal species isolated was the pathogen, R. oryzae, that was most often found equally on petioles and laminas in the color-fixing stage, followed by saprotrophs, mostly Aspergillus spp. High-throughput sequencing revealed saprotrophs with Alternaria being the most abundant genus, followed by Phoma, Cercospora, and Aspergillus, whereas Rhizopus was the tenth most abundant genus, which was mostly found on petioles at the yellowing stage. Both culturable fungal diversity and fungal sequence diversity was higher at stem-drying stage than the yellowing and color-fixing stages, and diversity was higher with leaf lamina than petioles revealing that the changes in fungal composition and diversity during the curing process were similar with both methods. This study demonstrates that the curing process affects the leaf microbiome of tobacco during the curing process, and future work could examine if any of these saprotrophic fungi detected during the curing of tobacco leaves may be potential biocontrol agents for with pole rot in curing chambers.
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INTRODUCTION

Tobacco (Nicotiana tabacum L.) is a leafy, annual, solanaceous plant grown commercially for its leaves. It is one of the most widely grown commercial non-food crop in the world (Liu et al., 2017). The leaves of tobacco are normally first harvested in commercial field and then flue-cured in a baking barn (Naidu, 2001). The purpose of flue-curing is to produce dried leaves of suitable physical properties and chemical composition (Burton et al., 1988; Morin et al., 2014). Leaf curing typically goes three stages, the yellowing stage with temperatures of <45°C and relative humidity over 75%, color-fixing stage with temperatures of 45−55°C and relative humidity over 35%, and stem-drying stage with temperatures of 55−70°C and relative humidity under 30% (Zheng et al., 2017). During the curing process, many pathogens can attack the plant causing lesions and rots of tobacco leaves, including bacteria such as Erwinia carotovora and Bacillus polymyxa (Spurr, 1980), and fungi such as Aspergillus, Penicillium, Alternaria, and Cladosporium (Welty et al., 1968).

Recently, the fungus Rhizopus oryzae has been associated with tobacco pole rot in China (Wang et al., 2016a; Pan et al., 2019). The fungus grows from the basal part of the midrib of the sessile leaf and spreads on the lamina initially forming white cottony mycelia fading from white to black as spores are produced. Under high humidity and warm temperatures during the leaf yellowing stage, the fungus can rot leaves within the first 48 h (Kortekamp et al., 2003). Spores of the pathogen remain viable during the high temperatures of the stem drying stage and thus survive from year to year in a flue-curing barn (Gu et al., 2018). Inoculum of the pathogen has been detected from fresh tobacco leaves collected in the field and also from the tools used in the curing chamber (Wang H. C. et al., 2017; Wang X. et al., 2017). In the last 5 years, tobacco pole rot was the most severe and most common disease happened during curing in flue-cured tobacco in China with losses reaching up to 100% (Cai et al., 2019). Additionally, R. oryzae has been used for enzyme production and fermentation (Huang et al., 2015; Yuzbashev et al., 2015), it is also a human disease (Ibrahim et al., 2010).

Many studies have examined the correlation between the microbiome and plant disease, showing that the microbiome could be disease suppressive or conducive (Luo et al., 2019; Raza et al., 2019). OTU (Operational Taxonomic Units) biodiversity analysis of phyllosphere microbiome has been reported for during several tobacco diseases, including black shank, brown spot and pole rot of tobacco (Chen et al., 2019; Xiang et al., 2019; Liu et al., 2020). However, the study of Chen et al. (2019) on pole rot only examined the microbial phyllosphere on tobacco tissues sampled at the end of stem-drying stage, and thus it is unknown if the same changes occur during the curing process where tobacco pole rot occurs.

Many methods have been used to study microbial composition and diversity. Cultural methods are normally easy to perform but are time consuming and can only detect <1% of microorganisms (Gong et al., 2016; Chen et al., 2018). Culture-independent methods, particularly high-throughput sequencing, are more sensitive and reliable for the identification of culturable and non-readily culturable microorganisms (Jayawardena et al., 2018; Mboowa et al., 2018). Chen et al. (2019) found the fungal community composition, relative abundance and dominant fungal taxon of each sample that with different pole rot level were all different. When at genus level for sample leaf lamina, the dominant genus was Aspergillus, Myrothecium, Rhodotorula, and Fusarium. For sample leaf petioles, dominant genus was Aspergillus and Alternaria.

Due to serious damage that can be caused by tobacco pole rot, it is important to know how the microbiome changes on tobacco leaves with pole rot during the curing process. In a curing chamber, the temperature is normally lower and relative humidity normally higher at greater heights. Therefore, tobacco leaf lamina and petioles at the three different curing height positions during the three curing stages were selected. The fungal composition and diversity of the tobacco leaf phyllosphere was analyzed both by cultural and high-throughput sequencing techniques. The results reveal changes in the fungi associated with leaves having pole rot in a curing chamber, providing a list of saprobes present naturally present during the curing process that could be examined in the future as antagonists for biocontrol of tobacco pole rot.



MATERIALS AND METHODS


Environmental Conditions

Air relative humidity was measured by a hygroscope. Air, lamina and petiole temperatures were measured by a baking thermometer. Leaf lamina and petiole wetness was measured by a hygrometer recorder, and wind speed was measured by an anemoscope. Measurements were taken at 2.5 m, 1.75 m, and 1 m above ground level in the curing chamber at 42, 94, and 140 h post-harvest (hph).



Sampling Sites and Sampling Strategy

In August 2018 in Guizhou province (26°36′N, 107°59′E) of China, one curing barn with pole rot disease was chosen for sampling. Leaves were collected from three different curing positions at 2.5 m (upper), 1.75 m (middle), and 1.0 m (lower) from ground level. Leaves of N. tabacum cultivar Yunyan 87 were harvested on 7th August from a commercial field and placed in a curing chamber starting 9th August. At yellowing (42 hph), color-fixing (94 hph), and stem-drying (140 hph) stages, 10 g of tobacco leaves at the upper, middle and lower curing positions were randomly sampled, and the petioles and leaf laminas were then separated. For coding samples, the letter A was used for petioles and B for lamina, which was followed by the number 1 for yellowing stage, 2 for color-fixing stage, and 3 for stem-drying stage, and then finally followed by 1 for upper, 2 for middle, and 3 for lower height positions. For example, A31 was petiole during the stem drying stage at the upper chamber position. Three biological repeats were conducted (Table 1). Leaf samples were immediately taken to the laboratory of Guizhou Academy of Tobacco Science at 4°C prior to culturing or −80°C prior to high-throughput sequencing.


TABLE 1. Environmental conditions for the tobacco samples collected from curing chamber.
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Isolation and Molecular Identification of Leaf Culturable Fungi

Culturable fungi were isolated by using the tissue separation method (Attitalla et al., 2010). Fungi were isolated on potato dextrose agar (PDA) containing 20 g glucose, 6 g potato powder, and 20 g agar per liter of distilled water, or alkyl ester agar (AEA) containing 5 g yeast extract, 6 g NaNO3, 1.5 g KH2PO4, 0.5 g KCl, 0.25 g MgSO4, 20 ml glycerin, and 20 g agar per liter of distilled water (Xu et al., 2015).

Necrotic petiole and lamina tissue pieces (5 × 5 mm) were stertilized with 70% ethanol for 30 s, then with 10% sodium hypochlorite (NaOCl) for 2 min, air dried and placed on both PDA and AEA plates. After 5 days at 28°C in the dark, hypha was transferred a new plate for purification. Fungi with different pigments, growth rates and morphologies were isolated from the plates. All purified fungi were stored on PDA slants at 4°C.

For molecular identification of each culturable isolate, the rDNA internal transcribed spacer region (ITS) was amplified and sequenced. PCR-amplification was conducted using primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). The amplified fragments were sequenced, and used as a query in a BLASTN search of the NCBI nr database1. Matches with identity values higher than 98% were used for the identification of the isolates.



ITS Amplification and High-Throughput Sequencing

DNA of symptomatic petioles and laminas were separately extracted using FastDNA§Spin kit according to the manufacturer’s instructions (MP Biomedicals, Santa Ana, CA, United States), and eluted in a final volume of 80 μL. Quantity and quality of the DNA solution were assessed by agarose gel electrophoresis, and concentration and purity were assessed by NanoDrop ND-2000 (Thermo Fisher Scientific, Waltham, MA, United States).

Full-length ITS rDNA of the pure fungal isolates was PCR-amplified using primers ITS5 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′). PCRs were carried out in 30 μL reactions in triplicate, with each reaction tube containing 3 μL of each primer (2 μM), 2 μL of template DNA (1 ng/μL), and 2 × Phusion High-Fidelity PCR Master Mix with GC Buffer 15 μL. The following PCR condition was used: 98°C for 1min, 98°C 10 s, 50°C 30 s, and 72°C 30 s for 30 cycles, and a final extension of 72°C for 50 min. PCR products were subjected to electrophoresis on a 2% agarose gel subsequently, and the targeted fragment size (ITS 306 bp) was purified with Gene JET (Thermo Fisher Scientific, Waltham, MA, United States). Leaf fungal DNA samples were sequenced at the Novogene Bioinformatics Technology Co., Tianjin, China using 250 bp paired-end sequencing with an Ion S5 XL platform (Thermo Fisher Scientific, Waltham, MA, United States).



High-Throughput Sequencing and Statistical Analysis

High-throughput sequencing was performed using the Ion S5 XL platform at Novogene Bioinformatics Technology Co., Beijing, China. The script from Novogene Corporation was used for clipping barcode and primer sequences by Cutadapt (V1.9.12). The UPARSE pipeline (v7.0.10013) was used to analyze operational taxonomic units (OTUs) and other biological information of the sequences obtained from each sample. The similarity was set to 97%. Species annotation was added to the representative OTU sequences. The community composition of each sample was counted at the kingdom, phylum, class, order, family, genus and species levels by Unit (v7.24). Spearman’s correlation analysis was used to determine the relationships between environmental factor and the relative abundances of keystone species (Clarke, 2010). After obtaining the sequencing result and calculation of OTUs matrix, Qiime (V. 1.9.1) was used for full-sample similarity comparison to analyze the alpha-diversity and calculate the observed-species, Chao1, Shannon, Simpson, ACE, and Good’s-coverage indices. R software (Version 2.15.3) was used to draw a dilution curve, rank abundance curve, and species accumulation. Beta diversity on both weighted and unweighted unifrac were calculated by Qiime software (Version1.9.1). Sequences alignments for ITS locus were carried out using Muscle (Version 3.8.31) (Edgar, 2004). Phylogenetic analysis was conducted with FastTree 2 (Version1.9.1) (Price et al., 2010) with the Maximum Likelihood (ML) method. Principal Component Analysis (PCA) was displayed by WGCNA packages and ggplot2 package in R software (Version 1.9.1). Each OTU was assigned to a functional guild using the FUNGuild database.




RESULTS


Environmental Conditions

During the curing process where tobacco pole rot occurs in the curing chamber, relative humidity declined from 84−91.5% to 8.5−22%, lamina wetness declined from 63−67% to 4−14%, and petiole wetness declined from 73−78% to 5−20% (Table 1). In contrast, air temperature increased from 37−38 to 67−68°C, and lamina temperature increased from 35−36 to 65−66°C. Wind speed was only higher during the color-fixing stage. This shows that tissues are drying with increasing temperatures over time. Position in the chamber was correlated with relative humidity, decreasing at progressively lower positions from 91.5 to 84%, 73 to 57%, and 22 to 8.5% in the yellowing, color-fixing and stem-drying curing stages, respectively. In contrast, air temperature increased at progressively lower positions from 37 to 38°C, 47 to 48°C, and 67 to 68°C in the yellowing, color-fixing and stem-drying curing stages, respectively.



Culture-Based Fungal Diversity and Abundance

A total of 108 fungal isolates belonging to 6 genera were obtained by tissue isolation method (Table 2). The sequence of each isolate was deposited in NCBI GenBank. More species were isolated on PDA (Rhizopus oryzae, Epicoccum sp., Diaporthe sp., Aspergillus sp., Alternaria sp.) than on AEA (R. oryzae, Epicoccum sp., Cladosporium tenuissimum, Aspergillus sp.). The most abundant species was R. oryzae comprising 33 of the 54 isolates on PDA and 35 of the 54 isolates on AEA, followed by Aspergillus sp. with 18 of the isolates on PDA and 15 of the isolates on AEA. The rarest genera were Epicoccum sp., Diaporthe sp., Alternaria sp. and C. tenuissimum.


TABLE 2. Molecular identification of the total leaf fungi isolated from tobacco petioles and lamina in the baking chamber where tobacco pole rot occurred.
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When analyzed for curing stage combining lamina and petiole samples, diversity was highest during the color-fixing curing stage with 6 genera, and lowest at the stem-drying curing stage with 2 genera (Table 2). The relative abundance (% of isolates of a species out of the total number of isolates) during the yellowing curing stage showed that R. oryzae was most abundant (12.04% on AEA and 13.89% on PDA), during the color-fixing stage showed that Aspergillus sp. (9.26% on AEA and 12.96% on PDA) were most abundant, and during the stem drying stage showed that R. oryzae (16.67% on AEA and 15.74% on PDA) was most abundant. Isolates of C. tenuissimum (1.85% on AEA and 0% on PDA), Epicoccum sp. (1.85% on AEA and 0.93% on PDA), and Diaporthe sp. (0.93% on AEA and 0% on PDA) were only found during the color-fixing curing stage.

When analyzed for tissue type combining curing stages, diversity was highest for lamina with 5 genera compared to petioles with 4 genera (Table 2). The relative abundance showed that Aspergillus sp. were higher in both petiole (8.33% on AEA and 8.33% on PDA) and lamina (5.56% on AEA and 8.33% on PDA), whereas R. oryzae was highest in both petiole (14.81% on AEA and 15.74% on PDA) and lamina (17.59% on AEA and 14.81% on PDA).



Sequence-Based Fungal Diversity

There was a total of 4,373,082 high-quality sequences across the 27 petiole and 27 lamina samples. A total of 2,238 OTUs at ≥97% nt identity were obtained from the 54 samples after the removal of low quality, chimeric and rare sequences resulting in an average number of sequences per sample of 80,983. The sequence of each sample was deposited in SRA database with accession PRJNA634435. When the number of sequences reached approximately 40,000, the rarefaction curves for all 54 samples revealed that they approached the plateau phase (Figure 1), suggesting that there was sufficient sequence coverage to describe the fungal composition.
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FIGURE 1. Rarefaction curves of OTUs across different tobacco leaf samples.


Comparing between curing stages showed that the total number of OTUs progressively increased with significantly more OTUs at the stem-drying stage than the yellowing stage (Table 3). For petioles, the number OTUs increased between curing stages, with significant differences between the yellowing stage and the stem-drying stage. For leaf laminas, the number OTUs increased between curing stages, with significant differences between the yellowing stage and the stem-drying stage.


TABLE 3. Alpha- diversity indexes of fungal community and OTU numbers based on high-throughput sequencing in different samples.
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Comparing between positions showed that during the yellowing stage, the number of OTUs for petioles were not significantly different, but the number of OTUs for leaf laminas were significantly greater in the upper position than the lower position (Table 3). During the color-fixing stage, there were significantly higher numbers of OTUs at the middle compared to the upper position for petioles, but no significant differences for leaf lamina. During the stem-drying stage, no significant differences were found for petioles based on position, but there were significantly lower OTU numbers in the upper and middle positions compared to the lower position for leaf lamina (Table 3).

Operational Taxonomic Units on petioles at the stem drying stage and on lamina at the stem drying stage, regardless of position, had highest diversity based on the average Shannon, Simpson, Chao1, and ACE values (Table 3). The next highest diversity of the OTUs was at the color-fixing stage for both petiole and lamina samples, regardless of position based on the average Shannon, Simpson, Chao1, and ACE values. The lowest diversity index values were found for OTUs at the yellowing stage for both petiole and lamina samples, regardless of position based on all four diversity indices.



Taxonomic Composition of the OTUs

The distribution of phyla for the OTUs showed that 88.29% of the clean sequence reads could be classified in the Ascomycota, Basidiomycota, Mucoromycota, Glomeromycota, Mortierellomycota, Blastocladiomycota, Olpidiomycota, and Chytridiomycota. Members of the other phyla were unassigned, and were likely not true fungi (Figure 2). The fungal communities were dominated by the Ascomycota (47.36%), followed by the Basidiomycota (5.88%), and the Mucoromycota (0.60%). Combined together, the Glomeromycota, Mortierellomycota, Blastocladiomycota, Olpidiomycota, and Chytridiomycota comprised only 0.01% of the reads.
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FIGURE 2. The relative abundance of different samples at Phylum level. Abundances of different bacterial phyla in the eighteen samples. The abundance was presented in terms of percentage among the total effective fungus sequences in each sample. The top ten abound taxa were shown.


Combining position and tissue type, the average number of reads per curing stage for the Ascomycota was 56.10%, 47.17%, 38.80% in the yellowing stage, color-fixing stage and stem-drying stage, respectively, indicating a decline as curing occurred. In contrast, the relative abundance for all samples for the Basidomycota was 4.12%, 7.11%, and 6.41% in the yellowing stage, color-fixing stage and stem-drying stage, respectively, indicating a peak in the color-fixing stage. The relative abundance for all samples for the Mucoromycota was 1.01%, 0.15%, 0.65% in the yellowing stage, color-fixing stage and stem-drying stage, respectively, indicating a decline during curing. Combining position and curing stage, the relative abundance of samples based on tissue type showed that Ascomycota were 46.68% and 48.03%, Basidiomycota were 5.57% and 6.18%, Mucoromycota were 0.96% and 0.24% for petioles and lamina, respectively, indicating that there was no significant difference based on tissue type.

At the OTU level, the differences between the communities from petiole and lamina samples at different curing stages were depicted with Venn diagrams. A total of 1023 OTU were discovered at yellowing stage, and 40.18% of them were shared OTU (Figure 3). Petiole samples from upper position and lamina samples from middle position contained more fungal varieties (602 and 547 OTU, respectively) than other four samples, as shown in Figure 3A. A total of 954 OTU were discovered at color-fixing stage, and 47.80% of them were shared OTU (Figure 3B). Petiole samples from upper position and lamina samples from down position contained more fungal varieties (585 and 575 OTU) than other four samples, as shown in Figure 3B. In comparison, a total of 1028 OTU were discovered at stem-dring stage, and 51.85% of them were shared OTU (Figure 3C). Petiole samples from middle position and lamina samples from middle position contained more fungal varieties (645 and 636 OTU, respectively) than other four samples, as shown in Figure 3C.
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FIGURE 3. Venn diagram showing the number of fungal OTUs detected in different tobacco leaf tissues at three different curing stages. Panels (A–C) showing diagram at Yellowing, Color-fixing and Stem-drying stage, respectively. Numbers in the core section indicate shared OTUs for each sample at the curing stage. Numbers in the overlapping region indicate unique OTUs for the adjacent two samples. Numbers in the non-overlapping regions indicates unique OTUs for the sample.


A total of 35.97% of the OTUs could be classified at the genus level. The 30 most common genera are shown in Figure 4. Among those, the 10 highest number of reads were for Alternaria, Phoma, Cercospora, Aspergillus, Cladosporium, Symmetrospora, Boeremia, Stagonosporopsis, Epicoccum, and Hannaella. However, Rhizopus, which would include the pole rot pathogen, R. oryzae, had only 0.60% of the reads. Thus, the reads were dominated by OTUs for saprophytic, rather than pathogenic fungi.
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FIGURE 4. The relative abundance of different samples at genus level. Abundances of different bacterial genus in the eighteen samples. The abundance was presented in terms of percentage among the total effective fungus sequences in each sample. The top thirty abound taxa were shown.


A maximum likelihood tree of the 100 most abundant fungal genera showed that the most dominant fungi were in the Ascomycota, followed by Basidiomycota, and the least common fungi were in the Mucoromycota (Figure 5). For the Ascomycota, the dominant genera were Alternaria, Aspergillus, Cerospora, Cladosporium, Phoma, Boeremia, Golovinomyces, Stagonosporopsis and Epicoccum. For the Basidiomycota, the dominant genera were Symmetrospora, Hannaella, Golubevia and Rhodotorula. For the Mucoromycota, the dominant genera was Rhizopus, which would include R. oryzae.
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FIGURE 5. Maximum likelihood tree of 100 most abundant fungal genera in the Eighteen groups samples from the flue-cured tobacco obtained by analysis of ITS rDNA pyrosequencing data. Pink and Blue parts of the color range represented the genera of Ascomycota and Basidiomycota, respectively. A color-coded bar plot showed the distribution of each fungal genus in different samples.


The abundance of the top 10 genera varied considerably among the samples (Table 4). Alternaria was the highest at B21 followed by A31 and A21, indicating that it was more common in the upper position and somewhat more common in petiole than the lamina. Phoma was the highest at B13 followed by A12 and B11, indicating that it was also favored during the leaf yellowing stage. Boeremia was most common in B1, followed by B23 and B13, indicating that it has most abundant for lamina, curing stage or position. Cercospora was most abundant B31 followed by B22 and A22, indicating that it was more common in the upper position and somewhat more common in petiole than the lamina. Aspergillus was most common in A32, B32 and A33, indicating that the stem-drying stage at the middle and lower positions favored it. Rhizopus was the most dominant genus in A11, B32 and A31, indicating it was most common in petioles during the yellowing stage.


TABLE 4. The top10 dominant taxa and their relative abundance of fungal community of sample (Relative abundance %).
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The Relationship to Environmental Parameters

Spearman correlation analysis of the most abundant genera was made between air temperature, relative humidity, curing stage, position, wind speed and wetness of leaf and petiole (Figure 6). Air temperature significantly affected the abundance of Golovinomyces. Relative humidity significantly affected the abundance of Alternaria, Phoma, Trichoderma, Leptosphaerulina, Gibellulopsis, and Candida. Curing stage significantly affected the abundance of Golovinomyces, Golubevia, Strelitziana, Dioszegia, and Pestalotiopsis. Sample position significantly affected the abundance of Alternaria, Aspergillus, Rhizopus and Leptosphaerulina. Wind speed significantly affected the abundance of Golovinomyces, Golubevia, Septoriella, Strelitziana, Dioszegia, and Pestalotiopsis. Wetness of leaf and petiole significantly affected the abundance of Alternaria, Stagonosporopsis, Trichoderma, Leptosphaerulina, Gibellulopsis and Candida. In general, Alternaria, Phoma, Golovinomyces, Strelitziana, Leptosphaerulina, and Pestalotiopsis were the genera affected by the most environmental factors. Rhizopus, which would include the pole rot pathogen R. oryzae was the only one significantly affected by position.
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FIGURE 6. Spearman correlation analysis heatmap. Spearman’s correlations between major genus and environmental factor relative abundances. Baking time (H), wet-bulb temperature (T1), dry-bulb temperature (T2), height of tobacco hanging (HT), wind speed (W), room temperature (RH), leaf wetness (L), and petiole wetness (P). “*” and “**” indicated p < 0.05 and p < 0.01, respectively.




Spatial Distribution of Microbial Communities

Principal Component Analysis showed that the first two PCs accounted for 4.4% and 8.12% of the total variance in the fungal communities of the 18 sample groups (Figure 7). All of the fungal communities overlapped with each other, except for three distinctive fungal communities, which were for the upper petiole samples at the yellowing stage (B11), the lower lamina samples at stem-drying stage (B33) and the lower petiole samples (A33).
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FIGURE 7. Principal Component Analysis (PCA) analysis of the fungal communities in the 18 groups samples.




Functional Guilds Analysis

FUNGuild database was used to classify the fungi in present study by ecological guild (Figure 8). Members of the pathotroph-saprotroph-symbiotroph were the most common at 13.68% of sequences, pathotroph was the second most common at 13.37% of sequences, pathotroph-saprotroph was the third most common at 10.56% of sequences, saprotroph was the fourth most common at 6.81% of sequences, pathotroph-symbiotroph was the fifth most common at 4.22% of sequences, and the least common were symbiotroph, saprotroph-symbiotroph and pathogen-saprotroph-symbiotroph at 0.20, 0.10, and <0.10% of the sequences, respectively. However, the unassigned sequences was the largest group at 51.77%. For the average based on sample type, pathotroph-saprotroph-symbiotroph was the most abundant in petioles and lamina. For the average based on curing stage, pathotroph was most abundant in leaf yellowing, color fixing and stem drying stages, respectively.
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FIGURE 8. Relative abundance of fungal functional groups (guilds) based on OTU annotation table with disturbance frequency level.





DISCUSSION

The diversity and function of tobacco leaf phyllosphere fungi were previously studied by culture-dependent methods (Lv et al., 2013), but the application of next generation sequencing technology to examine microbial populations in tobacco has revealed a much greater diversity of fungi (Zhao et al., 2007; Lei et al., 2017). In present study, a higher fungal diversity on tobacco leaves in a tobacco curing barn where tobacco pole rot occurred was found using high-throughput sequencing than a culture-dependent approach.

A comparison of cultivable fungal populations obtained on two different media (PDA and AEA) did not show any statistical differences, indicating that the media composition did not affect the detectable cultivable fungus strains. Only six culturable fungal genera were obtained in the present study, showing the limitations of cultivation-dependent methods. Microorganisms recovered from the environment by traditional culturing methods are rarely abundant in terms of their actual numbers or their functions in the environment, and it is estimated that less than 1% of microorganisms are readily culturable (Hugenholtz, 2002; Ma et al., 2017; Li et al., 2018). In this study, R. oryzae was the dominant culturable fungus in all samples, followed by Aspergillus sp. This finding agreed with some earlier reports that other fungi are associated with R. oryzae during barn rot in flue-cured tobacco (Cole, 1975; Zeng et al., 2014).

High-throughput sequencing showed that the Ascomycota was the dominant phylum followed by Basidiomycota and Mucoromycota. Ascomycota has been shown to be the most common phyllosphere fungi in many crops (Angelini et al., 2012), but both Ascomycota and Basidiomycota were the dominant taxons isolated from tobacco leaves (Wu et al., 2014). This is similar to this study. However, the taxons respond differently to the curing process. Ascomycota OTUs decreased greatly during curing, whereas Basidiomycota OTUs showed no significant changes during curing.

At a genus level, this study showed that the fungal OTUs were largely dominated by Alternaria, followed by Phoma, Boeremia, Cladosporium, Aspergillus, Cercospora, Golovinomyces and Rhizopus. In non-flue-cured and flue-cured tobacco leaves, the genera most frequently cultured, in decreasing frequency, were Alternaria, Cladosporium, Epicoccum, Trichoderma, Nigrospora, Penicillium, Chaetomium, Fusarium and Aspergillus (Welty et al., 1968; Welty and Lucas, 1969; Harvey, 1980; Nagrale et al., 2016). Thus, this study showed a considerable overlap in the frequency of fungal genera previously reported from tobacco leaves with Alternaria consistently being the most dominant leaf fungus. The high frequency of Alternaria is not surprising as it includes 100 species distributed worldwide over various agroclimtic zones and ecosystems and includes many important saprophytic and phytopathogenic fungi. Alternaria alternata is a facultative necrotrophic fungus on tobacco tissues producing toxins causing tobacco brown spot disease that commonly occurs during leaf senescence (Duan et al., 2010). In addition to detecting Alternaria OTUs, Alternaria sp. was isolated from leaves in this study indicating that brown spot disease was occurring in the curing chamber in this study. Although several studies, such as Welty and Lucas (1968), Welty et al. (1968) have found culturable Penicillium species being dominant on flue-cured tobacco leaves, relatively few Penicillium OTUs and no Penicillium isolates were found in this study.

With the proceeding of leaf curing in the curing chamber, all tobacco leaves have special fungal ecological niches. For all the fungi obtained from cultural method and the top 30 fungi gotten by high sequencing technique in this study, they either belongs to endophytes or to saprophytes. Most of them were plant pathogens and took higher abundance, including Alternaria (Wang et al., 2016b), Phoma (Yuan et al., 2016), Cladosporium (Wang et al., 2014), Aspergillus (Welty and Nelson, 1971), Cercospora (Newman and Townsend, 2016), Golovinomyces (Wang et al., 2012), Rhizopus (Wang et al., 2016a), Stagonosporopsis (Wang et al., 2018), and Epicoccum (Guo et al., 2020). These fungi are frequently reported to cause tobacco leaf disease. Beyond these pathogens, some endophytes were also obtained in this study by high-throughput sequencing, such as Diaporthe (Santos et al., 2016), Rhodotorula (Firrincieli et al., 2015), Sarocladium (El-Sayed et al., 2020), Trichoderma (Hosseyni-Moghaddam and Soltani, 2013), Periconia (Verma et al., 2011), Fusarium (2009), etc. They took lower abundance and normally do not infect tobacco leaves. All those endophytes and tobacco leaf fungal pathogens coexist in the same environment of tobacco leaves. The fungal composition and diversity of both endophytes and pathogens were all modified with the proceeding of leaf curing in the curing chamber.

As all tobacco leaf samples were collected in a curing chamber where tobacco pole rot disease occurred, it was expected that R. oryzae would be detected as it is the causal agent of pole rot of tobacco (Peng and Yi, 2007; Wang et al., 2016a). In this study, Rhizopus was detected from all samples by using both cultural-dependent method and high-throughput sequencing technique, and it was detected at all curing stages in both petioles and lamina and at all positions in the curing chamber. However, Rhizopus OTUs were most common in petiole during yellowing stage at the upper position, and least common in lamina during color fixing at the middle and lower position. Similarly, cultures of isolates of R. oryzae were most common during yellowing and stem-drying stages, and least common in color-fixing stage. Thus, it is common under these conditions but is affected by environmental and biological conditions. It was not surprising that it could be found in all curing stages as the fungus can survive at much high temperatures (Gayed, 1972; Wickes, 2013) than those recorded in this study.

Previous studies showed that higher temperature and increased humidity favored pole rot disease development, and infection was usually first seen in the butts of leaves, which corresponds to the petiole tissue in this study (Welty et al., 1968; Paddick and Turner, 1973; Deng et al., 2006). In this study, pole rot was more serious on leaves located near the upper position in the curing chamber compared to the middle and lower positions. Environmental monitoring in the study showed that position in the chamber affected temperature and humidity, and also affected fungal OTU composition, especially for Rhizopus. The other fungal OTUs in this study which showed the most similar impacts of the environment as Rhizopus were Aspergillus, Pallidocercospora and Didymella. One hypothesis from these results would be that changing curing conditions to decease temperature or humidity at the up position in curing chamber may increase the levels of certain saprobes on the leaf. Future work could test this to determine if this could affect microbial interactions affecting the levels of tobacco pole rot.

Using the FUNGuild database to assign fungal genera to functional guilds (Nguyen et al., 2016), most of the fungal OTUs in this study were identified as pathotroph-saprotroph-symbiotroph, followed by pathotroph-saprotroph and pathotroph. This indicated that a large number of the fungi on the tobacco phyllosphere during curing have potential plant pathogenic characteristics as well as many can be saprotrophs. This includes genera with species of known tobacco pathogens, such as the facultative necrotrophs, A. alternata that causes brown spot (Wang et al., 2016b), Phoma omnivirens that causes black spot stalk (Jiang et al., 2018) and Cercospora nicotianae that causes frogeye (Fajola and Alasoadura, 1973), as well as the obligate biotroph, Golovinomyces that causes powdery mildew (Mara et al., 2012). Most likely, these pathogens have arrived on tobacco leaves from diseased tissue in the field, and some could be growing both pathogenically inside the leaves as well as saprophytically on leaf surfaces during curing.

This study enlarges our knowledge of the fungal community of the tobacco phyllosphere on tobacco leaves during flue-curing. It showed that the environment during curing can impact fungal community composition and diversity, including fungal pathogens, such as those causing tobacco pole rot and brown spot. In addition to fungi, there are many bacteria associated with tobacco leaves, such as those able to cause leaf rot of tobacco (Spurr, 1980). More studies need to be conducted in this topic in the future. In this study, an air-rising curing chamber was used, but there are also air-falling chambers used for tobacco curing (He et al., 2017; Ngoni et al., 2017). It would interesting to learn in future studies if the two types of air flow systems would have different impact of microbial composition and diversity during tobacco leaf curing.



CONCLUSION

In conclusion, the obtained data from this study showed that the leaf fungal communities at yellowing, color-fixing and stem-drying stages were markedly different in terms of alpha and beta diversity. Alternaria, Phoma, Boeremia, Cladosporium, Aspergillus, Cercospora, Golovinomyces and Rhizopus were the main fungal OTUs in the curing chamber, and as curing progressed, humidity and temperature were the key environmental factors shaping the leaf fungal community. Understanding the dynamics of the fungi associated with tobacco leaves during curing provides opportunities for future studies to manipulate those populations, either by culturing and applying saprophytic fungi identified in this study or by modifying curing conditions, such as increasing air speed to decrease humidity in the curing chamber or shortening the yellowing stage, in order to alter the levels of tobacco pole rot.
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The diversity of plant-associated microbes is enormous and complex. These microbiomes are structured and form complex interconnected microbial networks that are important in plant health and ecosystem functioning. Understanding the composition of the microbiome and their core function is important in unraveling their networking strategies and their potential influence on plant performance. The network is altered by the host plant species, which in turn influence the microbial interaction dynamics and co-evolution. We discuss the plant microbiome and the complex interplay among microbes and between their host plants. We provide an overview of how plant performance is influenced by the microbiome diversity and function.
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INTRODUCTION

Plants have evolved a plethora of diverse and complex microbial communities, which affect plant growth and health in a beneficial, harmful, or neutral way. These microbial communities display different interactomes, genetic landscape, and information-processing networks (Kozyrovska, 2013). Plant controls its interactions with microbes and the result of this interaction depends on the interacting partners and their environments. Although, there is considerable amount of research outputs focusing on the dynamics, structure and functional roles of plant microbial communities, the mechanisms of interactions and processes driving the modulation of the plant microbiome are still largely unclear. This makes it difficult to understand the key ecological processes that control the entire microbial community structure (Toju et al., 2016).

The microbiota of plant is diverse and complex. The metabolism of individual members of the microbiota are often linked together in a way that the community aggregate can be considered to possess a ‘net’ metabolism. This net metabolism is the volatile signature that propagates their ecological network and allows a non-invasive analysis of active microbiota (Redeker et al., 2018). Ecological network analysis that describes species interactions and strength of their interactions provides unprecedented opportunities in understanding the underlying principles of plant–microbe interactions within a community, impacts of environmental change, the ability to quantify ecosystem services, and identification of keystone taxa (Derocles et al., 2018; Bennett et al., 2019). Deciphering the interactions between plant-associated microbes are important in understanding their structure and function, and how trait-associated microbiomes influences the host plant.

Network analyses provide co-variation and non-random patterns, which show the organization of a community, such as direct interactions or shared niches or guilds, and provide tools for examining ecological concepts (Shi et al., 2016). Thus, giving insight on how information flows among members of the microbiome or its environment (Jiang et al., 2019). Network analyses use different techniques to determine the taxa that compete with one another, those that co-depend on one another or the keystone populations in a community. Its application in plant microbiome studies can be used to model the co-occurrence of microbes, unearth relationships important for community assembly or stability and insight on the influence of different interactions on plant health (Layeghifard et al., 2017).

Co-culturing experiments have been used to study interactions between two microbes and such experiments have been used in observing the effects of each other’s growth and physiology (Garcia and Kao-Kniffin, 2019). While co-culturing has been the preference, rapid advancement in high-throughput sequencing has provided a revolutionary tool for studying multiple and complex interactions between microorganisms and their host plant. High-throughput sequencing is increasingly being used to infer linkages between microbial groups that jointly build up a community. This will help to decipher and predict the functional roles, shared physiologies and habitat affinities (Jiang et al., 2017).

Despite the advances in high-throughput sequencing, their application remains nascent, and the inferred interactions should be interpreted with caution (Layeghifard et al., 2017). Unraveling the relationships between diverse microbial species and their functions will facilitate the understanding of their interactions within the plant microbiota. In this review, we highlight the plant microbiome and the interplay among plant microbiota and host plants. We equally provide an overview of how plant performance is influenced by the microbiome diversity and function.



THE PLANT MICROBIOME

Plants are shaped by diverse types of microorganisms playing notable functions in plant growth and health enhancement. Reports from the last decade have affirmed that plants and plant organs possess nexus microbial assemblages associated with it (Hardoim et al., 2015; Reinhold-Hurek et al., 2015). The microbial constituent of plant holobiont is called plant microbiota (consisting all microbes) or the plant microbiome (accounting for all the microbial genomes). They inhabit the endosphere, phyllosphere, and the rhizosphere with beneficial roles in plant growth promotion and health (Brader et al., 2017; Lemanceau et al., 2017). Unveiling the functions performed by these plant-associated microbes and the factors affecting the community assembly can provide more insights into plant as a meta-organism and the benefits conferred on the plant by microbial partners (Hardoim et al., 2015; Hacquard, 2016).

The plant microbiome is built by the genotype of plant, plant species, edaphic and other environmental factors, but the roles of this makeup are difficult to separate from each other in natural environments (Compant et al., 2019). We explore the endophytes, epiphytes, and rhizobiome as major examples of organisms inhabiting endosphere, phyllosphere, and rhizosphere of a plant, respectively.



ENDOPHYTES

Endophytes are microbes that successfully colonize the tissue of vascular plants and have been reported to be isolated in virtually all plants (Fadiji and Babalola, 2020b). They are initially known not to be harmless to the host plants and their association with plants can be obligate or facultative (Nair and Padmavathy, 2014). A recent research by Brader et al. (2017) revealed that endophytes can also be defined in terms of their ecological niche and not only the function they perform in the host. On this basis, endophytes were found to be either pathogenic or non-pathogenic. Most endophytic microbes do not show any harmful effects on a few plant species; however, when tested on other plants, they may be pathogenic. The pathogenicity attribute of endophytes can be linked to several of biotic interactions and environmental factors. For example, fluorescent Pseudomonads, have been reported to be pathogenic to the leatherleaf plant under certain conditions even though studies have found the organism to be beneficial to most plant species (Kloepper et al., 2013). Nevertheless, endophytes have been observed to be active in biocontrol of phytopathogens, plant growth enhancement, and in the secretion of metabolites of great biotechnological or pharmaceutical importance (Sharma et al., 2017).

The endophytic association can be carried by archaea, bacteria, and fungi but endophytic bacteria and fungi are the most prominent (Patle et al., 2018). They live symbiotically with most plants by entering their cells (Fadiji and Babalola, 2020b). There exists a wide diversity of endophytes, mostly with a great improvement in their ecological roles alongside the production of numerous secondary metabolites. Endophytes were reported to be naturally resident in many host plants (Suryanarayanan, 2013). Different endophytes can be found in different parts of a plant mainly in the stem, leaves or roots (Fürnkranz et al., 2012). Most endophytes that are found in vascular plants were discovered to maintain a symbiotic interaction. The endophytes obtained their nutrients from host plants and consequently contribute significant benefits to the growth and health of host plants. These endophytes harmlessly live within the tissues of the host they have colonized, thereby facilitating an indirect defense against herbivores (Bamisile et al., 2018).

Endophytes receive nutrition as well as protection from the host while encouraging the absorption of nutrients and protection of the host from abiotic and biotic stresses and pests (Omomowo and Babalola, 2019). It has also been reported that the availability of endophytes affects the health, growth and development of plant, and different types of plant communities, ecosystem functioning, and population dynamic (Hardoim et al., 2015). Many endophytic microbes have been reported to have developed gradually, finding their ways into the plant, and as this association continues, they devise new ways to inhabit, evolve, establish, and improve the association they have established with the host (Goyal et al., 2016). However, high-throughput sequencing insights into the structure and function of endophytic microbes can help in understanding the community network, discovering novel genes and roles performed by these organisms in enhancing plant growth and health.



EPIPHYTES

Epiphytes are microbes that inhabit and multiply upon a living plant for support. They are not parasites, but rely on the plant for nutrition and water. Epiphytism is exhibited by many microbial groups some of which are algae, bacteria, protozoa, nematodes, fungi, and plants (Lindow and Brandl, 2003). Epiphytes are also part of the makeup of plant microbiome, and consist of organisms that colonize the external surface of plant tissue (phyllosphere). Although epiphyte can be used to describe the external area of plants, it is commonly used in association with the leaf surface (Vorholt, 2012). Most microbial communities inhabiting the phyllosphere have been implicated in the enhancement of plant growth through nitrogen fixing, plant protection against pathogens, and biosynthesis of plant hormones (Andreote et al., 2014; Berg et al., 2014b). Epiphytes are also notable pieces of global processes, an example is the sequestration of carbon (Bulgarelli et al., 2012), and they have a great prospect in boosting sustainable agriculture. Epiphytes can withstand extreme environmental conditions, known as oligotrophic environment, characterized by limited nutrients, inconsistent humidity, pH, UV radiation, and temperature (Andreote et al., 2014).

The origin of microbes that make up epiphytes is fully known. Bulgarelli et al. (2012) reported that plants are subjected to a high rate of microbial inoculation, enhanced by the activities of wind and vectors. The study further stressed that air and its aerosols, water and soil are the major sources of epiphytes found in the phyllosphere. It is also possible that the community of epiphytic microorganisms is regulated by specific environmental factors (Berg et al., 2014b). Differences in these environmental factors might enhance the diversity, structure, and the abundance of the epiphytic organisms in individual plant species. Redford et al. (2010) reported that different species of plant harbors distinct bacterial communities, which can be attributed to a specific niche and the local environment, influenced by the genotype and functional metabolism of the plant. Geographical distance was also reported to be a major player in the community structure of epiphytic bacteria in grapevines (Bokulich et al., 2014).



THE RHIZOBIOMES

Rhizobiome is a term used to describe all the microbial communities inhabiting the rhizosphere (Sasse et al., 2018; Olanrewaju et al., 2019). Research has long revealed that plant root exudates attract beneficial microbes to its rhizosphere, however, uninvited ones are also attracted (Olanrewaju et al., 2019). Communities of microbes present in the soil are affected by many factors, which include soil texture and environmental factors (Bach et al., 2018). This study also suggests that the root exudates performs a major function in the abundance and diversity of rhizobiome. Although, Dennis et al. (2010) reported that root exudates perform a considerably limited function in influencing the microbial communities in the rhizosphere compared to the remaining rhizodeposits (mucilages, lysates, sloughed-off root cells, and volatiles). The argument was also further strengthened by a similar study performed on ryegrass (Lettice, 2019).

However, Sasse et al. (2018) reviewed many literature and concluded that plant rhizobiomes are most times (but not in all cases) indifferent from similar plant species and from bulk soil. The authors described plants in this category as those having weak rhizospheric effect (Sasse et al., 2018). Also, Chen et al. (2016) conducted a study to assess the rhizobiome of ryegrass and observed that the abundance of some notable bacterial genera such as Pseudomonas, Methylobacterium, Rhizobium, Enterobacter, and Stenotrophomonas were more in the endosphere, rhizosphere, and rhizoplane compared to the external rhizosphere. Knowing fully well that various parts of the plant root system secretes diverse types of metabolites (Tückmantel et al., 2017) and that the part called root tips produced the most abundant root exudates (Pausch and Kuzyakov, 2011). It is therefore no longer new that the mature roots and root tips have diverse community of microbes attached to them (Massalha et al., 2017). Saleem et al. (2018) examined the impact of root architecture on plant microbiome and rhizosphere and concluded that root phenotypes, such as density, root length, volume, biomass, and surface area create different ecological niches for some microorganisms to enhance beneficial interactions in the rhizosphere. The study emphasized that since the first part of the plant to make contact with the bulk soil is the root tips, the rhizodeposits secreted and the rhizobiomes linked with them are significant in sustaining the rhizosphere.

Rhizobiomes have been implicated in the enhancement of plant growth, but the mechanisms have not been fully established due to unavailability of required techniques, tools, and low interest in the scientific world (Olanrewaju et al., 2019). However, the introduction of next-generation sequencing techniques such as metagenomics, proteomics, transcriptomics, and metatranscriptomics has helped in exploring the rhizobiomes (Turner et al., 2013; Schlaeppi and Bulgarelli, 2015). However, studies involving the structure, diversity, and function of rhizobiomes are still novel and can be explored to establish their mechanisms of action and contribution toward plant growth and health.



FACTORS AFFECTING PLANT MICROBIOME

Plant microbiome is affected by many biotic and abiotic factors. These factors include salinity, soil moisture, soil organic matter, root exudates, soil type, soil structure, and soil pH (Fierer, 2017). However, factors such as external environmental conditions among which are human practices, presence of pathogens, and climate affect epiphytes and endophytes (Hardoim et al., 2015). Host species attract microorganisms from the rhizosphere, where root exudates, morphology, alongside rhizodeposits perform a major role in the recruitment of plant microbiomes (Hartmann et al., 2009; Chaparro et al., 2014; Reinhold-Hurek et al., 2015).

Studies have revealed that the makeup of the root exudates control the kind of plant-associated microbial community that the plant will attract. Some studies have shown that the exudates secreted by the root of a plant have a major influence on shaping the abundance of rhizospheric microbial communities associated with arboreal and herbaceous plants (Zhang et al., 2014). Shifts in the profile of root exudates have been considered as one of the major drivers of changes in the microbial communities inhabiting the root of plants. An increment in the abundance of rhizospheric bacterial in barley under N growth conditions (Liljeroth et al., 1990), changes in the structure of endophytic bacterial community in sorghum cultivated in nitrogen fertilized and non-fertilized environments (Mareque et al., 2018), alongside the increment in the abundance of some bacterial families in wheat root microbiome (Pagé et al., 2019) were considered. These studies buttressed the fact that changes in the quantity and quality of root exudates under different exposure to nitrogen environment affects the structure of plant microbiome, although the exudates were not fully characterized in those cases. However, the characterization of roots exudates from maize cultivated using increased nitrogen levels was reported by Zhu et al. (2016), the results showed that the total secreted root exudates, such as phenolic compounds, sugar alcohols, and sugars significantly aligned with the level of the fertilizer, which also affected the abundance of root microbiome.

Further studies have also investigated the community function between root-associated microbiomes and root exudates. For instance, a study by Kavamura et al. (2018) revealed that rhizospheric bacteria associated with wheat plants treated without inorganic nitrogen fertilizer enriched the putative functional pathways linked with terpenoid metabolism and reduced number of genes related to the metabolism of carbohydrates and amino acids. This subsequently increased the affected the composition and structure of rhizospheric bacterial communities associated with wheat, especially the phylum Bacteroidetes. Terpenoids are notable examples of root exudates, referred to as nitrification inhibitors (Coskun et al., 2017; Hartman and Tringe, 2019), which control nitrogen loss by nitrification in an environment characterized with low nitrogen. Although further studies are needed in understanding whether the terpenoids secreted by plants are for adaptation, that is nitrifying growth environment or they have some yet to be discovered functions using the inhibition of nitrification as a side effect (Coskun et al., 2017).

Numerous rhizodeposits have also been revealed to influence the composition of plant microbiome (Pascale et al., 2020). The biosynthesis of indolic and aliphatic glucosinolates is part of the defense composition adopted by plants (Xu et al., 2017). Some studies have revealed that aliphatic glucosinolates from root exudates can affect the microbiome in the rhizosphere of a plant (Bressan et al., 2009), while the indolic glucosinolates aggregate in the root of Arabidopsis upon attack by pathogens (Bednarek et al., 2005). Furthermore, the combination of exudates secreted by Arabidopsis cultivated in vitro and applied on soil without the plant showed varied effects of phenolic compounds on the abundance of bacterial groups (Badri et al., 2013).

Another plant/host species growing in the same environment can attract and aggregate different microbiomes to its self from the root compartments and the rhizosphere (Aleklett et al., 2015; Samad et al., 2017). Employing shotgun metagenomic approach and 16S rRNA gene sequencing, Bulgarelli et al. (2015) assessed the root microbiota of different barley species and discovered that the root metabolites and the host innate immune system control the abundance and diversity of the root microbiome. Furthermore, other host-associated factors such as plant developmental stage, plant health, fitness, and age are other notable factors reported to be active in influencing the community structure of host/plant microbiome, especially the bacterial community (Aleklett et al., 2015; Reinhold-Hurek et al., 2015).

Exudates collected from different Arabidopsis plants at different plant ages showed variation in sugar levels, which affected microbial functions associated with secondary metabolism and sugar production (Chaparro et al., 2013). In another study, Chaparro et al. (2014) reported that Arabidopsis plants at different stages of their development (early and late stages) can influence microbial functions as well as the abundance of Bacteroidetes, Actinobacteria, and Cyanobacteria. Functions similar to pathogens were expressed in the early stage of development while functions associated with chemotaxis and antibiosis were greatly expressed at the late stage of development, indicating a selective pressure during the developmental stages of the plant toward microbes that perform important functions in their host. Similarly, a recent report emphasized that exudates also vary during the growth stages of Avena barbata, where sucrose was observed to be high at the early stage of development while defense molecules and amino acids are greatly produced at the late stage of development (Zhalnina et al., 2018).

Furthermore, recent studies have shown that plant genotypes can also influence the abundance of the microbiome associated with the rhizosphere of plants (Haney et al., 2015). The report further revealed that different accessions of Arabidopsis thaliana slightly inhibited the species in the family Pseudomonadacea, such as Pseudomonas syringae, P. brassicacearum, and P. fluorescens without having any significant influence on other microbiomes. Therefore, the genotype of a plant is one of the key factors in understanding the abundance of plant-associated bacteria and their role in plant health and physiology with exposure to different abiotic and abiotic environments (Soussi et al., 2016). Similarly, Müller et al. (2015) reported that the genotype of Olive plants has a great influence on the endophyte communities in the leaves of Olea europaea L compared to the influence from environmental factors, geographic location and soil types.

Similarly, both land-use history and soil types have been reported to have a higher influence on bacterial communities than plant species (Soussi et al., 2016). In a study by Salles et al. (2004), different plants, such as grass, barley, maize, and oat, were grown under greenhouse with soils having different land use application histories. They reported that land-use history affected the structure of Burkholderia community and the diversity of Pseudomonas, while showing a great influence on the overall composition of bacterial communities (Salles et al., 2004). In addition, Latour et al. (1996) investigated the diversity of bacteria associated with the root of two plant species. The results showed that both host plant and the type of soil used affected the diversity of bacteria, although soil type was reported as having the most dominant influence (Latour et al., 1996). Furthermore, seasonal variations have been reported to influence the diversity of microbial communities associated with most plants (Soussi et al., 2016). Saul-Tcherkas and Steinberger (2011) investigated the microbial diversity in the rhizosphere of Reaumuria negevensis planted in Negev Desert. The results showed that Actinobacteria was the most abundant phylum in all major seasons except for winter. Although, Acidobacteria had the highest density in the winter while Actinobacteria decreased. Furthermore, phylum Chloroflexi and Bacteroidetes were abundant in summer with a significant reduction in autumn and winter while the abundance of phylum Gemmatimonadetes was reported in autumn (Saul-Tcherkas and Steinberger, 2011).



MICROBIOME NETWORK AND INTERPLAY

Several literature have shown that plants are inhabited by composite microbial groups and harbor a microbiome. Incipient research work with plants showed that these microbiomes are well organized and form intricate interrelated microbial networks (King et al., 2012; Huang et al., 2020). Inside these networks, each taxon has it specific functions essential for plant health and ecosystem functioning (Zhou et al., 2010). For example, Shi et al. (2016) applied random matrix theory (RMT)-based network analysis of 16S rRNA genes to detect microbial networks linked with Avena fatua (wild oat) rhizosphere and reported that increased complexity and connectivity of rhizosphere network are characteristics of the rhizosphere bacterial assemblages. This forms the basic difference between the Avena fatua rhizosphere and its bulk soil. This implies that the rhizosphere has more potential for niche-sharing and interactions because rhizosphere networks were significantly more intricate than those in bulk soils.

The plant microbiome’s functional capability is not the same as the totality of its separate components, as microbial species intensely and regularly interrelate with one another and form a complex network (Khan et al., 2019). Examining huge environmental data produced by high-throughput DNA sequencing tools requires novel investigative methods. To move beyond the rudimentary catalog interpretations of the composition, richness, and variety of microbial assemblages from their natural habitats (Qi et al., 2019). To examine possible relations among microbiome, the major taxon co-occurrence patterns need to be investigated with network exploration (Figure 1). This network analysis can aid in interpreting the organization of intricate microbial groups through space or time (Layeghifard et al., 2017). Network analysis also assists in having a comprehensive insight into the structure and composition of microbial assemblages (Ma et al., 2016). Through an ecological measure based on the checkerboard units (C-score), Barberán et al. (2012) assessed non-random co-occurrence patterns, over 160,000 archaeal and bacterial 16S rRNA gene sequences were collected from 151 soil samples. Their findings revealed a significant non-random co-occurrence pattern with 46.56 C-score when the whole dataset was used. However, the C-score significantly increased to 185.03 when the analysis was restricted to only the operation taxonomic units (OTUs). This form of co-occurrence for microorganisms connotes a non-random community assembly can be a universal characteristic across all forms of life. Furthermore, it indicates the domination of deterministic processes and non-overlapping niches, competitive relationships, or historical effects in determining community structure (Horner-Devine et al., 2007).


[image: image]

FIGURE 1. Co-occurrence networks aid in recognizing potential associations between species. The nodes correspond to the microbial operational taxonomic unit and edges to the microbial associations. The figure was adapted from Monard et al. (2016).


To investigate such networks, many tools like Bayesian network approaches (Friedman et al., 2000), differential equation-based network approaches (Akutsu et al., 1999), and relevance/co-expression network approaches (Butte et al., 2000) have been used in genomic ecological studies. Bayesian network approach is a graph-based model of combined multivariate probability distributions that considers characteristics of conditional independence among variables. This approach was first developed to infer gene regulatory networks from steady-state expression data (Friedman et al., 2000) and later expanded to resolve inference problems in time-series expression data. Bayesian network models are smart for their capacity to interpret complex stochastic processes (like networks among genes based on multiple expression measurements) and because they offer a clear method for learning from ‘noisy’ observations (Heckerman et al., 1999). The application of Bayesian network approach was seen in the investigation by Bruex et al. (2012) when they studied the transcriptomes of seventeen root epidermal mutants and two plant hormone treatments. Through the Bayesian network approach, they surmised regulatory interactions among 208 core genes and employed expression information from developmental time-series datasets to place genes sequentially within the network.

Differential equation-based network approach is used to plainly characterize the dependence of the concentration of one gene’s transcripts on that of other genes. Differential equation-based network approaches fall into the model-based approaches that have several algorithms such as singular value decomposition and regression analysis (Yeung et al., 2002). Conversely, the feat of these differential equation-based network approaches has been inadequate because of technical challenges that include the difficulty in assessing the parameters in the differential equation models.

Relevance/co-expression network approaches are useful in finding correlations through disparate biological measures like the RNA expression (Butte et al., 2000). This model has significance for fold differences and it attempts to maximize the number of expressed sequence tags above their threshold. Butte et al. (2001) established that even though RNA expression levels seem to be reliable in duplicate measurements, when whole experiments are duplicated, measured fold differences are not as consistent. Therefore, it is censoriously significant to repeat several dataset points as possible, to guarantee that genes and expressed sequence tags labeled as significant are truly significant.

The correlation-based relevance network technique is another method commonly used because the method is straightforward and tolerate noise. The challenge of this method is that their built networks are biased rather than objective due to the used arbitrary thresholds. To resolve this problem, Deng et al. (2012) developed a RMT-based method. This method can robotically find a threshold for cellular network construction from microarray and high-throughput genomics data. The RMT-based approach was useful in a study by Deng et al. (2012) for setting an identical similarity threshold of 0.76, which was short of ambiguity for the phylogenetic molecular ecological networks (pMENs) under warming and unwarming conditions, and guarantees its construction of optimal network. This RMT-based technique (Figure 2) is also useful in identifying and predicting gene function because it is sensitive, fast and robust (Williams et al., 2014). Molecular ecological networks (MENs) resulting from functional gene markers are denoted as functional molecular ecological networks (fMENs; Deng et al., 2012). Although network studies involving plant and plant microbiome researchers dwell more on the pMENs, little or none is known of fMENs in plant-plant microbiome network studies. The fMENs application was employed by Zhou et al. (2010) using a high-throughput functional gene array hybridization dataset of soil microbial communities in a durable grassland-free air and CO2 enrichment experiment. Their findings showed that both fMENs under ambient CO2 and elevated CO2 had the general characteristics (such as modular, small world, scale free, and hierarchical) of complex systems, while the topological structures of the fMENs were dissimilar among ambient CO2 and elevated CO2 at the levels of the individual functional gene groups, functional genes and the entire communities. This signifies that elevated CO2 vividly changed the network connections between diverse microbial functional genes or populations.
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FIGURE 2. Network construction and network analyses chat based on random matrix theory (RMT)-based approach.


Microbial networks regularly comprise many symbiotic components that network in parasitic, commensalistic, mutualistic, ammensalistic, or synergistic modes (Faust et al., 2012). These communications are likely to impact each component’s appropriateness, with straight consequences on soil fertility and plant health (Agler et al., 2016). Around 10 years ago, mutualistic networks have been greatly researched, but the same cannot be said of competitive networks even in microbial ecological studies. This could be due to the following reasons: (i) no network structure is constructed on competitive associations, (ii) in microbial ecology, only limited studies on community scale network have been done, (iii) the absence of experimental data and suitable theoretical frameworks (Deng et al., 2012). Having sound knowledge of these microbe–microbe exchanges is fundamental to envisage the all-inclusive consequences of these communications for plant physiology and wellbeing (Callaway and Howard, 2007). A convenient methodology to increase a better insight of possible communications within the microbial network is to make co-occurrence networks by computing correlations among the richness of individual units (Williams et al., 2014).

Co-occurrence networks aid in recognizing the prospective associations between species, which might be significant for comprehending ecosystem functions and community assembly (Deng et al., 2012). For instance, microbial taxa hypothetically contribute a vital role in the microbiome if they co-occur with other taxa in the co-occurrence networks of the microorganisms. Such microbial taxa are referred to as keystone species, which have a huge controlling effect on their surroundings and other affiliates of the microbiome. In another way round, peripheral species (microbial taxa whose richness does not associate with other microbes) is unaffected in the network by other microorganisms. This means that peripheral species have a lower rate of microbe–microbe interactions compared to keystone species (Barberán et al., 2012). Species assemblies that co-occur share related ecological physiognomies, which can be used to detect traits or microorganisms that are poorly understood (Barberán et al., 2012; Eiler et al., 2012; Sun et al., 2013).

To find topological properties of a network that forecasts keystone species, Berry and Widder (2014) used a generalized Lotka–Volterra dynamics to simulate multi-species microbial communities with recognized interaction patterns. Findings from their research revealed that the number of direct interactions that a keystone species engages in does not increase as keystoneness of a species increases; however, the number of species that are indirectly affected by it increases linearly. Species directly affected by the loss of a keystone had positive interactions with the keystone. Species indirectly affected by keystones, but had an approximately equal number of net negative and positive connections with the keystone species along the most direct path through shared neighbors. Key microorganisms (also known as generalists) in microbial network play vital parts in the network. The more key microorganisms in a network the more ordered and stable a network becomes. This causes a frequent exchange of materials and information among microbial species (Lu et al., 2013).

Network theory, in the form of graph-theoretical methods and systems-oriented, is an amazing approach, which expedite microbial exploration and improve our comprehension of the intricate environmental processes and evolutionary routes involved (Li et al., 2015). Zhang et al. (2018) provided understandings into the organization of soybean rhizosphere microbial communities by implementing a network-based analysis with integrated fungal and bacterial community data to explain the co-occurrence patterns of rhizosphere microbiome in soybean fields. Their observation revealed that in terms of composition and structure, the microbial networks varied among rhizosphere and bulk soil. There were lower modularity, fewer links between fungi and bacteria, and smaller average path length in rhizosphere networks when related to the bulk soil networks. Their work further explained that the northern, southern and global networks of rhizosphere showed lower, higher, and similar complexity, respectively. Soil physicochemical properties such as soil pH and Mg content were reported to greatly influence the variations in the bacterial and fungal sub-networks.

With network theory, microbiome and its entire intricate connections can be modeled and evaluated in a single network (Banerjee et al., 2016). Cooperative metabolic connections point to improved growth of interrelating microorganisms and eventually to positive co-occurrence patterns in abundance, while competition for similar resources point to a counter pattern (Zelezniak et al., 2015; Banerjee et al., 2016). Many patterns reveal the reaction of diverse species to a mutual ecological feature relatively to their direct connections. Thus, a co-occurring microbial pattern could designate they are one or the other; networking synergistically or they have related reactions to ecological features (Barberán et al., 2012; Berry and Widder, 2014; Khan et al., 2019).

When network constructions are made, topological properties need to be measured. Some major properties that can be measured (using tools like Cytoscape) include (i) connectivity of a node to other nodes (i.e., the number of links also called edges), (ii) betweenness centrality (which reflects the number of times a node plays a role as a connector along the shortest path between two other nodes), (iii) clustering coefficient (a degree of interconnectivity in the neighborhood of a node), and (iv) path length (the mean number of edges on the shortest path connecting any two nodes of the network; Khan et al., 2019; Qi et al., 2019). Mean values of these topological properties are employed to define the total structures of the network. The relative betweenness centrality value of each node can designate its comparative significance in the network. Nodes with higher betweenness centrality values are located in the central of the network and those with lower values are anticipated to have a more distant location that signify vital environmental and genetic understandings (Barberán et al., 2012; Berry and Widder, 2014).

In a temperate forest, Toju et al. (2014) evaluate a huge next generation sequencing data of plant–fungus symbiosis by testing if networks of plants and their functionally and phylogenetically diverse root-linked fungi have architectural characteristics that are constant or differ from those of other non-symbiotic and symbiotic networks. Their findings showed that the network of symbiotic interactions among fungal and plant taxa is unequal in species richness (OTUs of plant: fungi = 33:387) and the total network architecture contrasts from that of other ecological networks. However, when they compare the results for other ecological networks and hypothetical expectations for symbiotic networks, the plant–fungus network indicates relatively or adequate low levels of interaction specialization and modularity and a rare form of ‘nested’ network architecture. Several interactions between microbial species assist soil microbes live up to their functions like contributing to nutrient breakdown and redistribution, stimulating plant growth, and subduing pathogens (Faust et al., 2012). Several interactions between microbial species also connote more interchange of metabolites and information between microorganisms, which makes microbial networks perform efficiently.

To use network analysis in identifying robust linkages among microbes inside and between environmental samples, it is important to have relatively comprehensive information on the microbiota present across huge amounts of samples, as without sufficient samples it will be challenging to conclude if co-occurrence patterns are of statistical importance (King et al., 2012; Huang et al., 2020). In a normal sense, the number of samples collected ought to cover four-dimensional or time-based gradients in ecological conditions; this will enhance taxon variability and gives a better meaning to co-occurrence patterns.

The affiliation among diversity and composition of microorganisms in the rhizosphere and plant performance can be negative or positive. An experiment conducted by Maherali and Klironomos (2007) saw that plant well-being improved with increasing mycorrhizal fungal diversity. This shows that diverse functional groups of microorganisms can supplement one other with positive effects on plant growth. This was established from research conducted by Van Der Heijden et al. (2016), where the reported that symbiotic associations between bacteria, fungal, and plant significantly promote plant nutrition, plant biodiversity, and seedling recruitment.



FUNCTIONS/PERFORMANCE OF PLANT MICROBIOME

Plant microbiome functions can be beneficial or harmful to plant growth and yield. The functional capacities of plant-associated microorganisms include plant growth promotion, disease symptoms and resistance to biotic and abiotic stress factors (Pérez-Jaramillo et al., 2018). Plant microbiome directly affects some plant functional traits, such as leaf nutrient levels, leaf longevity, specific leaf area, and shoot: root ratio (Berg et al., 2014a). The plant microbiome can determine species coexistence and therefore affect not only a single plant but complete ecosystems (Fitzpatrick et al., 2018).

The mechanism of plant microbiomes in promoting plant growth can be direct or indirect. Direct mechanisms include the production of phytohormones such as auxin, cytokinin, and gibberellin (Compant et al., 2019). These growth hormones modulate endogenous hormone levels in associated plant. Another direct plant growth promoting ability of plant microbiomes is their ability to improve plant nutrient uptake through some biochemical processes such as nitrogen fixation and phosphorus solubilization (Rascovan et al., 2016). Some microbiome such as strains of Pseudomonas spp., Bacillus spp., Arthrobacter can secrete an enzyme called 1-aminocyclopropane-1-carboxylate (ACC) deaminase (Rascovan et al., 2016). This enzyme reduces the level of ethylene (stress hormone) in plants and hence indirectly promoting plant growth by improving plant stress tolerance.

Some plant microbiome such as Pseudomonas syringae, Erwinia amylovora, Xanthomonas spp., Xylella fastidiosa produce plant toxic compounds proteins, which cause diseases of many crops such as tomatoes, potatoes, green bean, and banana (Mansfield et al., 2012). Plant microbiome has been reported to enhance plant resistance to pathogen infection via commensal-pathogen interactions, the production of antibiotics and pathogen-inhibiting volatile compounds, inducing plant systemic resistance, modulation of plant hormone level, production of lytic enzymes and siderophore (Hopkins et al., 2017; Berg and Koskella, 2018; De Vrieze et al., 2018). Santhanam et al. (2015) and Durán et al. (2018) reported that plant microbiomes improve plant resistance to pathogen infections by mediating disease suppression.

Endophytes have been reported to confer many plant growth-promoting functions on the host plant (Arora and Ramawat, 2017; Fadiji and Babalola, 2020a). They also help in boosting plant growth, yield, and nutrient uptake (Kumar et al., 2017). They have also been reported to perform a key function in pollution control, phytoremediation, and stress tolerance (Su et al., 2015; Karnwal, 2018). A recent report by Fadiji and Babalola (2020a) provided comprehensive details of the antimicrobial/medical functions of endophytes, which include antifungal, anticancer, antimalarial, antituberculosis, antibacterial, antidiabetes, antiarthritic, antiviral, anti-inflammatory effects among others. Some species of Bacillus, Pseudomonas, and Arthrobacter among others have been reported to enhance plant growth via the secretion of ACC deaminase (Kang et al., 2012). Diverse groups of bacteria such as Paraburkholderia, Pantoea, and Pseudomonas, inhabiting the roots of wheat and maize plants have been revealed to possess some plant growth-promoting characteristics such as indole acetic acid production, nitrogen fixation, phosphate solubilization, and ACC deaminase production. Some mechanisms employed in enhancing plant growth include nutrient uptake and stress tolerance (Rascovan et al., 2016; Compant et al., 2019).

A study by Stanton et al. (2014) showed that epiphytes enhanced the water usage of the host plant. Similarly, leaf epiphytic bacteria (Brickellia veronicifolia) have been reported to enhance the remediation of air pollutants (Sánchez-López et al., 2018). A recent study also reported the biocontrol activities (antifungal activities) of epiphytic bacterial species of the genera Acinetobacter, Agrobacterium, and Burkholderia from surfaces of red and green pepper (Mamphogoro et al., 2020). Epiphytes are still under investigated, especially in relation to plant growth promotion. Studies establishing the modes of action and roles of these microbial communities in promoting plant growth and health are advocated.

Plants rely on rhizobiome for many biochemical functions, which enhance plant health and growth. Rhizobiome enhances the growth of the plant through the provision of nutrients deficient in the plant and by the secretion of volatile organic compounds, ACC deaminase and plant growth hormones. They also stimulate plant immunity and improve plant health through biocontrol activities by secreting antimicrobial compounds and other mechanisms (Turner et al., 2013; Kwak et al., 2018; Singh et al., 2019). The rhizobiome in most plants is influenced majorly by members of four phyla of bacteria: Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria (Niu et al., 2017). Among the four dominated phyla of rhizobiome, Proteobacteria are the most identified groups. Bacteroidetes are involved in denitrification (Van Spanning, 2005). However, Bacteroidetes, Proteobacteria, and Firmicutes serve as copiotrophs, also known as r-strategists, Actinobacteria serves as oligotrophs, also referred to as k-strategists and are also notable producer of many antimicrobial compounds (DeAngelis et al., 2009; Chaparro et al., 2014).

Gene expression across multiple interacting organisms can help understand the complex reality of plant-associated microbiome than observation organisms in isolation. The distinction between the potential roles of plant microbiota and the levels of host interaction as well as the spectrum of these interactions is difficult to understand (Gonzalez et al., 2018). However, metatranscriptomics and metagenomics can help unravel this complexity by allowing gene function to be observed (Gonzalez et al., 2018). Metatranscriptomics gives information about the diversity of active genes within the microbiota, their expression profile and how these levels change due to change environmental conditions.

A study by Saminathan et al. (2018) revealed that the fruit-associated microbiome of different watermelon cultivars were involved in carbohydrate metabolism and ripening of mature fruits. 16S rRNA metagenomics data showed that Proteobacteria and Cyanobacteria were the most abundant phyla in all cultivars, whereas Firmicutes and Bacteroidetes were less abundant in all cultivars tested. The dominance of the Proteobacteria phylum was attributed to their ability to use different carbon sources that help adapt to different environmental changes occurring during fruit development. A reduction in microbial diversity was observed in a cultivar, SDRose. The reduction in diversity was attributed to the expression of peptidoglycan hydrolases associated with pathogenicity of the host plant and high expression of genes linked to infectious diseases. Metatranscriptomic data showed that Proteobacteria was the most abundant bacterial phyla while Ascomycota, Basidiomycota, and Glomeromycota were the fungal phyla identified in all cultivars (Saminathan et al., 2018). Genes involved in amino acid, carbohydrate and energy metabolism, signal transduction and transcription were the most abundant in all cultivars. The study also reported the expression of α-galactosidase genes involved in the process of galactosyl oligosaccharide metabolism (Saminathan et al., 2018).

A comparative metatranscriptomic study on suppression of Rhizoctonia solani by wheat rhizosphere microbiome was conducted by Hayden et al. (2018) using two bioinformatics approaches. The study revealed that in R. solani suppressive soils, Stenotrophomonas and Buttiauxella species were the dominant taxa while Arthrobacter and Pseudomonas species were dominant in non-suppressive samples. The dominance of Arthrobacter species in non-suppressive soil was attributed to their ability to degrade cell wall components of wheat, such as cellulose and pectin, and the ability to metabolize wheat root exudates, such as glucose and mannose. In suppressive soils, genes responsible for polyketide and cold-shock stress were more expressed while expressed genes in non-suppressive rhizospheric soils are those responsible for oxidative stress (superoxide dismutase and peroxidases), flagella and antibiotic synthesis (phenazine and pyrrolnitrin). The study attributes the expression of antibiotic genes (phenazine and pyrrolnitrin) in non-suppressive soils by Pseudomonas species to defense strategy to mediate competition between Pseudomonas and Arthrobacter species rather than defense against R. solani. These organisms (Pseudomonas and Arthrobacter) dominate the non-suppressive rhizosphere under conditions of R. solani infection because of the ability to survive and function by producing protective reactive oxygen species detoxifying enzymes. However, in the suppressive wheat rhizosphere soil Stenotrophomonas species express genes responsible for chemotaxis, polyketide cyclase, superoxide dismutase, fimbrial protein, flagellin, and other biocontrol genes (Hayden et al., 2018).



LINKING PLANT MICROBIOME COMPOSITION WITH FUNCTION

The microbes found in the soil are diverse, ranging from bacteria, actinomycetes, viruses, algae, to fungi, nematodes, and protozoa (Geisen et al., 2019). Bacteria occupy a larger proportion of the soil microbes, followed by the actinomycetes, fungi, soil algae, and protozoa in descending order. Each of these organisms or a combined effort of different species determines the overall plant health (Table 1).


TABLE 1. Microbiome and their direct positive and negative influence.

[image: Table 1]
Fungi (mycorrhizal) closely adhere to the roots of plants, in a symbiotic relationship, where the fungi get carbon from the plants and supply needed nutrients to the plant in exchange (Najafi et al., 2012). They have saprophytic abilities and are also capable of causing diseases in plants. Bacteria help decompose wastes and mineralize organic compounds in the soil (Johns, 2017). Actinomycetes resemble both the bacteria and fungi, they have antibiotic properties and as well secrete metabolites that enhance plant growth and drive away pests (Singh et al., 2018). Algae are photosynthetic organisms that live in the soil, enhance the weathering of soil parent material, hold together the soil particles, and when they die, they increase the soil organic matter content (Crouzet et al., 2019). Protozoa are organisms that have antimicrobial properties and help regulate the bacterial population in the soil by feeding on them (Gaines et al., 2019). Viruses and nematodes in the soil have been greatly implicated in plant diseases, making their positive potentials under-utilized. Perhaps, the soil might harbor some viruses and nematodes, which are capable of promoting plant growth. Though some nematodes have been reported to mineralize organic nutrients, which aid plant growth (Gebremikael et al., 2016) and a viral species have been reported to be beneficial to plants (Ghosh et al., 2012; Table 1).

Most soil microorganisms cannot be cultured in vitro, therefore making it difficult to properly understand their functions in the soil (Nichols et al., 2008). Bacteria in the rhizosphere region are dominated by Azotobacter, Serratia, Arthrobacter, Pseudomonas, Rhizobia, Bacillus, Agrobacterium, Mesorhizobium, Enterobacter, Rhodococcus, Burkholderia, Micrococcus, Streptomyces, Alcaligenes, Burkholderia, Cellulomonas, Bradyrhizobium, Azospirillum, and Klebsiella (Prashar et al., 2014). The most abundant rhizospheric fungi include Fusarium, Trichoderma, Aspergillus, and Penicillium species (Hossain et al., 2017). Other groups of microbes such as archaea (Candidatus Nitrosoarchaeum koreensis), viruses (Rhizoctonia solani virus), and algae (Chlorella variabilis and Chlamydomonas reinhardtii) are also present in the rhizosphere (Mendes et al., 2013). The species or family of plants can also determine the type of organism present in the rhizosphere. For instance, Proteobacteria, Bacteroidetes, Actinobacteria, and Acidobacteria dominate the rhizosphere of legumes (Ahrenhoerster et al., 2017; Xiao et al., 2017; Cordero et al., 2020). The rhizosphere of cereals is majorly dominated by Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes (DeAngelis et al., 2009; Knief et al., 2012; Bulgarelli et al., 2015; Cordero et al., 2020). Lei et al. (2019) reported the dominance of the members of Sphingomonadales, Xanthomonadales, Rhizobiales, and Burkholderiales belonging to the Proteobacteria phylum as well as the members of the Acidobacteria and Bacteroidetes phylum in the rhizosphere of six plant taxa namely Ageratum conyzoides, Bidens biternata, Euphorbia hirta, Artemisia argyi, Viola japonica and Erigeron annuus. Direct and indirect activities of microorganisms could have a positive and a negative effect on plants (Olanrewaju et al., 2017; Table 1).



POSITIVE INTERACTION


Direct Microbiome Activities

Direct activities include nitrogen fixation, phosphorus solubilization, and production of cytokinins, ACC deaminase, auxin, and gibberellin (Martínez-Viveros et al., 2010; Olanrewaju et al., 2017). The metabolites released during the direct metabolites have specific functions in plant growth. Auxins help ensure the division of cells, enhance phototropism and geotropism, elongate root and stem of plants, and differentiate vascular tissue (Grobelak et al., 2015). ACC deaminase helps plants resist stress and lower plant ethylene level (Hardoim et al., 2008; Rashid et al., 2012; Glick, 2014). Cytokinins are responsible for regulating cell division, controlling the differentiation of cells in the meristematic tissues of plants, enhancing root elongation, differentiation of chloroplast and xylem, germination of seeds, apical dominance, senescence of leaf, and enhances the proper development of flower and fruits (De Rybel et al., 2016; Olanrewaju et al., 2017; Kieber and Schaller, 2018). Gibberellin enhances flowering, seed germination, setting of fruits, stem elongation (Zaidi et al., 2015), photosynthesis and chlorophyll level (You et al., 2012; Khan et al., 2015).



Indirect Microbiome Activities

The indirect positive activities of soil organisms refer to the obstruction of pathogenic activities that positively affect plant growth. This can be in the form of competition for space and nutrient, induction of systemic resistance, chelation of Fe, quorum quenching or the production of metabolites (antibiotics, enzymes that degrade the cell wall, hydrogen cyanide, ACC deaminase and siderophore) that hinders their activities or destroy them (Lugtenberg and Kamilova, 2009; Prashar et al., 2014; Olanrewaju et al., 2017).

As the microbes are beneficial to the plants, plants as well have a significant effect on the metabolic activities of microbes. Plants synthesize sugars, amino acids, organic acids, and other metabolites that are used by the microbes as a source of food, them to multiply and perform other metabolic activities (Geetanjali and Jain, 2016). The exudates released by plant root determines the type of microorganisms found in the rhizosphere, the types of microorganism found in turn also modifies the root exudates produced (Prashar et al., 2014). Hence, the belief that microbes are plant specific.

Plants actively recruit beneficial microorganisms to counteract the pathogen assault. This phenomenon known as disease-suppression is a property conferred by resident microbiota. Serratia sp., Bacillus cereus, and Bacillus subtilis have been reported to control a soil-borne disease (phytophthora blight), which affects sweet pepper. This is achieved by increasing the abundance of species such as the Comamonas, Pontibacter, Sporichthya, Burkholderia, Achromobacter, and Ramlibacter in the rhizosphere, which reduced the population of pathogenic organisms and enhance the chemical parameters (total nitrogen, potassium, ammonia nitrogen, phosphorus, and total organic carbon) of the soil (Guo et al., 2019). Borah et al. (2018) also reported that Pseudomonas putida and Bacillus cereus enhanced the production of phenylalanine ammonia lyase, while P. putida enhanced the production of chalcone synthase, which promoted flavonoids production, consequently having a nematocidal effect. These organisms are actively recruited to counteract the pathogen assault.



Negative Interactions

The direct mechanism in a negative interaction is the disease-causing ability of microbes. Several microbes are responsible for plant diseases. Phytophthora capsici (Rahman et al., 2014), viruses, such as Cauliflower mosaic virus (CaMV) and the circulative Turnip yellows virus (TuYV; Chesnais et al., 2019), and nematodes, such as cyst nematodes (CN) and root-knot nematodes (RKN; Jones et al., 2013), have been reported to cause plant diseases. The indirect method of plant–microbe negative interaction includes the release of phytotoxins, e.g., ethylene and hydrogen cyanide, which hinders plant root growth (Martínez-Viveros et al., 2010). All these affect the health of plants and reduce plant yield.

A lot has been done on the beneficial activities of bacterial species, especially Pseudomonas and Bacillus, which has improved their usage. It is therefore necessary to intensify efforts to discover more of the less used soil organism, such as viruses and nematodes (whose harmful effects are more pronounced) for their potential beneficial activities to the plants. Furthermore, the ability to predict the performance of plant due to the microbiome composition in them will go a long way in promoting the role of soil microbiome in agriculture.



CONCLUSION AND FUTURE PROSPECTS

Currently, interest is growing in studying interactions of plant-associated microbiomes to gain insight into their diverse functions and factors that shaped their functions. These organisms promote plant health and performance under various conditions and can also serve as phytopathogens. With the demand for sustainable crop production, there is growing interest in the exploitation of these microbial functions. Network analysis has shown a formidable potential in establishing the interactions between plant microbiota. Robust networking models are required to study these interactions in situ, which is useful in capturing and understanding the interactions between and among plant-associated microbes and changes in the interactions over time. While some of these networking strategies have their limitations, they have answered some key ecological and evolutionary biology questions. We envision that future studies will involve the development of a dynamic network modeling with new experimental designs and current multi-omics techniques that can give a clear perception of the structure, interactions, and functions of these microbiomes as well as the linkages between plant traits and plant microbiota.
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Sugarcane is the leading economic crop in China, requires huge quantities of nitrogen in the preliminary plant growth stages. However, the use of an enormous amount of nitrogen fertilizer increases the production price, and have detrimental results on the environment, causes severe soil and water pollution. In this study, a total of 175 endophytic strains were obtained from the sugarcane roots, belonging to five different species, i.e., Saccharum officinarum, Saccharum barberi, Saccharum robustum, Saccharum spontaneum, and Saccharum sinense. Among these, only 23 Enterobacter strains were chosen based on nitrogen fixation, PGP traits, hydrolytic enzymes production, and antifungal activities. Also, all selected strains were showed diverse growth range under different stress conditions, i.e., pH (5–10), temperature (20–45°C), and NaCl (7–12%) and 14 strains confirmed positive nifH, and 12 strains for acdS gene amplification, suggested that these strains could fix nitrogen along with stress tolerance properties. Out of 23 selected strains, Enterobacter roggenkampii ED5 was the most potent strain. Hence, this strain was further selected for comprehensive genome analysis, which includes a genome size of 4,702,851 bp and 56.05% of the average G + C content. Genome annotations estimated 4349 protein-coding with 83 tRNA and 25 rRNA genes. The CDSs number allocated to the KEGG, COG, and GO database were 2839, 4028, and 2949. We recognized a total set of genes that are possibly concerned with ACC deaminase activity, siderophores and plant hormones production, nitrogen and phosphate metabolism, symbiosis, root colonization, biofilm formation, sulfur assimilation and metabolism, along with resistance response toward a range of biotic and abiotic stresses. E. roggenkampii ED5 strain was also a proficient colonizer in sugarcane (variety GT11) and enhanced growth of sugarcane under the greenhouse. To the best of our knowledge, this is the first information on the whole-genome sequence study of endophytic E. roggenkampii ED5 bacterium associated with sugarcane root. And, our findings proposed that identification of predicted genes and metabolic pathways might describe this strain an eco-friendly bioresource to promote sugarcane growth by several mechanisms of actions under multi-stresses.

Keywords: endophyte, E. roggenkampii, nitrogen fixation, PGPB, root colonization, stress, sugarcane, whole-genome sequencing


INTRODUCTION

Agricultural extension in the 20th era has been deeply managed by the application of farm technologies, high-quality varieties, strong tillage, irrigation, chemical fertilizers, and pesticides (Foley et al., 2005). Sugarcane is the main energy and sugar crop that is consumed in several industries as a raw material. China positions the third major sugarcane growing country and produces approximately ten million tons of sugar every year (FAO, 2018) and Guangxi is the leading sugar-producing region of China (Li et al., 2016). The nitrogen fertilizer use is very high for commercial sugarcane production in China, extremely greater as compared to Brazil and other nations (Li et al., 2015). Whereas, constant exploit of nitrogen (N) fertilizers for an extended time increases the production cost as well as causes harmful results on the soil and environment health (Li and Yang, 2015).

Environmentally protected approaches such as bio-fertilizers are seriously required to improve crop/sugarcane growth, nitrogen fixation, and reduce yield loss in different stress conditions to retain sustainable crop production. The utilization of plant growth-promoting (PGP) endophytic bacteria is an efficient approach to stabilizing and improving crop yield due to these bacteria may have ecological benefits more than epiphytic and rhizospheric bacteria as they directly contact with the plants (James, 2000). Endophytic microbes, inhabit and survive inside plant tissue are widely investigated in several plants (Hardoim et al., 2015; Kumar et al., 2017), can support plant growth by several ways such as improving the soil nutrient uptake and germination rate, altering the phytohormone levels and improving plant biotic and abiotic stresses. In addition, secondary aids consist of the biological control of plant pathogens and the induction of induced systemic resistance (ISR) in plants (Rosenblueth and Martínez-Romero, 2006; Ryan et al., 2008; Mei and Flinn, 2010).

Biological nitrogen fixation (BNF) has been confirmed to give 30–80% of the total N for the sugarcane (Boddey et al., 1991; Döbereiner, 1997; Taulé et al., 2012; Urquiaga et al., 2012; Santi et al., 2013). Several nitrogen-fixing bacteria have been reported from inside and rhizosphere of sugarcane plants can fix N related to sugarcane plants (Gillis et al., 1989; Sevilla et al., 2001; Oliveira et al., 2002; Baldani and Baldani, 2005; Li et al., 2017). BNF decreases the sugarcane production cost and sugarcane is cultivated by an extremely less quantity of N inputs as a result of BNF in Brazil (Yong-Xiu et al., 2015). Diazotrophic endophytes are adaptable microorganisms, able to supply nutrients even in absence of nodules in plants, and a method named associative N-fixation (Carvalho et al., 2014). Previous studies showed that a few nitrogen-fixing genera of Enterobacteriaceae family have been enhanced nitrogenase activity and N-fixation in sugarcane (Mirza et al., 2001; Loiret et al., 2004; Govindarajan et al., 2007; Magnani et al., 2010; Lin et al., 2012; Taulé et al., 2012). Hence, there is a need to explore the endophytic diazotrophs belongs to Enterobacter genera in the major non- leguminous crops like sugarcane to improve nitrogen fixation, minimize the production cost, decrease the use of chemical fertilizer, and reduce environmental pollution.

Sugarcane production is usually affected by many pathogens and that can accrue in germplasm of sugarcane and cause major crop harm constraining the growth, dropping the stalk weight, and interrupt the sugar recovery. At present, above 120 diseases have been accounted for worldwide (Chen, 1982; Rott et al., 2000), whereas above 60 have been accounted for in China (Lu et al., 1997; Huang and Li, 2014, 2016). Out of these, pokkah-boeng, pineapple, red rot, smut, and wilt diseases cause significant yield damage (Viswanathan and Rao, 2011). Sugarcane production is also influenced by several abiotic stresses like drought, heavy metal, pH, temperature, and salt. NaCl is the major leading salt causing soil salinity, which affects plant growth and yield. Enormous effects of elevated salinity in plants consist of enzyme inactivation; reduction in K and Ca uptake by plants, protein synthesis inhibition, premature leaves senescence, development of burn-like lesions, a decline in respiration, and photosynthesis rate, and loss of cellular integrity, etc. (Munns, 2002). Whereas, heavy metals accretion in soils directly influences the pH and texture of the soil and finally may decrease the plant’s growth by exerting harmful results on a variety of biological processes in plants (Moftah, 2000). Additionally, drought stress stimulates cellular reactive oxygen species (ROS) production, which can oxidize many cellular components, lastly triggering cell death (Barrera, 2012).

The complete-genome study can be used to categorize genes implicated in the positive effects of plant growth-promoting bacteria (PGPB), offer the perception of the molecular and functional mechanisms (Kang et al., 2016; Qin et al., 2017; Oh et al., 2018). Earlier, complete genome analysis of some other Enterobacter stains is accessible (Ren et al., 2010; Taghavi et al., 2010; Liu et al., 2012; Andrés-Barrao et al., 2017) excluding E. roggenkampii. Therefore, the complete genome sequence accessibility of endophytic E. roggenkampii isolated from sugarcane root will help in full understanding of the diverse biological mechanisms and determining the characteristics of this bacteria, plus gene identification that is contributing to the positive activity of PGPB, improve sugarcane growth under abiotic and biotic stresses.

The objectives of this research are (i) to isolate Enterobacter strains from the roots of five different sugarcane species grown in the field of Guangxi, China (ii) to study their plant growth-promoting (PGP) and nitrogenase activities, as well as biocontrol potential against sugarcane and other plant pathogens (iii) to detect the nifH and acdS genes amplification (iv) to study their hydrolytic enzymes (chitinase, glucanase, cellulase, and protease) production (v) to investigate their capacity to tolerate several abiotic stresses (pH, temperature, and NaCl), (vi) to examine the colonization pattern of selected most prominent E. roggenkampii ED5 strain in sugarcane plant through confocal laser scanning microscopy (CLSM) and scanning electron microscopy (SEM), and (vii) to sequence the E. roggenkampii ED5 genome, a prospect to create the allocation of nitrogen-fixing, PGP, and stress-related genes. Here, we report the first statement of the forthcoming application of E. roggenkampii ED5 endophytic bacteria, isolated from sugarcane root, as a potential agent to improve growth and nitrogen fixation in sugarcane, stress alleviation, and biocontrol against pathogens.



MATERIALS AND METHODS


Sugarcane Samples Collection

Five different sugarcane species were selected in this study, i.e., Saccharum officinarum, Saccharum barberi, Saccharum robustum, Saccharum spontaneum, and Saccharum sinense. All these five sugarcane plant samples were obtained from the nursery of Sugarcane Germplasm Resources, Guangxi Academy of Agricultural Sciences, Sugarcane Research Centre, Nanning, China. Only root samples were selected for the isolation of different endophytic bacteria at the elongation stage. For each sample, five plants were selected, and five different root samples were composed of each sugarcane species. The roots samples with white tips, indicated the active growth, were used for the isolation.



Isolation and Cultivation of the Strain

One gram of fresh roots pieces was squashed in one mL of sterile 5% sucrose solution after sterilization (Dobereiner et al., 1993). Roots were cleaned with tap water, disinfected superficially by 70% ethanol for 5 min, once more rinsed and disinfected with 3% sodium hypochlorite for 5 min. For sterilization, roots were cleaned by sterilized double-distilled water, and then samples were dried with sterile filter paper. To check the disinfection method accomplishment, the former washing double distilled water was spread on the nutrient agar (NA) and potato dextrose agar (PDA) plates, kept at 30 ± 2 and 26 ± 2°C in an incubator for 3–5 days. The results were utilized as a sterilization control, and no fungal and bacterial colonies were capable to develop on the plates (Slama et al., 2019). Six different media were chosen for the nitrogen-fixing endophytic bacteria isolation, i.e., Ashby’s glucose, Ashby’s mannitol, Burk medium, Jensen medium, NA, and Yeast mannitol agar. The composition of all used different media is provided in Supplementary Table S1. All root samples were crushed with 5% of the sucrose solution. And, ten-fold serial dilutions from 10–2 to 10–5 of the 100 μL aliquots suspensions were spread into all different mediums in triplicates. After morphologically different strains of emerging spots or layers from the root, pieces were selected after 5–7 days at 30 ± 2°C, and individually bacterial colonies were further successive purification. The endophytic bacterial strains were stored in 25% glycerol at −20°C.



Antagonism Assay Against Phytopathogenic Fungi

All endophytic strains were assessed for their in vitro antifungal activities against Fusarium moniliforme, Fusarium cubense, Botrytis cinereal, Ceratocystis paradoxa, and Sporisorium scitamineum with the slight modification of Singh et al. (2020) method on NA plus PDA (1:1) medium. These all fungal pathogens were obtained from Agriculture College, Guangxi University, Nanning. A 5 mm diameter of actively growing pathogen culture disk was cut from the PDA plate and put in the middle of PDA: NA plates. All bacterial strains (106 cell mL–1) were streaked on the plate around 3 cm from the pathogen disk and kept at 28 ± 2°C, till the mycelia of fungal pathogens were completely grown in the control plate (without bacterial strains). The antifungal activity was evaluated by determining the growth inhibition in response to selected pathogens. The inhibition percentage was observed by Singh et al. (2013) and strains displaying ≥50% inhibition of mycelial growth were measured as potential biocontrol agents.



Estimation of Cell Wall Degrading Enzymes Activity

The hydrolytic enzymes production is a common mechanism used by bacteria to prevent the growth of pathogenic microorganisms. In this study, production of four hydrolytic enzymes, i.e., chitinase (catalog no. MM1062O1), protease (MM1206O1), glucanase (MM91504O1), and cellulase (MM91502O1) was measured by enzyme-linked immune sorbent assays (ELISA) kits (Wuhan Colorful Gene Biological Technology Co. Ltd, China). A pure colony was transferred into 10 mL of LB broth medium and placed at 180 rpm for 36 h at 32°C in incubator shaker. Bacterial culture was centrifuged at 12,000 rpm for 5 min to acquire a supernatant. The supernatant for all strains was used for different enzyme activities assay by ELISA kits. The complete extraction method was performed at 4°C. The ELISA was done in 96-well microtiter plates coated with the antigen against the selected enzymes, according to Singh et al. (2018); Singh P. et al. (2019) procedure.



In vitro Screening of Endophytic Isolates for Abiotic Stress Tolerance

Growth of all selected endophytic bacterial strains was examined for their capacity to tolerate several abiotic stress conditions, i.e., temperature (20–45°C), pH (5–10), and NaCl (7–12%) in LB broth by spectrophotometer at 600 nm and the uninoculated medium was used as a blank.


Temperature Tolerance

0.1 mL bacterial suspension was transferred in LB broth medium (5 mL) of and tubes were incubated at 20, 25, 30, 35, 40, and 45°C for 36 h in a shaker incubator at 120 rpm and O.D. was recorded at 600 nm.



pH Tolerance

The pH of the LB broth medium was attuned to 5, 6, 7, 8, 9, and 10 with sterile buffers. 0.1 mL fresh cultures were transferred in 5 ml of LB broth medium comprising different pH and kept at 37°C; 120 rpm in incubator shaker and after 36 h growth was measured at 600 nm.



Salinity Tolerance

Five mL of LB broth medium supplemented with 7, 8, 9, 10, 11, and 12% NaCl was distributed in 30 mL tubes and autoclaved. 0.1 mL bacterial suspension was inoculated in LB broth tubes and incubated at 37°C/120 rpm in shaker incubator and growth was calculated at 600 nm after 36 h.



Screening for PGP Activities

All endophytic strains were examined for different PGP traits, i.e., Indole acetic acid (IAA), Phosphate (P) solubilization, siderophore, hydrogen cyanide (HCN), and ammonia production, following the standard protocol of Lorck (1948), Schwyn and Neilands (1987), Brick et al. (1991), Glickmann and Dessaux (1995), and Dey et al. (2004), respectively. Each analysis was completed in three biological repeats.

Indole acetic acid production was estimated by the colorimetric method in the presence of tryptophan in the medium at different concentration levels. The potential of bacterial isolates to solubilize P was qualitatively evaluated by the Pikovskaya medium supplemented with tri-calcium phosphate. The strains were transferred on a plate and kept at 30 ± 2°C for 5–7 days and the development of a clear hallow zone around the bacterial isolates indicated P-solubilizing capacity. All selected endophytic strains were screened for siderophores production and development of halo zone on the chrome azurol S medium confirmed siderophore production. The HCN production capacity of all strains was evaluated on PDA medium with 4.4 g L–1 glycine to produce hydrocyanic acid. A filter paper soddens with 0.5% picric acid and 2% Na2CO3 was put on a cover plate, after that sealed by Parafilm and kept at 28°C, and change in color of filter paper confirmed the HCN production. All strains were incubated in 10% sterile peptone H2O at 30 ± 2°C for 72 h and change in yellow color by the addition of Nessler’s reagent (0.5 mL) confirmed the ammonia production.



Determination of 1-Aminocyclopropane-1-Carboxylate (ACC) Deaminase Assay

1-Aminocyclopropane-1-carboxylate deaminase activity of all strains was studied based on the capability to utilize ACC as a nitrogen source on nitrogen-free Dworkin and Foster (DF) medium (Jacobson et al., 1994). DF medium deprived of ACC was used as the negative control, whereas DF medium with ACC (3 mM) or (NH4)2SO4 (0.2% w/v) was used as a positive control. The plates were kept at 30 ± 2°C for 3–5 days and ACC deaminase activity was confirmed by the strain growth on ACC plates. Quantitative ACC deaminase activity estimation was estimated by the procedure of Honma and Shimomura (1978).



Acetylene Reduction Assay (ARA)

The nitrogen-fixing capacity of each strain was examined by the ARA method (Hardy et al., 1968), and the procedure was followed by Li et al. (2017) with some modification.



Molecular Characterization and Phylogenetic Analysis

Genomic DNA was isolated for all selected endophytic strains with DNA isolation kit (CWBIO, Beijing, China) and DNA was confirmed by gel electrophoresis (0.8% w/v) and quantified by Nanophotometer spectrophotometer (Pearl, Implen-3780). The 16S rRNA gene was amplified by using a pair of pA-F and pH-R universal primer through PCR and PCR condition was followed as Li et al. (2017) (Supplementary Table S2), and the purified PCR product was sequenced (Sangon Biotech, Shanghai, China).

Phylogenetic analysis and evolutionary relationship of the selected Enterobacter strains were studied through the comparison of 16S rRNA gene sequences with reference sequences of the National Center for Biotechnology Information (NCBI) GenBank database. The alignment of sequences was completed with ClustalW (Saitou and Nei, 1987). The phylogenetic tree was created by molecular evolutionary genetics analysis (MEGA) software (version 7.0) (Kumar et al., 2016) and unweighted pair group process through arithmetic mean (UPGMA) (Sneath and Sokal, 1973) in a Kimura two-parameter model (Tamura et al., 2004). The bootstrap examination was finished via Felsenstein procedure with 1000 pseudoreplication (Felsenstein, 1985).



nifH and acdS Genes Amplification

The nifH and acdS genes amplification of all the selected strains was achieved with degenerate sets of primer following the PCR conditions of Li et al. (2011, 2017), as presented in Supplementary Table S2. All amplified products of PCR were purified and cloned according to the manufacturer’s instructions (TaKaRa, Japan) and then sequenced (Sangon Biotech, Shanghai, China). All sequences obtained for both genes were checked through the blastn suite search engine in the NCBI GenBank database.



Root Colonization Study of E. roggenkampii ED5

The root colonization inside the sugarcane plant was confirmed through Green Fluorescent Protein (GFP) and Scanning Electron Microscopy (SEM) techniques. The pPROBE-pTetr-TT plasmid having the GFP gene was obtained from the Agriculture College, Guangxi University, Sugarcane laboratory, Nanning, China. Strain ED5 was mixed with plasmid vector (1:2 ratio) in LB broth and incubated at 30 ± 2°C for 36 h in an orbital shaker for 120 rpm. Sugarcane plantlets were shifted in the glass bottle inside the bacterial suspension and kept in the growth chamber. After 72 h plantlets were taken away and washed with autoclaved water. Micro-propagated cultivated sugarcane plantlets were cut into a small section and observed by a CLSM (Leica DMI 6000, Germany) (Singh et al., 2020). Sugarcane plant samples (stem and root tissues) were selected for the SEM analysis, both samples were cut into small pieces by knife and fixed in glutaraldehyde solution (Catalog G1102, Servicebio) overnight at 4°C. The samples were washed three times with distilled water and dehydrated in ethanol 30, 50, 70, 90, 95, and 100% for 15 min and finally isoamyl acetate for 15 min. After drying the samples with critical point dryer, colonization of E. roggenkampii ED5 was observed in sugarcane by using the SEM (Hitachi model SU8100), according to the protocol of Singh et al. (2013).



Evaluation of Plant Growth Parameters

The different plant growth parameters such as chlorophyll content, leaf area, plant height, root weight, shoot weight, photosynthesis, and transpiration rate were observed in sugarcane variety GT11 at 30 and 60 days after inoculation of strain ED5.



DNA Extraction, Library Construction, and Genome Sequencing

Genomic DNA was isolated from the overnight liquid cell suspension of E. roggenkampii strain by Wizard Genomic DNA Kit (Promega). DNA quality and concentration were estimated by TBS-380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA, United States) and DNA with high quality (OD260/280 = 1.8 ∼ 2.0 > 20 μg) was employed for additional experiment. The genome was sequenced by a fusion of Nanopore and Illumina sequencing platforms. The Illumina data were employed to assess the complexity of the genome. For Illumina sequencing, as a minimum 1 μg genomic DNA was utilized for every isolate in the assembly of the sequencing library. DNA fragments were incised into 400–500 bp by a Covaris M220 Focused Acoustic Shearer. Illumina sequencing libraries were prepared by NEXTflex Rapid DNA-Seq Kit. Briefly, 5′ prime ends were first end-repaired and phosphorylated. Next, the 3′ ends were A- tailed and ligated to sequencing adapters. The third step was to enrich adapters-ligated products using PCR. The organized libraries were used for paired-end Illumina sequencing (2 × 150 bp) on an Illumina HiSeq X Ten. For Nanopore sequencing, 15 μg of genomic DNA was spin in a Covaris G-TUBE (Covaris, MA) to cut the genomic DNA into ∼10 kb fragments, then performed magnetic bead purification and connect the sequencing adapters to both ends.



Genome Assembly, Annotation, and Gene Prediction

The data obtained by Nanopore and Illumina platform were used for bioinformatics analysis and all the analyses were done with the free online platform of Majorbio Cloud Platform1 from Shanghai Majorbio Bio-pharm Technology Co., Ltd. The whole-genome sequence was assembled using both Nanopore reads and Illumina reads. A statistic of quality information was applied for quality trimming, by which the low-quality data can be removed to form clean data. The reads then assembled into a contig using a hierarchical genome assembly process (HGAP) and canu (Koren et al., 2017), and the circular step was checked and completed, generating a complete genome with seamless chromosomes and plasmids. Finally, error correction of the Nanopore assembly results was performed using the Illumina reads using Pilon.

The Glimmer version 3.02 was used for coding sequence (CDS) prediction and predicted CDSs were annotated from NR, Swiss-Prot, Pfam, Gene Ontology (GO), Clusters of Orthologus Groups (COG) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases (Delcher et al., 2007) by sequence alignment tools, i.e., Basic Local Alignment Search Tool (BLAST), Diamond and HMMER. The tRNA-scan-SE (v1.2.1) (Borodovsky and Mcininch, 1993) and Barrnap were used for tRNA prediction and rRNA prediction, as well as antismash software was used for the secondary metabolite genes prediction. In short, every protein query was aligned, and annotations of accurately matched subjects (e-value < 10–5) were completed for gene annotation.



Phylogenetic Analysis Based on Average Nucleotide Identity (ANI) Calculations

Complete genome similarity was calculated with ANI. The Enterobacter strains gene sequences were obtained from the NCBI database. Based on the selected E. roggenkampii ED5 16S rRNA gene and 10 house-keeping genes (dnaG, frr, rpoB, pgk, rplB, infC, pyrG, rpmA, smpB, and rpsB) online NCBI Blast search program2 was used to compare the ED5 strain with closely related eight strains. ANI results were analyzed using R version 3.5.1 gplots 3.0.4 software and presented as heat map and vegan 2.5–6 software was used for hierarchical cluster analysis.



Statistical Analysis

All genome analysis process was completed by the manufacturer’s instructions. All PGP and biocontrol tests were done in three replicates and data were considered through analysis of variance followed by Duncan’s multiple range test. Data were showed as the mean plus the standard error of the mean and evaluated by the Student t-test with p-value < 0.05 was indicated significant.



RESULTS


Isolation and PGP Activities of Endophytic Bacteria From Sugarcane Roots

A total of 175 endophytic bacterial strains were isolated by using six different selective mediums from the roots of five sugarcane species (S. officinarum, S. barberi, S. robustum, S. spontaneum, and S. sinense). Among these, only 90 strains were selected which exhibited various nitrogenase and PGP activities, as well as biocontrol potential against sugarcane and other crops pathogens. After 16S rRNA gene sequencing, we preferred only 23 Enterobacter strains for further study (Supplementary Figure S1). PGP activities of all 23 selected strains are presented in Table 1.


TABLE 1. Plant growth-promoting (PGP) and biocontrol activities of selected endophytic strains from the roots of different sugarcane species.
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Out of all 23 strains, in vitro siderophore production results showed that 13 (56.52%) strains confirmed positive response by producing halo orange zone in CAS agar medium and two strains (EB3 and ED5) were showed strong activity. For P- solubilization, only 16 (69.56%) strains have the potential to produce a zone of inhibition to solubilize tricalcium phosphate on Pikovskaya’s media and three strains (BC2, EI1, and ACD1) displayed strong activity (Table 1). Both assays were performed by measuring 3 mm or larger zone of inhibition on specific medium following incubation at 30 ± 2°C for 3–5 days. Further, Table 1 indicated that 10 (43.47%) and 18 (78.26%) strains were proficient for HCN, and ammonia production with more strains established positive ammonia production test than that of HCN.

Biocontrol activity of all these endophytic bacteria was also analyzed in response to five different plant pathogens. The results presented in Table 1, designated that 21 (91.3%), 11 (47.82%), 16 (69.56%), 20 (86.95%), and 18 (78.26%) isolates were antagonistic against S. scitamineum, C. paradoxa, F. moniliforme, F. cubense, and B. cinerea correspondingly, with ED5, DH1, and DF1 strains possessed strong biocontrol activity against all pathogens.

ACCD activity was measured by all the strains which showed the potential to use ACC as a solitary source of nitrogen in DF minimal medium and the result illustrated the growth of all strains on plate medium. In addition, further screened for quantitative ACCD activity and varying ranged of activity was observed by all strains from 212.73 to 1192.74 nmol α-ketobutyrate mg–1h–1. The highest ACCD activity was examined by strain EB3 followed by ED5 and ED4 (Table 2). The nitrogen-fixing capacity of all isolates was measured through the ARA method which varied from 8.23 to 29.60 nmoL C2H4 mg protein h–1. Strain ED5 recorded the maximum, whereas BC1 showed the minimum nitrogenase activity (Table 2).


TABLE 2. In vitro quantitative assays for ARA, ACC, and hydrolytic enzymes of isolated endophytic strains.
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IAA Production

Indole acetic acid biosynthesis is an essential trait of PGPR strains and results elucidated that all these isolates had a diverse ability to synthesize IAA, which are presented in Table 2. The quantitative IAA synthesis ranged from 70.64 to 732.93 μg mL–1 and 46.16 to 527.42 μg mL–1 in medium supplemented with 0.5 and 1% tryptophan and from 11.24 to 140.08 μg mL–1 in medium deprived of tryptophan. In the presence of 0.5% tryptophan, the minimum and maximum IAA production were recorded R15 and ED5 strains. While strains BC2 and DH1 confirmed the highest and lowest IAA production in medium supplemented with 1% of tryptophan. For medium devoid of tryptophan, the greatest IAA production was observed in AH1 and the least for ACD2 strains, respectively.



Hydrolytic Enzymes Assay

The quantitative estimation of four hydrolytic enzymes, i.e., cellulase, chitinase, endoglucanase, and protease was also measured for all the selected strains using the ELISA kit. All strains showed activity ranged between 93.58–449.25, 125.09–338.2, 529.59–1554.92, and 144.51–172.99 IU mL–1 for cellulase, chitinase, endoglucanase, and protease enzymes, respectively (Table 2). The strains R15 and AS3 showed maximum chitinase and protease activities; with ACD1 strain confirmed maximum cellulase and endoglucanase activities. Whereas, ACD1 and AA1 strains presented minimum chitinase and endoglucanase activities, and EI1 strain displayed minimum cellulase and protease activities (Table 2).



Different Abiotic Stress Tolerance

The growth of all selected strains was measured at 600 nm in different abiotic stress conditions, i.e., temperature (20–45°C), pH (5–10), and salt (7–12%), as displayed in Figure 1. Strain ACD1 established the greatest growth followed by CA1, AA1, and ED5 strains in LB broth medium supplemented with 7–12% NaCl, whereas the lowest growth was observed by the DH1 strain (Figure 1A). For pH, strains BC1, ED5, ED4, and CI1 showed maximum ability to grow in an extensive pH varying from 5 to 10. Alternatively, stains R16 and BD1 were least pH tolerant (Figure 1B). In the case of temperature, strain ED5 exhibited the highest and AS3 confirmed lowest temperature tolerance up to 45°C (Figure 1C).
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FIGURE 1. Intrinsic result of various abiotic stresses of selected endophytic Enterobacter strains growth (A) salt (7–12%), (B) pH (5–10), and (C) temperature (20–45°C).




Molecular Classification and Phylogenetic Study of Endophytic Isolates

Endophytic strains were recognized through 16S rRNA gene sequencing and all achieved sequences were matched with nucleotide sequences of the national center for biotechnology information (NCBI) GenBank database by basic local alignment search tool (BlastN) program. We alienated 23 strains into 10 different species of Enterobacter i.e., Enterobacter ludwigii (2), Enterobacter cloacae (5), Enterobacter tabaci (2), Enterobacter sp. (5), Enterobacter asburiae (3), Enterobacter cancerogenus (1), Enterobacter oryzae (2), Enterobacter aerogenes (1), Enterobacter roggenkampii (1), and Enterobacter mori (1), based on ≥97% score similarity value. And all sequences were deposited in the NCBI GenBank from accession numbers MT613360-MT613382.

The phylogenetic tree was formed by a comparison of 16S rRNA gene partial sequences of the selected 23 isolates with the reference strains sequences of the NCBI GenBank public database. The phylogenetic tree which was created by 1000 bootstrap sampling showed two major sets and Pseudomonas putida strain was employed as the reference strain to divide Enterobacter strains (Figure 2).
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FIGURE 2. Dendrogram of 16S rRNA gene sequences of selected twenty-three endophytic Enterobacter isolates. The evolutionary distance was calculated by the UPGMA technique. Bootstrap analysis of 1,000 replications is specified as % confidence values for specific branching. Bar indicates % similarity and P. putida, as an outgroup.




acdS and nifH and Genes Amplification

Genomic DNA of all selected 23 endophytic strains was used to amplify nifH and acdS genes. Only 14 out of the 23 strains were confirmed positive nifH gene amplification, with a band size of 360 bp (Supplementary Figure S2) and a dendrogram was also created (Figure 3), whereas 12 confirmed positive acdS genes amplification with a band size of ∼ 755 bp (Supplementary Figure S3). All positive nifH and acdS strains were cloned and sequenced. After sequencing a BlastN search was finished and found all the sequenced clones were similar to the nifH gene sequences of NCBI GenBank database. In the case of acdS gene, only some sequenced clones showed similarity with acdS gene of the NCBI GenBank database and sequences not submitted. The identified nifH sequences were deposited in NCBI GenBank with accession numbers (MT649070-MT649083).
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FIGURE 3. The dendrogram was created by a nifH gene sequences of the amplified Enterobacter strains by the neighbor-joining method.




Colonization Study of GFP-Tagged Endophytic ED5 Strain on Sugarcane

The root colonization and colony morphology of ED5 strain was examined by SEM and CLSM (Figure 4), as this bacterium confirmed many PGP traits, excellent nitrogen-fixing potential, antifungal activity against plant pathogens, as well as survived in various abiotic stress circumstances. These techniques helped to study the interaction mechanism of the potential strains. In this study, E. roggenkampii ED5 strain was chosen for localization assessment in sugarcane cultivar with SEM and CLSM. Figures 4C,D, SEM results confirmed the colonization of E. roggenkampii in both stem and root tissues of sugarcane.
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FIGURE 4. Scanning electron microscopy (SEM) and CLSM micrographs of most efficient endophytic E. roggenkampii ED5 strain and its colonization in sugarcane plant parts at the root and stem regions. Panels (A,B) is the SEM images showing the morphology of ED5 strain and, (C,D) is the colonization images obtained after the inoculation of ED5 strain in root and stem tissues of sugarcane. Panels (E,F) showing the CLSM micrographs of GFP-tagged endophytic ED5 strain, and (G,H), showing the colonization in the roots and stems of sugarcane by GFP-tagged E. roggenkampii ED5. CLSM images showing the selected strain ED5 in green dots of auto-fluorescence in both root and stem tissues, respectively, and bacterial cells are specified by blue and white arrowheads. Both micrographs confirmed the colonization of inoculated endophytic E. roggenkampii ED5 strain in sugarcane.


Whereas the GFP-tagged ED5 isolate transferred in sugarcane plants was also observed after 3 days of incubation and bacteria colonization was spotted as a green circle in all over of the plant stem and root tissues (Figures 4G,H). The density of ED5 strain had increased after incubation, and colonization of GFP-tagged strain was detected through the green auto-fluorescence produced as small dots in both roots and stems plant parts (Figure 4).



Plant Growth Parameters

All physiological parameters (chlorophyll content, leaf area, plant height, root weight, shoot weight, photosynthesis, and transpiration rate) were significantly increased by inoculation of strain ED5 compared to control in GT11sugarcane cultivar at 30 and 60 days (Table 3).


TABLE 3. Evaluation of E. roggenkampii ED5 strain on the plant growth parameters of sugarcane under greenhouse conditions after inoculation at 30 and 60 days.
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Genomic Properties of ED5 Strain

The general properties of the endophytic ED5 strain genome are presented in Table 4, which comprised 4,698,609 base pairs of a circular chromosome with an average 56.05% G + C content. There were about 4349 predicted CDSs (Figure 5A). In addition, the E. roggenkampii genome included 83 tRNA and 25 rRNA (9, 5S; 8, 16S, and 8, 23S) genes. The CDSs number allocated to the KEGG, COG, and GO database were 2839, 4028, and 2949 (Supplementary Figures S4–S6). And a circular plasmid with 4242 base pairs of DNA and the G + C content of 45.66% (Table 4). Plasmid genome annotations estimated protein-coding with 6 genes, and results involved mRNA-degrading endonuclease, hypothetical protein, a transcriptional regulator, and RNA polymerase (Figure 5B). Here, we used Island Path-DIMOB, PHAST, and Minced software to predict the presence of 7 gene islands, 5 CRISPR, and 2 prophages in the ED5 genome. Clustered regularly interspaced short palindromic repeats (CRISPR) are hypervariable loci extensively dispersed in bacteria which offer acquired resistance toward foreign genetic elements. It is composed of many short and conserved repeat regions and spacers. A total of 5 CRISPRs were predicted from the genome of strain ED5 with 25 bp shortest and 43 bp longest direct repeat sequences. Prophages are repeatedly confined in sequenced bacterial genomes through a simple semantic script and contain 90 CDS genes, mainly related to hypothetical protein, cold shock-like protein, phage tail protein, DNA polymerase V subunit UmuC, etc. Whereas, gene islands contain 160 CDS genes, mainly related to pyrimidine utilization protein, hypothetical protein, Type VI secretion protein, etc. (Table 4). A complete genome sequence of this strain has been submitted at Gen-Bank/EMBL/DDBJ with accession numbers CP058253–CP058254.


TABLE 4. Genome characteristic of endophytic strain E. roggenkampii ED5.
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FIGURE 5. Circular representation of chromosome and plasmid of endophytic nitrogen-fixing E. roggenkampii ED5 strain isolated from sugarcane root. The inner and innermost rings display the GC content and skew. ORI; the origin of replication in chromosome map. (A,B): A–Z, respectively, show the functional classification of the CDS genes in the chromosome and plasmid with the colors of the COG database and circle 3; different colors show different RNA types.




Genome-Based Phylogeny of ED5 Strain

The ANI results showed that the genome of ED5 presents 98.5259% ANI to E. roggenkampii FDAARGOS and 98.507% ANI to E. roggenkampii ECY546, respectively. Cluster analysis showed that they were closely related. The ANI value of strain ED5 and other strains were less than 95%, the highest value was 93.1342% for E. asburiae CAV1043 and the lowest was 79.69% for Citrobacter werkmanii MGYG-HGUT-02535. These ANI results indicated that strain ED5 belongs to E. roggenkampii (Figure 6).
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FIGURE 6. The heat maps of ANI (average nucleotide identity) between strain ED5 and phylogenetically eight closely related species. The ANI value among strain ED5 and E. roggenkampii FDAARGOS was 98.529% and E. roggenkampii ECY546 was 98.507%.




Genes Efficiently Linked With PGP and Various Stress Tolerance in Endophytic ED5 Genome

Examination of the recognized CDSs exposed the genome includes genes that encode proteins, related with nitrogen metabolism (iscU, norRV, and gltBD), ACC deaminase (dcyD), siderophores (fes, entFS, and fepA) plant hormones, phosphate metabolism, biofilm formation, root colonization, sulfur assimilation and metabolism, which are contributing in plant growth enhancement, were spotted (Table 5). The number of predicted gene clusters for secondary metabolite production such as NRPS, thiopeptide, Hserlactone, siderophore, and aryl-polyene are shown in Figure 7.


TABLE 5. Genes associated with PGP traits in E. roggenkampii ED5 genome.
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FIGURE 7. Type of secondary metabolites gene clusters in the genome of E. roggenkampii ED5 strain.


Also, genes involved in plant resistance response, i.e., antimicrobial peptide, synthesis of resistance inducers, hydrolase genes such as chitinase, cellulase, α- amylase, GTP cyclohydrolase, glutamate dehydrogenase, xylan 1,4beta-xylosidase, and glucosidase, whereas, oxidoreductases genes such as superoxide dismutase (SOD), glutathione peroxidase (GPX) and peroxiredoxin (PRXS) were also categorized (Table 5). Strain ED5 genome predicted some key genes of volatile substances such as 2,3-butanediol (alsD and ilvABCDEHMY), methanethiol (metH and idi) and isoprene (gcpE and ispE) and might be involved in biocontrol mechanism of strain ED5 (Table 5). Some symbiosis-related genes were also observed in strain ED5 genome, which might play a role in the establishment of symbiosis with the sugarcane plant (Table 5).

Enterobacter roggenkampii genome study also confirmed the existence of numerous genes involved in different abiotic stresses tolerance, mainly, the cold shock (cspA), heat shock (smpB hslR, ibpA, ibpB, and hspQ), drought resistance (nhaA, chaABC, proABPQSVWX, betABT, gabD, trkAH, kup, and kdpABCDEF), and heavy metals (cobalt, zinc, cadmium, magnesium, copper, mercury, lead, and manganese) resistance were identified (Table 6). Pathogenic and non-pathogenic bacteria secrete some protein-like virulence factors to adapt and survive in their living host. In this study, strain ED5 genome showed five types of secretion systems such as Type I, Type II, Type VI, Sec-SRP, and twin-arginine translocase (Tat), involving 49 genes by using Diamond Version 0.8.35 software (Figure 8).


TABLE 6. Genes involved in different abiotic stresses in the E. roggenkampii ED5 genome.
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FIGURE 8. Types of secretion system present in strain ED5 genome.




DISCUSSION

In China, farmer’s applying higher doses of chemical fertilizers especially N-fertilizers to enhance growth and yields of sugarcane, but the use of the higher amount of chemical fertilizers increases the production cost as well as have unfavorable results on the environment, causes severe soil and water pollution, the decline in beneficial microbial flora associated with PGP, and nitrogen mineralization, etc. (Herridge et al., 2008; Li and Yang, 2015; Singh et al., 2020). The main objective of this research work is lookup an endophytic microbe that fixes nitrogen for prolong periods in sugarcane as well as another crop. Therefore, here we have focused to isolate and identify only on root endophytic strains of Enterobacter genus, as this is an important genus of nitrogen fixation. A total of 23 endophytic Enterobacter strains were designated and identified with 16S rRNA gene sequencing with E. roggenkampii was the most prominent strain. Endophytic bacterial strains interact with the plant extra efficiently than rhizospheric bacteria and increasingly provide several benefits to the host plant, generally growth promotion, and tolerance to biotic and abiotic stresses, also carry the genes essential for BNF, to change dinitrogen gas (N2) into usable forms of nitrogen, ACC deaminase activity, P- solubilization, and produce plant hormones, for example, IAA (Gaiero et al., 2013; Beltran-Garcia et al., 2014; Lebeis, 2014; Santoyo et al., 2016; Maksimov et al., 2018; White et al., 2018).

The Enterobacter strains are well-known nitrogen fixers, plant colonizers, and highly resistant to biotic and abiotic stresses (English et al., 2010; Zhu et al., 2013; Sarkar et al., 2018; Macedo-Raygoza et al., 2019). All selected strains showed significant biocontrol activities against several pathogens used by dual culture method, and E. roggenkampii (ED5) showed highest antagonistic activity against F. moniliforme, F. cubense, B. cinerea, C. paradoxa, and S. scitamineum which indicates the potential application for management of diseases caused by various pathogens. Whereas, E. roggenkampii strain is unknown for the ability to produce secondary metabolites, various PGP traits including colonization ability, and environmental stresses. Greenhouse experiment confirmed that selected strain ED5 improve the growth of physical parameters in sugarcane. Because previously no information was reported to compare this strain, we need to go for complete genome sequencing and annotation of this endophytic strain, which offers a useful platform to study all nitrogen-fixing, PGP, and stress tolerance mechanisms. Here, in this study, a complete genomic analysis of ED5 strain identified several genes clusters related to antimicrobial peptide, synthesis of resistance inducers, and hydrolases, including pagP, sapB, alsD, ilvABCDEHMY, metH, idi, gcpE, ispE, sacA, yxeP, ycjT, ribA, folE, gdhA, bglAFX, malZ, xynB, amyA, and some unknown gene name. Identification of the genes associated with the production of antimicrobial compounds especially to stimulate the antibiotic production recommends the biocontrol ability of strain ED5 as well as its function as a different PGP trait and nitrogenase activity genes that can indirectly stimulate plant health by defeating the pathogens (Shariati et al., 2017). We identified several genes that are known to support the production of antimicrobial compounds and they additionally contained genes for chitinase, cellulase, and beta-glucosidase enzyme that damage the pathogenic fungi cell walls, and similar genes are also reported earlier in other strains (Cho et al., 2015; Shariati et al., 2017; Luo et al., 2018; Yang et al., 2019) as well as growth-stimulating volatile compounds, are produced by some of the most efficient PGPR strains, including Enterobacter spp. (Weilharter et al., 2011).

The endophytic PGP Enterobacter strains were used as microbial inoculants in many crops globally, to decrease the application of chemical fertilizers and increase the yield of the crops, in addition to maintaining soil fertility (Singh et al., 2017; Daur et al., 2018; de Zélicourt et al., 2018). Therefore, this study explored almost all PGP traits like nitrogen fixation, IAA, siderophore, phosphate, ACC, HCN, and ammonia production of the selected strains isolated from sugarcane root. Several other studies also showed that all PGP traits comprising bacterial strains from sugarcane used as bio-inoculants and increased sugarcane yield (Li et al., 2017; Singh et al., 2020). The genome of E. roggenkampii covers several genes contributing to plant-beneficial roles, such as ACC, siderophore, ammonia, IAA production, phosphate metabolism, and nitrogen fixation. The presence of important genes encoding for PGP mechanisms was also determined previously, and some related genes were informed by Asaf et al. (2018) and Kang et al. (2020).

Nitrogen is one of the essential micronutrients for plant growth, while nitrogen metabolism is the main metabolic activity of bacterial cells. Earlier, several Enterobacteriaceae for example E. oryzae Ola51T, Enterobacter agglomerans, and E. cloacae were accounted as nitrogen-fixers (Kreutzer et al., 1991; Peng et al., 2009; Laili et al., 2017). The nifH is a well-recognized functional gene and its amplification via degenerate primers is a convenient method to confirm the nitrogen-fixation capability of the strains (Zehr and Capone, 1996; Rosado et al., 1998). In this study, all endophytic bacteria established nitrogen-fixing potential through the ARA method in an N-free medium. However, only 14 strains confirmed nifH gene amplification at around 360 bp of band size. Most prominent strain E. roggenkampii genome encloses six nitrogen metabolism associated genes, i.e., iscU, norRV, and gltBD with one unknown gene name, which proved that the strain is directly connected with nitrogen metabolisms such as nitrogen fixation, cyanate hydrolysis, nitrosative stress, and ammonia assimilation. Gene iscU is responsible for nitrogen fixation protein nifU and related proteins; nifU protein contributes a major role in the Fe-S cluster congregation, which is necessary for nitrogen fixation (Smith et al., 2005). In contrast, Andrés-Barrao et al. (2017) reported Enterobacter sp. SA187 genome includes dissimilatory nitrate reduction genes apart from genes coding for the nitrogenase enzyme (nifDHK). Klebsiella variicola GN02 and K. variicola DX120E genome hold numerous genes associated with nitrogen fixation, for example, nif gene cluster (nifHDK and nifLA), nitrogen metabolism-regulatory genes (ntrBC and glnD), and ammonium carrier gene (amtB) (Lin et al., 2012, 2015; Biaosheng et al., 2019).

Phosphorus is another vital and limiting macronutrient for the plant’s production, along with nitrogen. Specific bacteria play an important part in supplying accessible inorganic phosphorous in the form of orthophosphate (PO43–) to the plant, owing to phosphate is generally existing in the soil in the form of insoluble compounds and plants are only proficient to receive free orthophosphate (PO43–) (Bergkemper et al., 2016). In the present study, 16 Enterobacter strains showed phosphate solubilization traits. Similar to our results, other Enterobacter strains such as E. asburiae (Gyaneshwar et al., 1999), Enterobacter sp. EnB1 (Delgado et al., 2014), E. cloacae SBP-8 (Singh et al., 2017), and Enterobacter sp. SA187 (Andrés-Barrao et al., 2017) have been also reported as phosphate solubilizers. The genome of ED5 includes 14 genes (pit, pstABCS, phoUAEBRH, and ugpBE, with one unknown gene name) coding for phosphate metabolism. The Pit system is constitutive, whereas Pst transporter is inhibited by phosphate and induced under phosphate limitation (Jansson, 1988). Andrés-Barrao et al. (2017) reported that the Enterobacter sp. SA187 genome comprises genes coding for phosphate uptake, low-affinity inorganic phosphate transporter, and phosphate starvation response.

Several helpful bacteria comprise PGP activity that is occurred by various mechanisms, such as inactivation or production of ACCD enzyme activity. PGPB including ACCD decreased the ethylene content in plants and encouraged root elongation (Penrose and Glick, 2003). In this study, all strains showed ACCD enzyme activity whereas, only 12 strains confirmed acdS gene amplification of ∼750–755 bp. Interestingly, one dcyD gene, coding for ACC deaminase, was present in E. roggenkampii genome. ACCD activity has been reported in many Pseudomonas, Bacillus, and Mesorhizobium strains, along with members of Enterobacter genus such as E. cloacae UW4, E. cloacae CAL2, E. cancerogenus, and Enterobacter sp. EN-21 (Shah et al., 1998; Holguin and Glick, 2001; Glick, 2014; Li et al., 2017; Kruasuwan and Thamchaipenet, 2018; Singh et al., 2020). IAA production from tryptophan by indole pyruvate is another approach of PGPB to improve plant growth (Taghavi et al., 2009). We observed that all endophytic strains were capable to synthesize IAA, and E. roggenkampii holds trpBCEFS, and trpGD genes code for enzymes concerned in this pathway. Moreover, we identified one gene auxin efflux carrier (mdcF) related to auxin biosynthesis, confirm their potential to be used as growth regulators. In similar to our findings, previously also well- recognized that the existence of tryptophan associated genes in genomes of bacteria is related to IAA production (Tadra-Sfeir et al., 2011; Gupta et al., 2014). As reported in Enterobacter strain 638 (Taghavi et al., 2010) and E. cloacae UW5 (Coulson and Patten, 2015) improved IAA levels and stimulate root development. Asaf et al. (2018) found tryptophan biosynthesis genes (trpABD) involved in IAA production was found in Sphingomonas sp. LK11 genome (Asaf et al., 2018).

PGPB developed a particular method for iron absorption by siderophores production, which transfers this component into their cells (Arora et al., 2013). In this study, 13 isolates showed positive siderophore production. Siderophore production by these strains expects importance for iron nutrition of plants matures in iron-limited situations. ED5 strain demonstrated strong siderophore activity and siderophore enterobactin (fes, entFS, and fepA) biosynthesis pathway was also observed in its genome study. Consistent with this study, the siderophore enterobactin pathway (fepEGDC) was detected in E. cloacae SBP-8 (Singh et al., 2017) and Bacillus subtilis EA-CB0575 genomes (Franco-Sierra et al., 2020).

A biofilm is a surface-linked efficient microorganism confined by a polymeric matrix including self-making exopolysaccharides, extracellular DNA and proteins related through the biotic surface (Hall-Stoodley and Stoodley, 2002; Vlamakis et al., 2013; Teschler et al., 2015). A large amount of beneficial microbial community’s structure recommended a biofilm, and some of the most fascinating recommended helpful biofilms are used in agriculture (Kumar et al., 2019; Singh M. P. et al., 2019). In the endophytic and rhizospheric zone, several kinds of bacterial species involve plant roots and create a biofilm which offers benefits to each other. Nowadays, plant-associated microorganisms have concerned a lot of interest because of the considerable effects of plant health and productivity (Bogino et al., 2013). Some of the PGPR showed antagonistic activity in response to phytopathogens by starting biofilm-like assemblies that have been previously reported to Bacillus cereus (Xu et al., 2014), Paenibacillus (Timmusk et al., 2015), and Pseudomonas stutzeri (Wang et al., 2017). In the biofilm, a cell-to-cell communication raises the gene expression of both up-down regulation, for enhancing the adaptation of microorganisms in both biotic and abiotic environments. In the E. roggenkampii genome, 21 genes, tomb, luxS, efp, flgABCDEFGHIJKLNM, motAB, sacA, and hfq which are associated to exopolysaccharides biosynthesis, protein, and biofilm formation were also found (Gupta et al., 2014; Ju et al., 2018).

Beneficial microorganism generally colonizes on the surface and inside tissues of various sections in the plant, i.e., root, stem, and leaf, the place they stay either commensally or perform helpful features (Johnston and Raizada, 2011). The interactions between beneficial microbes of the host plant might play an essential part in the achievement of microbial bioinoculant for improving the production of crops, but there is no strong thought on the entire role of colonization on the plant microbiome. The GFP pictures showed a signal of the occurrence of E. roggenkampii in the intercellular regions also as cell aggregates or isolated single cells in the root of sugarcane (Li et al., 2017; Singh et al., 2020). The SEM images confirmed of selected inoculated strain E. roggenkampii in stem and roots specified that the forms of adherence in sugarcane, and similar observation were also found in other endophytic strains like Paenibacillus polymyxa, Rhizobium sp. and Burkholderia sp. (Timmusk et al., 2005; Singh et al., 2009). In this study, we also clearly confirmed the result of root colonization genes present in E. roggenkampii through genome analysis. We recognized a great number of root colonization genes present in E. roggenkampii at different stages: chemotaxis (cheABRVWYZ, tsr, trg, aer, tar, and mcp) for signal transduction, motility (flhEABCD, fliABCDEFGHIJKLMNOPQRSTYZ) for genes regulation, adhesive structure (pilDT, and hofC), play a significant function in host–microbes interactions (Dorr et al., 1998; Krause et al., 2006) and adhesin production (pgaABCD). A similar observation was also reported by Cho et al. (2015).

Hydrogen sulfide (H2S) production by PGPR has been described to improve plant growth, and root colonization (Dooley et al., 2013). H2S, as an important molecule with beneficial effects on P-solubilization, responds with ferric phosphate to crop ferrous with the release of phosphate (Shariati et al., 2017). Sulfur is a vital nutrient for plant increase and development, along with related to stress tolerance in plants (Gill and Tuteja, 2011), because lacking sulfur in plant cause severe losses in crop yield and production. In the genome of E. roggenkampii ED5 genes associated with sulfate transporters (cysACDJHIKMNPUWZ) were found. Earlier, the cysP gene function was verified with a strain Escherichia coli transformed by a plasmid expressing B. subtilis cysP gene through a mutated sulfate transport (Mansilla and de Mendoza, 2000). The operon determined by cysP gene in B. subtilis is accountable for sulfur metabolism, for example, the sulfate adenylyltransferase gene (Aguilar-Barajas et al., 2011). The strain E. roggenkampii genome encodes the set of genes that are responsible for H2S biosynthesis, including the cysACDEGHIJKMNPQSUWZ, and fdx genes presented in assimilated sulfate reduction. The existence of an ATP-binding transporter gene that contains periplasmic binding proteins cysP, cysW, and cysA were determined in the genome of ED5 that discovered these genes might be elaborated in the transportation of thiosulfate or inorganic sulfate to cells, earlier reported in Pseudomonas sp. UW4 (Duan et al., 2013). The occurrence of these genes in microorganisms has been associated with the oxidation of sulfur and sulfur-conjugated secondary metabolites (Kwak et al., 2014). Also, sulfur oxidation effects soil pH and successively recovers solubility of micronutrients, i.e., N, P, K, Mg, and Zn (Vidyalakshmi et al., 2009). Hence, this type of beneficial endophytic microbes can offer enhanced mineral achievement and distribution to the host plants (Kang et al., 2020).

Abiotic stresses are highly injurious for the plants, the most unfavorable influence from physiological to the molecular level of the plants. Drought and heavy metal stress greatly decrease crop yield (Khan et al., 2018; Kang et al., 2020). Drought is the leading reason for preventive crop production over massive areas of the Earth (Saleem et al., 2018), and estimated to cause severe plant growth difficulties for above 50% of the arable lands in 2050 (Vinocur and Altman, 2005; Kasim et al., 2013). However, heavy metal recognized as a principal hazard in many terrestrial ecosystems globally (Shahid et al., 2015). Currently, significant industrialization will directly increase the heavy metals in soils, that have damaging outcomes on plant growth and productiveness (Forstner and Wittmann, 2012). The numerous micro-organisms have an intrinsic ability to manage abiotic stresses and improve plant growth. Earlier, several PGPR genera have been described to succeed drought and heavy metal stresses through various mechanisms, and to improve plant tolerance especially abiotic stresses (Dary et al., 2010; Hassan et al., 2017), as well as to improve the production of crops (Sessitsch et al., 2013).

A number of mechanisms have been described earlier about the heavy metal stress resistance of many microbial species (Kunito et al., 1996). Investigation of the ED5 genome discovered the occurrence of various genes presented in the homeostasis of heavy metals like copper, zinc, manganese, cadmium, etc. A genes czcD, znuABC, zupT, zntAB are found and these proteins were linked to the role of generating tolerance to about divalent cations with cobalt, zinc, and cadmium, owing to its capability to automatically produce an efflux of metal ions (Mima et al., 2009). Additionally, the magnesium and cobalt transport genes corAC and cobA were found in the ED5 genome. These genes have been stated to be elaborate in manganese transport, mntR and mntH genes considered the primary manganese transporters in bacteria (Kang et al., 2020). The copper (Cu) is an essential component for biological progressions, and a similar metal cofactor of several enzymes like monooxygenases, dioxygenases, and SOD (Giner-Lamia et al., 2012). The genes found in ED5 genome like copCD, cusABCFRS, and copA, have similar operon has been existing in bacterial species of Pseudomonas psychrotolerans, Pseudomonas syringae, Xanthomonas campestris, and E. coli (Duncan et al., 1985; Lee et al., 1992; Silver et al., 1993; Voloudakis et al., 1993; Cooksey, 1994; Kang et al., 2020). To further verify the ability of drought tolerance, we mentioned extraordinary resistance mechanisms in ED5, inclusive of tolerance to heavy metal, pH, and temperature stresses. Genes related to drought stress were determined in the ED5 genome are nhaA, chaABC, proABPQSVWX, betABT, gabD, trkAH, kup, kdpABCDEF.



CONCLUSION

The present study selected the numbers of nitrogen-fixing endophytic strains of Enterobacter genus from the sugarcane roots. All strains exhibited many PGP traits, biocontrol activity, as well as tolerance to various environmental conditions, and E. roggenkampii ED5 was the most prominent strain among all. Therefore, the employ of efficient endophytic bacteria is an opportunity to improve crop yield and comprehensive genome sequencing of ED5 strain has revealed many prospects to study this potential endophytic strain in the future. Also, the ED5 genome carried a set of universal genes that contributed to PGP, nitrogen fixation, and response to several stresses. So, it can be summarized that ED5 strain may be used as a possible alternate for chemical fertilizers and play an important part in improving ecosystem quality. However, field trials are required to explain the usability of the E. roggenkampii ED5 in the field earlier than it can be established as a plant growth promoter for utilizing in sustainable agriculture.
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Successional Change of the Fungal Microbiome Pine Seedling Roots Inoculated With Tricholoma matsutake

Ki Hyeong Park1†, Seung-Yoon Oh2†, Shinnam Yoo1, Myung Soo Park1, Jonathan J. Fong3 and Young Woon Lim1*

1School of Biological Sciences, Institute of Microbiology, Seoul National University, Seoul, South Korea

2Department of Biology and Chemistry, Changwon National University, Changwon, South Korea

3Science Unit, Lingnan University, Tuen Mun, Hong Kong

Edited by:
Raffaella Balestrini, Institute for Sustainable Plant Protection, Italian National Research Council, Italy

Reviewed by:
Alessandra Zambonelli, University of Bologna, Italy
Lea Atanasova, University of Natural Resources and Life Sciences, Vienna, Austria

*Correspondence: Young Woon Lim, ywlim@snu.ac.kr

†These authors have contributed equally to this work

Specialty section: This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Microbiology

Received: 19 June 2020
Accepted: 09 September 2020
Published: 25 September 2020

Citation: Park KH, Oh S-Y, Yoo S, Park MS, Fong JJ and Lim YW (2020) Successional Change of the Fungal Microbiome Pine Seedling Roots Inoculated With Tricholoma matsutake. Front. Microbiol. 11:574146. doi: 10.3389/fmicb.2020.574146

The pine mushroom (Tricholoma matsutake; Agaricales, Tricholomataceae) is an ectomycorrhizal fungus that produces a commercially valuable, edible mushrooms. Attempts to artificially cultivate T. matsutake has so far been unsuccessful. One method used to induce T. matsutake to produce fruiting bodies of in the wild is shiro (mycelial aggregations of T. matsutake) transplantation. In vitro ectomycorrhization of T. matsutake with seedlings of Pinus densiflora has been successful, but field trials showed limited production of fruiting bodies. Few studies have been done to test what happens after transplantation in the wild, whether T. matsutake persists on the pine seedling roots or gets replaced by other fungi. Here, we investigated the composition and the interaction of the root fungal microbiome of P. densiflora seedlings inoculated with T. matsutake over a 3 year period after field transplantation, using high-throughput sequencing. We found a decline of T. matsutake colonization on pine roots and succession of mycorrhizal fungi as P. densiflora seedlings grew. Early on, roots were colonized by fast-growing, saprotrophic Ascomycota, then later replaced by early stage ectomycorrhiza such as Wilcoxina. At the end, more competitive Suillus species dominated the host roots. Most of the major OTUs had negative or neutral correlation with T. matsutake, but several saprotrophic/plant pathogenic/mycoparasitic species in genera Fusarium, Oidiodendron, and Trichoderma had positive correlation with T. matsutake. Four keystone species were identified during succession; two species (Fusarium oxysporum, and F. trincintum) had a positive correlation with T. matsutake, while the other two had a negative correlation (Suillus granulatus, Cylindrocarpon pauciseptatum). These findings have important implications for further studies on the artificial cultivation of T. matsutake.

Keywords: fungal diversity, microbiome, network analysis, Pinus densiflora, Tricholoma matsutake, pine mushroom, ectomycorrhizal fungi


INTRODUCTION

Ectomycorrhizal fungi are one of the most common forms of plant-fungal root symbioses in woody plants (Brundrett, 2009; Van Der Heijden et al., 2015), and improve nutrition and stress resistance of the host plant (Smith and Read, 2010; Berendsen et al., 2012; Van Der Heijden et al., 2015). Ectomycorrhizal fungi compete with each other to colonize root tips (Koide et al., 2005; Kennedy et al., 2009; Bakker et al., 2014) or co-exist (Perry et al., 1989; Yamamoto et al., 2014). Succession of the mycorrhizal community was reported in several host plants (Twieg et al., 2007). This phenomenon not only occurs in mature trees, but also in seedlings, where the dominant ectomycorrhizal taxa can change (Matsuda et al., 2009; Obase et al., 2009). Early stage ectomycorrhizal fungi (e.g., members of Inocybe, Rhizopogon, or Suillus) require small amount of carbon from hosts and are usually found in pine seedling in disturbed area (Colpaert et al., 1996; Sim and Eom, 2009). Arrival sequence of ectomycorrhizal fungi often influences colonization at early stages, with negative consequences for later colonizers (Alford and Wilbur, 1985; Shorrocks and Bingley, 1994). This phenomenon is called the priority effect, and has been reported in the early stage of interaction between ectomycorrhizal fungi and pine seedlings (Kennedy and Bruns, 2005; Fukumi, 2015).

The pine mushroom (Tricholoma matsutake; Agaricales, Tricholomataceae) produces edible fruiting bodies during symbiosis with members of Pinaceae, especially Pinus densiflora (Yamada et al., 2010). Due to its commercial value, artificial cultivation of T. matsutake has been attempted, but thus far been unsuccessful. Three unsuccessful methods to induce fruiting bodies of T. matsutake in the wild are inoculating cultured T. matsutake hyphae in soil (Lee et al., 2007), spraying of T. matsutake spores from fruiting body (Eto and Taniguchi, 2000), and transplanting shiro (aggregate of T. matsutake mycorrhiza) to uninfected pine trees (Kareki and Kawakami, 1985). The last approach of transplanting shiro to uninfected pine trees has been tried extensively in Korea (Park et al., 2007). In vitro ectomycorrhization of T. matsutake has been successful (Yamada et al., 1999, 2006; Saito et al., 2018), but field trials showed limited production of fruiting bodies (Ka et al., 2018). In order for this method to be efficient, T. matsutake must persist the pine seedling roots. Currently, it is unclear after pine seedlings are transplanted to the wild, T. matsutake persists on the pine seedling roots or gets replaced by other fungi.

Advances in high-throughput sequencing have greatly contributed to our understanding the diversity and function of fungi in various environments (Nilsson et al., 2019), and have been used to study the succession of fungal communities (Dickie et al., 2013, 2017; Voříšková et al., 2014; Hannula et al., 2017). In this study, we used high-throughput sequencing to examine the change in the root microbiome of T. matsutake inoculated pine seedlings after transplantation, focusing on the succession of mycorrhiza and interaction between root associated fungi. We hypothesize that (i) there is a significant change in root fungal communities during transplantation and seedling growth, and (ii) there are some fungi with positive or negative correlation with T. matsutake that affect the survival of T. matsutake on pine seedling roots.



MATERIALS AND METHODS


Study Design and Sample Collection

This experiment was conducted at Gyeongsangbuk-do Forest Environment Research Institute in Gyeongju, South Korea. Tricholoma matsutake strain KBFERI 20T05 (GenBank accession no. AF367417) was cultured in K-liquid media (Park et al., 2007), and transferred to autoclaved culture vessels filled with mixed soil (perlite: peat moss = 80:1) as described by Park et al. (2007). For surface sterilization, P. densiflora seeds were placed in 70% ethanol for 60 s, and transferred to 2% NaClO solution for 4 min. Cleaned seeds were washed 3 times with sterile water then germinated in nutrient broth agar plates (Scharlau). Uncontaminated seedlings were transferred to culture vessels inoculated with T. matsutake in a sterilized culture room, then co-cultured for 3 months in a clean room illuminated with a fluorescent lamp (20°C; 25,000 lux; 24 h). Then, P. densiflora seedlings were moved to a greenhouse filled with autoclaved soil from a nearby pine forest. Sixteen pine seedlings were sampled at 6 different post T. matsutake-inoculation periods: 3 months (M03; in a sterilized culture room), 10, 17, 24, 31, and 38 months (M10, M17, M24, M31, M38; in a greenhouse). In total, 96 seedling roots were harvested.



DNA Extraction

Harvested seedlings were placed on ice, transported to the laboratory at Seoul National University (Seoul, South Korea), and stored at−80°C prior to DNA extraction. We did a preliminary morphological examination of roots to confirm the presence of T. matsutake (Gill et al., 2000; Yamada et al., 2010). Seedling roots were gently washed with running water to remove debris and sterilized with 3% sodium hypochlorite for 2 min. Samples were then washed with distilled water for 5 min. Surface-sterilized roots were cut into 5 cm fragments and air-dried. For each sample, three root fragments were wet with 500 μl of cetyltrimethylammonium bromide buffer (Biosesang, Seongnam, South Korea) and ground with a mortar and pestle. For each sample, genomic DNA was extracted from seedling root using modified CTAB methods (Rogers and Bendich, 1994). We confirmed the presence of T. matsutake in M03 samples with T. matsutake-specific primers (Kim and Han, 2009).



PCR Amplification and High Throughput Sequencing

The fungal internal transcribed spacer 2 (ITS2) region was amplified with primers ITS3 and ITS4 (White et al., 1990) with Illumina sequencing adaptors attached. PCR was conducted 3 times for each samples using AccuPower PCR PreMix kit (Bioneer, Daejeon, South Korea). PCR conditions were as follows: 94°C for 5 min, 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 40 s, and 72°C for 10 min as final extension. PCR products were confirmed on 1% agarose gel (BIOFACT, Daejeon, South Korea) with gel electrophoresis. After purification using the ExpinTM PCR SV kit (GeneAll Biotechnology, Seoul, South Korea), a unique identifier sequence was attached to each PCR products with a second round PCR following the Nextera XT index kit protocol (Illumina, San Diego, CA, United States). Second PCR products were purified as above. Concentration of each amplicon library were measured using a NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA, United States). Amplicon libraries were pooled in equimolar quantities and sequenced using Illumina MiSeq platform at Macrogen (Seoul, South Korea).



Bioinformatics and Statistical Analysis

After sequencing, the raw data were processed using the Quantitative Insights Into Microbial Ecology v.1.8.0. (QIIME) pipeline (Caporaso et al., 2010). Fastq-join was used for merging paired-end sequences. After filtering low-quality sequences (Q < 20, length < 200 bp), 9,513,644 reads were retained for later analyses. Clustering of operational taxonomic units (OTUs) was performed with the open-source sequence search tool Vsearch v. 2.6.2 (Rognes et al., 2016) with 97% similarity level. For taxonomic identification, the most abundant sequence was selected as an OTU’s representative sequence. The UNITE v. 8.0 (Unite Community, 2019) database was used to determine OTU’s taxonomic identity with NCBI BLAST, following the criteria of Tedersoo et al. (2014). We removed chimeric sequences based on the reference database of UCHIME (Edgar et al., 2011). Singleton OTUs and non-fungal sequences were removed, and all samples were rarefied to a minimum number of sequences before further analysis. Taxonomic identity of major OTUs (OTUs with total relative abundance >0.5%) were checked manually with NCBI and UNITE databases (access date: August 26 2020). FUNGuild was used as a database for fungal trophic mode assignment (Nguyen et al., 2016).

Alpha diversity indices (Chao1 richness, Shannon’s diversity, equitability, and Good’s coverage) were calculated in QIIME. Statistical analysis was performed in R software (version 3.6.1, R Core Team, 2019). Kruskal-Wallis tests were performed to compare the diversity indices between sampling times with Dunn’s test as a post hoc test adjusted using the Benjamini and Hochberg method (Benjamini and Hochberg, 1995). Ordination analysis was performed by non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity index using the phyloseq package (McMurdie and Holmes, 2013). Difference of community compositions among sampling times were tested with permutational multivariate analysis of variance (PERMANOVA) with 999 permutations, using the “adonis” function in the vegan package (Oksanen et al., 2018), and pairwise post hoc tests were done using the pairwiseAdonis package with Bonferroni correction of the Bray-Curtis dissimilarity matrix (Martinez Arbizu, 2017).

To test for correlations between species, Sparse Correlations for Compositional data (SparCC) (Friedman and Alm, 2012) network analysis was performed at the OTU level (OTUs with total relative abundance >0.5%) with the Galaxy-based analysis pipeline (Inter-Domain ecological network analysis pipeline, IDENAP, Feng et al., 2019). The significance of correlation was calculated by comparing the shuffled data from 100 permutations. Following previous studies, correlations with SparCC >0.3 and p < 0.05 were included (Kurtz et al., 2015). The network was visualized with Cytoscape version 3.7.2 (Shannon et al., 2003). Clusters were detected with Markov clustering algorithms (Van Dongen and Abreu-Goodger, 2012). For the overall network, species with high degree, betweenness centrality, and closeness centrality were selected as the keystone taxa. NMDS ordination and network analyses were performed without M03 samples as they were distinctly different from other samples due to high abundance of T. matsutake (>94% in average). Sequencing data were deposited in NCBI Sequence Read Archive (SRA) under Project ID PRJNA638021.



RESULTS


Sequencing Results and Alpha Diversity Indices

A total of 7,697,559 sequence reads were obtained from 96 samples through Illumina MiSeq sequencing with 25,244–228,456 sequence reads per sample. After rarefaction to 25,000 reads, 826 OTUs (range: 4–191) remained with a Good’s coverage of 0.998–0.999. Based on taxonomic level, the OTUs represented 8 phyla, 28 classes, 89 orders, 188 families, and 327 genera. The number of OTUs significantly increased with the age of P. densiflora seedlings, from 63 OTUs found in M03 (mean = 7.88 OTUs per sample) to 487 OTUs in M38 (mean = 155.88 OTUs per sample) (Figure 1). Chao1 richness, Shannon’s diversity, and equitability also showed significant increase following the growth of P. densiflora seedlings, especially between M03 and other sampling periods (Figure 1).
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FIGURE 1. Alpha diversity of fungal communities of Pinus densiflora seedlings. OTUs: the number of OTUs, Chao1: Chao1 index, Diversity: Shannon’s diversity, equitability: Shannon’s equitability. The number of OTUs were calculated after rarefaction (22,000 reads). Statistically significant differences between sampling times were determined by multiple Kruskal-Wallis tests with Dunn’s test as a post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001).


The NMDS ordination of Bray-Curtis dissimilarity based on OTU-level abundance revealed clear separation of fungal communities between most groups, except M24 and M31 (Figure 2A). This result was supported by pairwise adonis tests, where all but the M24-M31 comparison were statistically significant (Supplementary Table 1). We observed a significant shift of the overall fungal community in P. densiflora seedlings over time, based on the adonis analysis (R2 = 39.4%, p = 0.001; Figure 2A and Supplementary Table 1). The relative abundance of T. matsutake drastically decreased after the transplantation to greenhouse (M03 to M10; Figure 2C and Table 1), but T. matsutake was still detected in some samples (15/16 in M10; 8/16 in M17; 4/16 in M24 and M31; 2/16 in M38; Table 1).
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FIGURE 2. Fungal community structures of Pinus densiflora seedlings. (A) NMDS plots based on Bray-Curtis dissimilarity. Relative abundance of (B) major phyla and (C) major species. Taxa with total relative abundance higher than 1% were chosen as major taxa in (C).



TABLE 1. Average relative abundance and frequency (the number of samples with T. matsutake) of Tricholoma matsutake (OTU 1) in Pinus densiflora seedling roots.
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Fungal Community Composition in P. densiflora Seedlings

The total abundances of major fungal phyla were relatively high: Ascomycota (64.353%) and Basidiomycota (35.516%). Abundance of the next most abundant phylum, Mortierellomycota, was low at less than 0.1% (Figure 2B). The abundance of Basidiomycota was high during the inoculation stage (M03, 94.1%), but drastically decreased after transplantation (4.0% in M10; 1.7% in M17), being replaced by Ascomycota. The abundance of Basidiomycota increased in M24 (42.5%) and M31 (44.1%), but decreased again in M38 (26.7%). The pattern of relative abundance at the species level was similar to that at the genus level. The most abundant OTUs of each sampling period were T. matsutake (OTU 1, 94.0%) and Cladosporium sp. (OTU 7, 2.81%) in M03, Pseudogymnoascus pannorum (OTU 6, 28.5%) and Oidiodendron echinulatum (OTU 5, 21.5%) in M10, and Wilcoxina mikolae (OTU 2, 35.7%) in M17. After M24, the most abundant OTU was Suillus granulatus (OTU 3, 33.11% in M24; 25.19% in M31; 20.39% in M38) followed by W. mikolae (OTU 2, 11.84%) in M24, S. luteus in M31 (OTU 13, 7.37%), and W. mikolae (10.22%) in M38 (Figure 2C).



Network Features and Correlation Within Fungal Community P. densiflora Seedlings

To identify the potential interactions among fungal species in P. densiflora seedlings, SparCC analysis was performed. Tricholoma matsutake (OTU 1) and 35 major OTUs with relative abundances >0.5%, accounting for 83.4% of total sequence reads, were clustered into four groups and one isolated OTU (Table 2). The network had a clustering coefficient of 0.589 and network centralization of 0.308 (Figure 3). Ten fungal OTUs showed significant positive correlations with T. matsutake (Supplementary Tables 1, 2). Most of these OTUs were saprotrophs or plant pathogens, with the exception of O. echinulatum (ericoid mycorrhiza). Based on our selection criteria, four OTUs were identified as keystone species during fungal succession of pine seedling roots: Cylindrocarpon pauciseptatum (OTU 15), Suillus granulatus (OTU 3), Fusarium oxysporum (OTU 8), and Fusarium sp. (OTU 37). All of the keystone taxa belonged to the same cluster. Among these keystone taxa, Cylindrocarpon pauciseptatum (OTU 15) and S. granulatus (OTU 3) showed significant negative correlation with T. matsutake, while Fusarium oxysporum (OTU 8) and Fusarium sp. (OTU 37) showed a positive correlation with T. matsutake (Supplementary Table 2).


TABLE 2. Major OTUs (relative abundance >0.5%) identity and node properties of the Pinus densiflora root seedling microbiome network.
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FIGURE 3. SparCC network map in OTU level in microbiome of Pinus densiflora seedlings. Each point represents a fungal species; edges indicate the relationship between species. Each clusters are shown in different colors, with isolated species are marked with white. The size of the nodes follows betweenness centrality scores. The width of the edges follows SparCC correlation coefficients (blue: positive correlation; red: negative correlation). Species with total relative abundance higher than 0.5% were chosen. Only statistically significant edges corresponding to correlations with a magnitude higher than 0.3 (p < 0.05) were drawn. Identity of each OTU is described in Table 2.




DISCUSSION


Change of Fungal Communities in Pine Seedlings After Transplantation

The root fungal communities significantly changed through seedling development. Our results showed that root colonization of T. matsutake dramatically decreased after being transplanted to the greenhouse, and they were replaced by other fungi. As expected, alpha diversity increased when seedlings were transplanted from a controlled environment to a more natural, open environment. After transplantation, fast-growing Ascomycota dominated, and then were replaced by early-stage ectomycorrhizal fungi. Previous studies looked at the mycorrhizal succession in pine seedlings (Peay et al., 2011; Herzog et al., 2019; Rudawska et al., 2019), and we found that the shift of root associated fungi in our study followed the general trend, despite being inoculated with T. matsutake.

After transplantation to the greenhouse, Ascomycota species became dominant in seedling roots. In M10, most of the dominant OTUs were saprotrophs or pathotrophs, such as Pseudogymnoascus and Fusarium, with one exception being Oidiodendron echinulatum, an ericoid mycorrhizal fungus. In M17, the abundance of symbiotrophs (e.g., Wilcoxina mikolae) increased, while pathotrophs decreased. The presence of saprotrophic fungi is commonly reported in roots (Vasiliauskas et al., 2007; Tedersoo and Smith, 2013; Lee et al., 2015; Rincón et al., 2015; Smith et al., 2017), so we believe their presence in our study is not a result of inappropriate sterilization of roots. Among the saprotroph species identified in our study, Pseudogymnoascus pannorum is widely distributed in the soil and adapted to nutrient poor environments (Minnis and Lindner, 2013; Chaturvedi et al., 2018). Previous studies of pine seedling roots also discovered the presence of Pseudogymnoascus species (Menkis and Vasaitis, 2011; Moler and Aho, 2018). Other taxa, like Oidiodendron and Wilcoxina, are well known species that are common in early successional or disturbed ecosystems (Berch et al., 2006; Lee et al., 2012; Lee and Eom, 2013; Rudawska et al., 2019). As these species were absent in samples from M03, and both taxa found in our study are expected to have been dispersed by wind (Horton, 2017). A noteworthy result is the high abundance of Fusarium in M10–M17 samples. Usually, Fusarium is considered a plant pathogen (Gordon, 2017), but Fusarium species have also been found as endophytes of a wide range of wild plants (Kuldau and Yates, 2000; Min et al., 2014). For example, growth-enhancement or pathogen-resistance conferred by non-pathogenic Fusarium species were widely reported (Forsyth et al., 2006; Waweru et al., 2014). Their role is uncertain in our study, and further study would be needed to understand Fusarium’s role in roots of pine seedlings.

After M24, we witnessed an increase in proportion of ectomycorrhizal (Suillus and Tomentella) and endophytic fungi (Cadophora and Phialocephala), which are considered common fungi in an early successional stage (Colpaert et al., 1996; Berch et al., 2006; Sim and Eom, 2009; Lee et al., 2012; Lee and Eom, 2013; Lee and Koo, 2016). In particular, Suillus species are known to be important in the establishment of pine seedlings (Hayward et al., 2015). Suillus species might be more competitive than other mycorrhizal fungi found in first year, such as Wilcoxina. Wilcoxina is known as a weak competitor ectomycorrhizal fungus that prospers only in absence of competitor ectomycorrhizal fungi (Danielson and Prudel, 1990). Suillus species are known to form ectomycorrhiza with pine trees that span a large area, thanks to long distance dispersal of spores combined with large sporocarps and a high volume of spore production and (Peay et al., 2012; Horton, 2017). Other species, such as Cadophora and Tomentella, are considered common fungi of pine seedlings in an early successional stage or disturbed areas (Colpaert et al., 1996; Berch et al., 2006; Sim and Eom, 2009; Lee et al., 2012; Lee and Eom, 2013; Lee and Koo, 2016).

While T. matsutake was still found in several P. densiflora seedlings, its frequency and abundance steadily decreased over time after transplantation. Although the priority effect in ectomycorrhiza was reported in previous studies (Kennedy and Bruns, 2005; Kennedy et al., 2009; Fukumi, 2015), it did not apply to T. matsutake in our study. As T. matsutake is usually known to form symbiotic relationship with mature pine trees in the field (Wang et al., 2017), our results suggest that the symbiosis between T. matsutake and young seedlings is not sustainable outside of sterile environment without proper support. We suggest that this is due to a slow growth rate and higher carbon demand of T. matsutake as a late-stage ectomycorrhizal fungus (Smith and Read, 2010).



Network Analysis and Keystone Taxa

Microbial network analysis has been used to visualize taxa with a strong effect on network structure, or highly connected taxa in various environments (Barberán et al., 2012; Gilbert et al., 2012; Agler et al., 2016). We constructed a network of 35 fungal OTUs that were abundant during pine seedling growth with SparCC correlations. Interaction and network formation between functionally diverse fungi were previously reported (Toju et al., 2016), and our results were similar; a combination of functionally different OTUs were observed in each cluster in our network (Supplementary Table 1).

Among the 35 major OTUs, 10 OTUs were found to have positive correlations with T. matsutake, despite the abundance of T. matsutake decreasing after transplantation (Table 1, Supplementary Tables 1, 2). Among these positively correlated OTUs, Fusarium, Trichoderma, and/or Oidiodendron might improve survival of T. matsutake in our environment. While competition between ectomycorrhiza and other microfungi are common in soil (Leake et al., 2003), several studies reported growth promotion of ectomycorrhizal fungi by microfungi isolated from soil (Ogawa, 1976; Oh et al., 2018). For instance, Trichoderma and Oidiodendron species were exclusively isolated from the T. matsutake fruiting zone of P. densiflora forests (Ogawa, 1977; Oh et al., 2018, 2019), and high abundance of F. oxysporum was reported in Tuber magnatum-productive areas (Mello et al., 2010). Likewise, we found that ectomycorrhizal fungi, such as Suillus were less abundant in root samples with T. matsutake than those without T. matsutake. Trichoderma might help survival of T. matsutake by promoting plant growth, root branching, and development (Guzmán-Guzmán et al., 2019), or by inhibiting the growth of other ectomycorrhiza as reported between Trichoderma viride and Suillus bovinus in soil environment (Mucha et al., 2008; Sabella et al., 2015; Oh et al., 2018, 2019).

Four OTUs were identified as keystone taxa: S. granulatus, C. pauciseptatum, Fusarium sp. (OTU 37), and Fusarium oxysporum (Table 2). Keystone taxa are taxa highly connected to other network members and play important roles in the microbiome (Banerjee et al., 2018), and they are required to understand an ecosystem’s response to disturbance (Stinson et al., 2006). Of the four keystone taxa, S. granulatus and C. pauciseptatum showed a significantly negative correlation with T. matsutake, while F. oxysporum and Fusarium sp. (OTU 37) showed a significantly positive correlation with T. matsutake. As Suillus granulatus is a strong competitor and crucial in the establishment of pine seedlings (Dickie et al., 2010; Kohout et al., 2011; Hayward et al., 2015; Urcelay et al., 2017; Policelli et al., 2019), its negative relationship with T. matsutake is as expected. However, the significant correlation between T. matsutake and C. pauciseptatum or Fusarium species was interesting, as C. pauciseptatum and Fusarium species are known as soil saprotrophs or plant pathogens. The presence of C. pauciseptatum was reported in Pinus sylvestris (Menkis and Vasaitis, 2011), the relationship between C. pauciseptatum and P. densiflora is still unknown. It is possible that C. pauciseptatum indirectly influenced microbiome by affecting quality of pine seedlings (Agler et al., 2016). Fusarium oxysporum and F. trincintum are known as plant pathogens or mutualistic endophytes (Kuldau and Yates, 2000; Forsyth et al., 2006; Vu et al., 2006; Michielse and Rep, 2009; Min et al., 2014; Waweru et al., 2014; Vasundhara et al., 2016). While we do not understand their exact function in this study, both endophyte and plant pathogen might influence on root microbiome by positive or negative effects (Van Der Heijden et al., 2008).



CONCLUSION

We have documented the change in fungal community composition in pine seedlings after the T. matsutake inoculation, and introduced a SparCC analysis to predict the cross-fungi associations from NGS data. The root microbiome drastically changed at alpha- and beta-diversity levels after transplantation. Temporal succession of the mycorrhizal community suggests a weak priority effect as T. matsutake was rapidly replaced by W. mikolae, S. granulatus, and other fungi. While most of the major fungal OTUs showed negative or neutral correlation with T. matsutake, some of them showed a positive relationship. Fungi that had a positive correlation with T. matsutake were mostly known as saprotrophs or plant pathogens. In addition, we found four keystone species during microbiome succession that might play an important role in microbiome composition in pine seedlings. A further study is needed to verify the effect of fungi that have positive correlations with T. matsutake in an artificial cultivation of ectomycorrhizal fungi.
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Hugo R. Barajas1, Shamayim Martínez-Sánchez1, Miguel F. Romero1, Cristóbal Hernández Álvarez1, Luis Servín-González2, Mariana Peimbert3, Rocío Cruz-Ortega4, Felipe García-Oliva5 and Luis D. Alcaraz1*

1Departamento de Biología Celular, Facultad de Ciencias, Universidad Nacional Autónoma de México, Mexico City, Mexico

2Departamento de Biología Molecular y Biotecnología, Instituto de Investigaciones Biomédicas, Universidad Nacional Autónoma de México, Mexico City, Mexico

3Departamento de Ciencias Naturales, Unidad Cuajimalpa, Universidad Autónoma Metropolitana, Mexico City, Mexico

4Laboratorio de Alelopatía, Departamento de Ecología Funcional, Instituto de Ecología, Universidad Nacional Autónoma de México, Mexico City, Mexico

5Instituto de Investigaciones en Ecosistemas y Sustentabilidad, Universidad Nacional Autónoma de México, Morelia, Mexico

Edited by:
Alok Kumar Srivastava, National Bureau of Agriculturally Important Microorganisms (ICAR), India

Reviewed by:
Murali Gopal, Central Plantation Crops Research Institute (ICAR), India
Siu Mui Tsai, University of São Paulo, Brazil

*Correspondence: Luis D. Alcaraz, lalcaraz@ciencias.unam.mx

Specialty section: This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Microbiology

Received: 13 March 2020
Accepted: 11 September 2020
Published: 09 October 2020

Citation: Barajas HR, Martínez-Sánchez S, Romero MF, Álvarez CH, Servín-González L, Peimbert M, Cruz-Ortega R, García-Oliva F and Alcaraz LD (2020) Testing the Two-Step Model of Plant Root Microbiome Acquisition Under Multiple Plant Species and Soil Sources. Front. Microbiol. 11:542742. doi: 10.3389/fmicb.2020.542742

The two-step model for plant root microbiomes considers soil as the primary microbial source. Active selection of the plant’s bacterial inhabitants results in a biodiversity decrease toward roots. We collected sixteen samples of in situ ruderal plant roots and their soils and used these soils as the main microbial input for single genotype tomatoes grown in a greenhouse. Our main goal was to test the soil influence in the structuring of rhizosphere microbiomes, minimizing environmental variability, while testing multiple plant species. We massively sequenced the 16S rRNA and shotgun metagenomes of the soils, in situ plants, and tomato roots. We identified a total of 271,940 bacterial operational taxonomic units (OTUs) within the soils, rhizosphere and endospheric microbiomes. We annotated by homology a total of 411,432 (13.07%) of the metagenome predicted proteins. Tomato roots did follow the two-step model with lower α-diversity than soil, while ruderal plants did not. Surprisingly, ruderal plants are probably working as a microenvironmental oasis providing moisture and plant-derived nutrients, supporting larger α-diversity. Ruderal plants and their soils are closer according to their microbiome community composition than tomato and its soil, based on OTUs and protein comparisons. We expected that tomato β-diversity clustered together with their soil, if it is the main rhizosphere microbiome structuring factor. However, tomato microbiome β-diversity was associated with plant genotype in most samples (81.2%), also supported by a larger set of enriched proteins in tomato rhizosphere than soil or ruderals. The most abundant bacteria found in soils was the Actinobacteria Solirubrobacter soli, ruderals were dominated by the Proteobacteria Sphingomonas sp. URGHD0057, and tomato mainly by the Bacteroidetes Ohtaekwangia koreensis, Flavobacterium terrae, Niastella vici, and Chryseolinea serpens. We calculated a metagenomic tomato root core of 51 bacterial genera and 2,762 proteins, which could be the basis for microbiome-oriented plant breeding programs. We attributed a larger diversity in ruderal plants roots exudates as an effect of the moisture and nutrient acting as a microbial harbor. The tomato and ruderal metagenomic differences are probably due to plant domestication trade-offs, impacting plant-bacteria interactions.

Keywords: plant microbiome, soil microbiome, rhizosphere metagenomics, core metagenome, domesticated plants, ruderal plants, common garden experiment


INTRODUCTION

Soil and plant root-associated bacteria are relevant for plant health, which has already been noticed in the beginning of the 20th century (Hiltner, 1904). It has been hypothesized that the microbiome could be related to crop quality (Hartmann et al., 2008). Soil is the most diverse microbial ecosystem, with up to 1011 bacterial cells per gram (Roesch et al., 2007). Soil properties such as pH, nutrient content, or moisture, and plant species can drive the soil microbiome composition (Fierer and Jackson, 2006; Lauber et al., 2009; Schlaeppi et al., 2014). Plants and soil interact at the rhizosphere, defined as the millimetric soil layer attached to plant roots. Plants play an active role in selecting their microbial inhabitants through root exudates, accounting from 5 to 20% of the photosynthetically fixed carbon and used by the microbes (Marschner et al., 2004). Plant-microbe interactions mainly occur in the rhizosphere (Berendsen et al., 2012). Some other known factors affecting the root microbial community structure are plant developmental stage (Inceoğlu et al., 2011), pathogen presence (Tian et al., 2015), and soil characteristics (Lundberg et al., 2012; Edwards et al., 2015). Plant-microbiome interaction has documented effects on plant growth and health; for example, the root microbiome composition has been associated with biomass increase in Arabidopsis thaliana (Swenson et al., 2000) and can also affect flowering time (Panke-Buisse et al., 2015).

A study of the A. thaliana microbiome using hundreds of plants and two soil sources concluded that root bacterial communities were strongly influenced by soil type (Lundberg et al., 2012). Microbial diversity was reduced in the rhizosphere compared to the surrounding soil, suggesting that plants filter and recruit a microbiome subset; these observations have led to the two-step model of microbiome selection (Bulgarelli et al., 2012, 2013). This model considers soil abiotic properties in the soil microbiome (first step), and specific plant-derived rhizodeposits contribute to selecting differential microbes in the rhizosphere and the endosphere (second step) (Bulgarelli et al., 2013). In the two-step model, α-diversity decreased in the following order: soils > rhizosphere > endosphere (Bulgarelli et al., 2013). However, a global-scale meta-analysis has reported that root microbiomes of multiple plant species (domesticated and wild) have a more substantial diversity than soils (Thompson et al., 2017).

This work explores the bacterial diversity by 16S rRNA gene massive amplicon sequencing and whole shotgun metagenomes to predict the protein diversity of 16 geochemically distinct Mexican soils, collected over a large geographical scale (Figure 1A and Table 1). The collected soils were chosen based on country-wide edaphological charts (INEGI, 2014). We explored the role of soil in microbiome structuring of in situ ruderal plants, growing above the collected soils with multiple species and at several plant developmental stages. The collected soils were used as the substrate in a greenhouse experiment for growing tomatoes (Solanum lycopersicum), eliminating plant genotype variability as well as developmental, climatic, and watering variables. Finally, testing diverse soil groups allowed us to explore the tomato core root microbiome, which follows the two-step model for root microbiome selection. The ruderal plants do not follow the two-step model and have a larger diversity than their source soils.
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FIGURE 1. Experimental overview of the work. (A) In situ sampling locations; sampling points were selected according to edaphological charts. (B) The in situ plants were dependent on the weather and local environmental conditions, and we collected soil samples (SI) and roots of the dominant plant species in each locality. We extracted the rhizosphere (RZ) and endosphere (EC) metagenomic DNA. (C) A common garden experiment was conducted in a greenhouse; the soil (SI) was used as a microbial inoculum to reduce environmental variability. Plant diversity was eliminated using tomato, with constant watering, and finally, we collected roots (RT), endosphere (ECT), final soil (FS), and control unplanted soil (US).



TABLE 1. Soil edaphological classification, abiotic properties, and tomato biomass production.
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RESULTS


Soil Geochemical Description

Total nutrient concentration (C, N, P), pH, and Lang’s aridity index were calculated and considered as soil abiotic properties (Table 1). With the common garden experiment, we increased soil biological activity, reflected in the N and C overall increases after the experiment. We observed an increase in N concentrations in 12/16 samples, while total C increased in 11/16 samples, and P decreased in 7/16 samples (Table 1). Another explanation for the soil carbon enrichment is by plant root exudates (Canarini et al., 2019). Tomatoes planted in SLP1 and SIN2 exhibited a reduction in their total N concentrations; in SLP1, this is explained as plant biomass generation, and in SIN2, a coastal dune N was probably drained through watering (Table 1 and Supplementary Figure S2). Only two samples changed their pH profiles (Table 1). Ordination analysis showed clustering apart of source soils (SI) from final greenhouse soils (FS) and evidenced the modifications derived from the common garden experiment (Supplementary Figure S2A and Table 1).



Microbiome Diversity in the Source Soils, Ruderal Plants, and Tomatoes

A total of 106 amplicon libraries (16S rRNA gene V3-V4) were sequenced (Figure 1 and Supplementary Table S1). After quality control and assembly, 5,211,969 sequences were recovered. Subsequently 2,570,541 operational taxonomic units (OTUs; 97% identity) were clustered. After discarding singleton, mitochondrial, chloroplast, chimeras, and non-matching sequences, a total of 271,940 OTUs were the base for further analysis. The average in situ source soil (SI) OTU number (SI = 2,143) was lower than that in ruderal plants rhizospheres (RZ) and endosphere (EC) (RZ = 18,158; EC = 19,885 OTUs). Common garden final soils (FS) and control unplanted soils (US) had similar OTU averages (FS = 3,084; US = 2,882). The control soils (US) were pots with unplanted soil and output of the greenhouse experiment, thus receiving the same watering and homogeneous environmental conditions as final soils (FS), and tomato root microbiomes (RT and ECT). The rationale behind the common garden experiment is to impose a homogeneous treatment for all experimental units, in this case, regular watering and the same temperature, thereby eliminating local climatic variables of soil (temperature, humidity, altitude, precipitation). Lang’s aridity index is based on the historical data of precipitation and temperature in a site. The aridity index of soils is disrupted in the common garden experiment where the environmental conditions are homogenized. We hypothesize that control soils (US) have a larger number of OTUs than source soils (SI) either by reactivation of biological activity, increasing the abundance of microorganisms, and the proliferation of external sources of microbes such as the ones carried through air and water. Tomato rhizosphere (RT) and endosphere (ECT) samples had a higher OTU average than the SI, but a smaller average compared to FS (RT = 2,474 OTUs, EC = 2,088) (Supplementary Table S2).

We found 586 shared bacterial genera between soils and roots (rhizosphere and endosphere) of tomatoes and ruderal plants (Figure 2A). The source soils had eight unique genera and shared most (98.78%) of their microbes with tomatoes or ruderal plants. The largest amount of unique genera (46.21%) was found for the ruderal plants, sharing the most bacterial genera with the tomato and the soils (53.78%). The tomato root microbiomes had 14 unique bacterial genera (1.9%), four were only shared with soils (0.53%), while most genera were shared with soils and ruderal plants (97.53%). The unique bacterial members found in plants and not found in soil may be a product of vertical inheritance of the plant microbiome (e.g., seed endophytes, Truyens et al., 2015; Shade et al., 2017). Another of our analyses showed that the tomato core microbiome had 51 bacterial genera, while ruderal plants and core soils had 187 and 16 bacterial genera, respectively. Cores were defined as detected genera in all of the sample types compared (RT, soils, and RZ). Complete information on unique and shared OTUs is available (Supplementary Table S3). In comparison to our result, another study identified a bacterial tomato rhizosphere core microbiome composed of 68 orders using different tomato cultivars in a single soil, and 27 orders using a single tomato genotype in five soils (Cheng et al., 2020).
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FIGURE 2. Alpha diversity and richness of the soil, rhizosphere, and endosphere of tomato and ruderal plants. (A) Venn diagram showing the number of shared bacterial genera in roots (endosphere + rhizosphere) and soils. (B) Boxplots showing the OTU Shannon diversity index (H&2032;) of source soils (SI), tomato rhizosphere (RT), tomato endosphere (ECT), in situ plants rhizosphere (RZ), and in situ ruderal plant endosphere (EC).




Ruderal Plants Rhizospheres Harbored a Larger Bacterial Diversity Than Soils and Tomatoes

We analyzed the α-diversity of soils, rhizospheres, and endosphere microbiomes through the Shannon diversity index (H′). Multiple studies have confirmed the two-step model of root microbiomes (Lundberg et al., 2012; Bulgarelli et al., 2013; Edwards et al., 2015). Here, we found that soils (H′ = 6.1–7.6) were more diverse than the tomato rhizosphere (H′ = 5.2–7.4) or the tomato endosphere (H′ = 5.5–7.1), thus fitting the two-step model for microbiome selection. However, when comparing the soil to the ruderal plant root microbiomes, higher H′ values were observed in the rhizosphere (H′ = 7.4–9.1) and even in their endosphere microbiomes (H′ = 7.0–9.2) compared to their soils (H′ = 6.1–7.6), not adjusting to the two-step model (Figure 2B and Supplementary Figure S3, Supplementary Table S2).

Ruderal plants might have a larger α-diversity because of the rhizosphere micro-environmental conditions, analogs to an oasis in the dry soil. However, previous reports show a larger diversity in rhizospheres than in soils comparing different biomes (Thompson et al., 2017). Marasco et al. (2018) found a higher 16S rRNA copies (qPCR) in the rhizosphere and rhizosheath than soil, of three species of dune colonizing speargrasses (Stipagrostis sabulicola, S. seelyae, and Cladoraphis spinosa). The larger rhizosphere and rhizoheath suggest an increase in microbial abundance and activity in these plants influenced microniches compared to soils. They also found that S. seelyae possessed a more substantial species richness in the rhizosphere than the bulk soil. Another study found that plants of Caragana microphylla can host rhizospheric microbial communities with larger Shannon diversity values in comparison to their bulk soils in particular sites or depending on the type of dunes (Gao et al., 2019). Additionally, some considerations must be made for ruderal plants since they are present in environments where they are not the only plant species but part of a plant community that could be broadening the rhizosphere effect. Different plant species or genotypes, as well as plant age, have been reported to attract specific bacterial communities (Baudoin et al., 2002; Marschner et al., 2004; Micallef et al., 2009). Additionally, plant communities and their richness and diversity growing in the soil affects belowground microbial community diversity, biomass, and respiration rates, thereby impacting plant diversity (Wu et al., 2019). Current agricultural management includes practices such as fertilizer-driven production, which decreases the importance of plant-microbe interactions when scavenging for nutrients (van der Heijden et al., 2008). The larger microbial diversity observed in ruderal plants shows the commitment of wild plants to their microbes, fostering plant-microbe relationships which are not observed in domesticated cultivars (Wissuwa et al., 2009). We have previously tested other non-domesticated plants, such as the aquatic carnivorous bladderwort Utricularia gibba (Alcaraz et al., 2016) and the bryophyte species Marchantia polymorpha and M. paleacea (Alcaraz et al., 2018); both showed less diversity in their root analogs (bladders, and rhizoids) than their soil sources, supporting the two-step model. The Marchantia microbiomes even allowed us to perform an extreme microbial selection due to the in vitro propagation of these plants, highlighting a reduced core of closely related microbial inhabitants (Alcaraz et al., 2018). Testing multiple plants, wild and domesticated, could reduce the gaps in understanding the microbiome structure loss as a domestication trade-off.



Plant Driven Selection of Bacterial Root Colonizers in Tomatoes and Ruderal Plants

We performed a α-diversity analysis based on the weighted UniFrac community distance matrix to dissect the role of soil in the establishment and structure of rhizo and endosphere microbiomes in both ruderal and S. lycopersicum plants (Figure 3). We observed that the microbiome (16S rRNA gene) distribution was largely driven by the host species. The weighted UniFrac dendrogram grouped the samples into three major clusters: Cluster (I) contains only tomato-associated microbiomes, cluster (II) includes soil and ruderal plant microbiomes, and a mixed cluster (III) includes soil, tomato, and ruderal plant microbiomes (Figure 3). The clustering of the three groups is supported by ANOSIM (R = 0.7257; p < 0.001; 999 permutations). Pairwise distance values were calculated between every sample in the weighted UniFrac dendrogram to evaluate the distance patterns and cohesion found inside and between each of the described clusters. The average internal distances were 0.5041 for cluster (I), 0.5058 for cluster (II), and 0.4787 for the cluster (III). The measured distance between any terminal node of cluster I against any tip in either cluster (II) or (III) was 0.6608. Most of the tomato samples were closer to each other than to their source soils. The tomato-associated cluster (Figure 3, cluster I) grouped 10/16 tomato rhizospheres, along with 13/16 of the tomato endospheres, suggesting a plant genotype-dependent role in root microbiome establishment. The closer α-diversity distance of ruderal plants to their soils, compared to tomatoes (Figure 3), showed the tomato host genotype associated microbiome selection having a larger effect than soil, lowering its overall α-diversity in a probable outcome of domestication trade-offs. A comparison of maize, its ancestor teosinte, and other Poaceae rhizosphere microbiomes showed correlations between microbiomes and host evolutionary distances (Bouffaud et al., 2014). The few tomatoes and ruderal samples that clustered closer to their source soils, were remarkably acid soils, indicating pH properties as microbiome structuring factor, as shown before (Fierer and Jackson, 2006; Männistö et al., 2007; Table 1).
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FIGURE 3. Host genotype and soil influence on microbial community structure (16S rRNA gene). On the left, a weighted Unifrac dendrogram shows α-diversity and phylogenetic similarity between soil, tomato, and ruderal plants. Each location is indicated at the dendrogram terminal nodes with a three-letter key for sampling location and suffix indicating type: initial source soil (SI), final soil (FS), unplanted soil (US), tomato rhizosphere (RT), tomato endosphere (ECT), ruderal plant rhizosphere (RZ), and ruderal plant endosphere (EC). Phyla diversity (H&2032;) in each sampled microbiome is shown as a horizontal heatmap. Bar plots show bacterial phyla relative abundance in each sample. Proteobacteria are shown at the class level in the bar plots.




Microbiome Phylogenetic Assignments and Differential Taxa in Soil, Ruderals, and Tomato

In situ samples of soils and ruderal plants were dominated by Actinobacteria, with a significantly (ANOVA p < 2e-16) lower abundance in tomato roots (Figure 3, Supplementary Figure S4 and Supplementary Table S5). Using the tomato (fixed plant genotype), we imposed a selective factor, since the plant-derived chemotactic signals and photosynthates should be similar, independent of the soil. Proteobacteria were significantly enriched in tomatoes (ANOVA p < 1.82e-15) compared to soils and ruderal plants. It seems that plants such as tomatoes as other agricultural species favor Proteobacteria (Correa-Galeote et al., 2018; Cordero et al., 2020), while ruderals and soils depend upon Actinobacteria. The class α-Proteobacteria was the most abundant in tomatoes, with significant enrichment (ANOVA p < 2e-16) compared to ruderal plants and soils. The β, γ, and δ-Proteobacteria were more abundant in ruderal plants (p < 0.05) than in tomatoes and soils. Bacteroidetes were enriched in tomato roots (ANOVA p < 1.34e-15) when compared to soils and ruderal plants (Figure 3, Supplementary Figure S4, and Supplementary Table S5). Each plant can attract and select specific microorganisms depending on plant-genotype-dependent chemical formulation of rhizodeposits and cell wall features, resulting in specificity for microbiome selection (Schlaeppi et al., 2014; Bulgarelli et al., 2015; Fitzpatrick et al., 2018). Additionally, in situ natural variations in the climatic conditions were reduced in the common garden experiment, tomato plants watered regularly, and minimized climatic variation. The larger abundance of Actinobacteria has practical explanations in plant interactions; there are reports of its use as biocontrol agents isolated from soil and rhizospheres, and they are secondary metabolite producers such as antibiotics or plant growth-promoting molecules such as indole acetic acid (El-Tarabily et al., 2009; Brader et al., 2014; Sreevidya et al., 2016). Actinobacteria differential abundance in both soils and ruderal plants can also be a product of environmental water limitations. Aridity increases the proportions of Actinobacteria in arid soils, while humid sites usually have larger Proteobacteria abundances (Neilson et al., 2017), probably because Proteobacteria have faster duplication times than Actinobacteria (Ramin and Allison, 2019).

We used DESeq2 to compare and identify significantly (p < 0.01, Bonferroni corrected) enriched OTUs (Supplementary Table S6). The overall diversity decrease in the tomato roots is consistent with the enrichment of certain bacterial groups capable of close plant interactions through specific molecular mechanisms (e.g., chemotaxis responsive, plant degradation enzymes) (Bais et al., 2006; Compant et al., 2010). We found six differential OTUs assigned as Sphingobium, Caulobacter, Asticcacaulis, Arthrospira, and Kaistobacter in the tomato rhizospheres compared to their source soils (Supplementary Figure S5A). These bacterial genera have been isolated from sources such as freshwater (Chen et al., 2013), soil (Costa et al., 2006), and rhizospheres (Young et al., 2008; Schreiter et al., 2014; Yang et al., 2016). The genera Caulobacter and Asticcacaulis are characterized by having at least one appendage or prostheca that protrudes from the cell envelope and can play a role in adhesion to solid substrates (Poindexter, 1981; Ong et al., 1990), a helpful attribute for the colonization of plant roots (Wheatley and Poole, 2018). Additionally, Caulobacter has been described as a hub taxa in the phyllosphere of Arabidopsis thaliana (Agler et al., 2016), remarking the possible importance of these taxa in plant-associated microbial communities. In contrast, in the endospheres, we found 14 enriched OTUs belonging to the same genera present in the rhizosphere and Agrobacterium and Lacibacter (Supplementary Figure S5B). The presence of OTUs assigned to the families Sphingomonadaceae and Bradyrhizobiaceae in roots of S. lycopersicum has been reported previously. Both Sphingomonadaceae and Bradyrhizobiaceae OTUs were reduced with plants inoculated with the pathogen Phytophthora parasitica, compared to healthy plants (Larousse et al., 2017). We found an overrepresentation of some Sphingobium and Rhizobium species, suggesting that their abundance could be used as a plant health proxy since we did not observe root rot symptoms in any of our individuals, as in other studies with healthy tomato plants (Satour and Butler, 1967; Lee et al., 2019). Moreover, in a previous work describing tomato roots, microbiomes, Sphingomonas, and Sphingobium were detected in more than 50% of the 16S rRNA gene OTUs (Lee et al., 2016). Sphingobium has been observed as the dominant genus in tomato roots elsewhere (Pii et al., 2016). The comparison between ruderal plant roots and soils showed 45 differentially abundant OTUs in the rhizospheres (Supplementary Figure S5C) and 31 enriched OTUs in the endosphere (Supplementary Figure S5D), most belonging to Actinobacteria (Supplementary Table S6). Additionally, we compared the sets of soils and their controls (Figure 1) and did not find any shared OTUs whose abundance differed significantly. Most of the ruderals in our study were grasses (Poaceae; Supplementary Figure S1), and recently it was reported that grasses rhizospheres were enriched in Actinobacteria under drought conditions (Naylor et al., 2017). Also, the loss of Actinobacteria abundance in tomato, a domesticated crop, compared to the soils and ruderal plants suggests that it could be a domestication trade-off, as previously suggested by a correlation between microbiome structure and host evolutionary history (Redford et al., 2010; Peiffer et al., 2013; Bouffaud et al., 2014).



Shotgun Metagenomic Diversity in Source Soils, Ruderal Plant Rhizospheres, and Tomato Rhizospheres

We sequenced 50.1 Gb in a total of 17 SI, RT, and RZ metagenomes. After quality control, we obtained 464,372,598 high-quality paired-end reads (μ = 27,316,035 ± 2,943,233 per sample), which were used as input to an assembly that yielded 12,677,118 contigs (μ = 745,713 ± 366,001 per sample), with an average N50 of 176 ± 51 bp and the longest contig average length of 45,645 bp. Subsequently, we were able to compute a total of 12,272,971 predicted peptides (μ = 708,835 ± 332,770 per sample) (Supplementary Table S7). Protein redundancy was reduced using proxy-genes of matches to known proteins and protein-clustering alignments (70% identity). After clustering and matching, protein annotation was performed using the M5NR database (see “Materials and Methods”), resulting in 3,147,929 proteins; only 411,432 (13.07%) were annotated based on homology against the M5NR database.

We compared the shared set of proteins between soils, ruderals, and tomatoes, resulting in a set of 43,305 proteins detected at least once for every sample type (Figure 4A). Most of the union set proteins (93%) were annotated. Tomatoes shared with the soils 8.49% of their predicted proteins, while ruderal plants shared 8.72% of the identified peptides with the soil. Tomatoes shared more coding genes with ruderal plants (8.85%) than with soil (8.49%) (Figure 4A). Different sets of proteins for each sample showed the largest novelty in soil (88.83%), followed by ruderal plants (87.46%) and tomatoes (86.36%) (Figure 4A). Although the largest number of unique proteins could be the result of an enthusiastic computer prediction, it was interesting that the tomato had the largest amount of annotated proteins (12.10%) compared to ruderals (9.97%) and soils (6.75%), maybe reflecting the larger previous genomic information in agricultural microbes, being scarcer in wild plants, and the soil microbes (Figure 4A). Complete lists of identified proteins are available as Supplementary Material (Supplementary Table S8).
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FIGURE 4. Shotgun metagenomics diversity of soil and rhizosphere microbial communities. (A) Venn diagram showing the number of shared and unique annotated protein families (70% identity) in soil and rhizosphere. (B) Boxplots showing the Shannon diversity index based on the total number of predicted proteins in soil and rhizosphere. (C) Constrained analysis of principal coordinates (CAP), calculated from the total number of predicted proteins for all sequenced soil and rhizosphere metagenomes using Bray-Curtis dissimilarity. Vectors display the environmental factors: CT, Total Carbon concentration; NT, Total Nitrogen concentration; PT, Total Phosphorus concentration; RZ, ruderal plant rhizosphere; SI, Initial soil.


We compared the protein α-diversity using the Shannon diversity index (H′) based on the total number of predicted proteins (Supplementary Table S9). Soil diversity had a higher median (H′ = 11.8) than tomato diversity (H′ = 11.3) and ruderal plant diversity (H′ = 11.3), without significant differences (Figure 4B and Supplementary Figure S6). We hypothesize that domestication decreased the microbial diversity of the tomato root microbiome compared with that of grasses growing in the same soil. Plant domestication is targeted at meeting the requirements of humans, thereby decreasing plant genetic variability and generating crops dependent on humans (Doebley et al., 2006; Bulgarelli et al., 2013). Interestingly, the two-step model for root microbiota resembles the effects of reductive gene diversity in crop domestication (Doebley et al., 2006). Current agricultural management includes practices such as fertilizer-driven production, which decreases the importance of plant-microbe interactions when scavenging for nutrients (van der Heijden et al., 2008). Although it is not as descriptive with metagenome-predicted proteins, and it probably needs further refinement, maybe through linking the OTU abundance with pan-genomics and metagenomics to describe the genomic coding diversity (Delmont and Eren, 2018). To test the hypothesis that the tomato predicted metaproteome is divergent from those of the soil and ruderal plants, as suggested by the 16S α-diversity dendrogram (Figure 3), we performed a constrained analysis of principal coordinates (CAP) ordination (Figure 4C). We used the protein abundance as CAP input, and we constrained the analysis by sample type, pH, total N, C, and P. This metagenomic profiling of the microbial communities showed that ruderal plants and soils have a similar composition of predicted proteins (Figure 4C), differentiating them from tomato rhizospheres and highlighting the host-dependent selection. The CAP explained 16.6% of the total observed variance, with CAP1 (9.4%) splitting the tomatoes from ruderals and source soils. Ruderal plants were closer to the soils, but not mixed with them (CAP, Bray-Curtis distance, PERMANOVA 9,999 permutations, p < 1e-4). The split tomato and ruderal-soil groups are also supported by ANOSIM (R = 0.4568; p < 0.001; 999 permutations) (Figure 4C). Correlations with the measured geochemical variables with the two CAP axes showed positive correlations of P, source soils (SI), and ruderal plants (RZ), while negative correlations observed for pH, N, and C (Figure 4C).



Shotgun Metagenomics Taxa Assignments

We were able to bin and classify 38% ± 1.66 of the sequenced metagenomic reads to multiple taxa. Bacteria accounted for 88.14% of the identified matches, followed by 7.09% of Eukaryota, with almost half of the hits corresponding to Fungi (3.83%) (Supplementary Table S10). Further work will explore eukaryotic, archaeal, and viral diversity of the sequenced metagenomes. In soils, the most abundant bacterial species binned was Solirubrobacter soli (Actinobacteria), which was also highly abundant in ruderals and tomatoes. Sphingomonas sp. URHD0057 (α-Proteobacteria) were most abundant in ruderals, along with Solirubrobacter soli and the Rhizobiales Rhodoplanes sp. Z2-YC6860. The 16S data showed that Bacteroidetes were significantly enriched in tomato roots compared to soil and ruderals; metagenomic bins confirm the 16S rRNA gene trends. There are reports about bacterial groups’ enrichment, such as Bacteroidetes on wild plants and Proteobacteria on domesticated plants (Pérez-Jaramillo et al., 2018). Within the principal tomato metagenomic bins, we found Ohtaekwangia koreensis, Flavobacterium terrae, Niastella vici, Chryseolinea serpens the metagenome-assembled genome of a Chitinophagaceae bacterium IBVUCB2 as Bacteroidetes species.

We analyzed a functional summary of the sequenced metagenomes using the SEED subsystem gene ontology (Figure 5). The largest category was clustering-based subsystems, which include protein families that are quite diverse from the CRISPR, sugar metabolism, other known categories, and hypothetical proteins. We only found small differences (Tukey’s HSD) in iron acquisition metabolism (p = 0.07), cell wall and capsule genes (p = 0.06) between soils and tomatoes. We found significant differences (p = 0.017) between ruderals and tomatoes in sulfur metabolism genes (Figure 5).
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FIGURE 5. Summary of metagenomic functional profiles. Heatmap is describing the level 1 SEED subsystems ontology annotations in each row. Although only using the 138,627 M5NR matches to the SEED, representing 4.4% of the total dataset, it was helpful to describe the main molecular functions. Columns represent each metagenome, and the first four alphanumeric codes are for location; suffixes indicate sample type: RT is tomato rhizosphere metagenome, SI is source soil, and RZ represents ruderal plant rhizosphere metagenome.




Enriched Proteins in the Rhizospheres-Soil Comparison

Pairwise comparisons were made using DESeq2 to find significant (p < 0.001, Bonferroni) predicted protein enrichments. Comparing tomatoes (RT) and soils (SI), we identified 67 enriched proteins in RT involved in motility, chemotaxis, and biofilm formation (e.g., LuxR, CheY, diguanylate cyclase, CpaE), complex carbohydrate degradation (e.g., xyloglucanase, cellulase Cel5F), antibiotic resistance (e.g., β-lactamase class C), iron metabolism (e.g., TonB), and sporulation (e.g., SpoIIIE), as well as secretion system-related proteins (e.g., exo-sortase) (Supplementary Figure S7). The enrichment of Proteobacteria in tomato is in line with enriched genes such as motility and chemotaxis, widely distributed amongst α, β, and δ-Proteobacteria (Liu and Ochman, 2007). Motility traits are important for host colonization; this has been tested by mutagenesis in Pseudomonas fluorescens WCS36, reducing colonization efficiency of plant roots (de Weert et al., 2002), also reported for P. fluorescens SBW25 (Turnbull et al., 2001). Diguanylate cyclase and CpaE are involved in biofilm formation and pili production in Caulobacter crescentus (Skerker and Shapiro, 2000; Del Medico et al., 2020). Another interesting metabolic feature relevant for the plant-associated niche found in tomato roots is the enzyme xyloglucanase, involved in the degradation of xyloglucan. This heteropolysaccharide comprises up to one-quarter of the total carbohydrate content of terrestrial plant cell walls (Scheller and Ulvskov, 2010; Figure 6).


[image: image]

FIGURE 6. Tomato rhizosphere core metagenome and differential features with soil and ruderal plants summary. Predicted tomato core proteins and enriched tomato proteins are color-coded to the related cellular processes. The found proteins were previously reported as fundamental for plant-microbe interactions.


When comparing ruderals (RZ) and tomatoes (RT), we found 16 enriched proteins in RT and 11 in RZ (Supplementary Figure S8). The lowest number of enriched proteins between tomatoes and ruderals indicates that their shared set contains common features in plant-microbe interactions. Compared to RT, the RZ-enriched proteins included transporters and, interestingly, osmotic sensor components (e.g., osmosensitive K channel histidine kinase). The RT-enriched proteins, compared to RZ, included several peptidases (e.g., M17 leucyl aminopeptidase) and some horizontal gene transfer elements (e.g., integrase-recombinase, ISRSO17 transposase, bacteriophage N4 adsorption protein B). Interestingly, multiple similar proteins enriched in the RT-SI comparison were also enriched in the RT-RZ (e.g., β class C, glycoside hydrolases), remarking the host genotype filtering of RT. Finally, comparing RZ-SI registered only two RZ-enriched proteins, indicating the similarities between soil and ruderals (Supplementary Figure S9). The full list of overrepresented proteins for each comparison is available (Supplementary Table S11).



The Tomato Rhizosphere, Soil, and Ruderal Plant Core Metagenomes

It seems that the tomato was highly selective about its microbial inhabitants; we found 2,762 protein families ubiquitous in all tomato roots tested (Supplementary Figure S10). We used the protein annotation to reduce the dataset to 1,777 core proteins and only 1,353 exclusively in tomato (Supplementary Table S12). The core tomato metagenome was contrasting to the soil with only 162/639 and the ruderal metagenome with just 143/694 core-exclusive proteins. Some essential proteins were expected to be part of the core metagenomes and worked as controls for our searches, such as ribosomal proteins, DNA and RNA polymerases, gyrases, chaperonin GroEL, and we found them all within the tomato core metagenome. Within the tomato core metagenome, we found multiple strategies to cope with nitrogen, such as regulation genes via denitrification (nosZ) and nitrate reductase genes (nasA, nirB, and nrfA) to obtain ammonia (Figure 6). The high abundance of Actinobacteria in the source soils and the switch to a Proteobacteria dominance in the FS suggests processes such as biological nitrogen fixation and microbial biomass increments. Both Actinobacteria and Proteobacteria are capable of nitrogen fixation since their genomes contain nitrogenases (Boyd and Peters, 2013). Glutamate, glutamine synthetases, and their transferases were also detected in the RT core metagenome and could regulate amino acid synthesis and ammonia. Additional nitrogen storage proteins were detected, such as cyanophycin synthetase (CphA) and cyanophycinase, within the RT metagenomic core; cyanophycin is a non-ribosomal peptide built by aspartic acid and arginine. This reserve polymer regulates N and C and mediates N storage, providing bacterial fitness advantages under nitrogen fluctuations (Watzer and Forchhammer, 2018; Figure 6). Further, we found allantoinase and allantoate amidohydrolase genes, which are responsible for allantoin degradation to ammonia (Cruz-Ramos et al., 1997; Ma et al., 2016). Patatin-like phospholipase proteins were also found in the tomato core metagenome; they are phospholipases originally described in potato, but with abundant homologs in bacteria (Banerji and Flieger, 2004). Bacteria use patatins to target host cell membrane as effectors via the type III secretion system (Finck-Barbançon et al., 1997; Phillips et al., 2003; Sato et al., 2003) and are activated by ubiquitin (Anderson et al., 2015). The eukaryotic patatins are known to have antimicrobial activities (e.g., Phytophthora infestans inhibition) (Bártová et al., 2019). Tomato and potato, belonging to the family Solanaceae, interact with microbes via patatin and patatin-like proteins, and we will further explore plant-microbe interactions mediated by these proteins. While significantly enriched in ruderals, leucyl aminopeptidase was also ubiquitous in tomato metagenomes. Interestingly, leucine aminopeptidase A (LapA) is expressed in tomato after wounding and prevents foraging (e.g., Manduca sexta foraging tomato) (Fowler et al., 2009). LapA is also transcriptional and protein-responsive to microbial pathogens (Pautot et al., 1993; Pautot et al., 2001). The bacterial leucine aminopeptidases found in tomato metagenomes could be expanding the plant’s defensive response through LapA, but this is yet to be explored. The complete M5NR identifiers and core metagenomes are available (Supplementary Table S13).

Describing the tomato core microbiome and metagenome under multiple soils also allowed us to test the plant genotype filtering effect, evaluating selected microbes in diverse environments. With the current advances in synthetic biology, the tomato core metagenome could lead to a tomato root metagenomic chassis. This core metagenome could lead to microbe-complemented plant breeding programs aiming to reduce and optimize fertilizer use while increasing plant resilience, such as that observed in ruderal plants. Further possibilities could be the recovery of the domesticated missed root microbes from wild plants.

By using 16 geochemically diverse soils as microbial inputs for root colonization, we discarded the role of soil as the major structuring factor of root microbial communities, particularly of their coding genes. Further work is needed for detecting other environmental microbe sources than the soil for rhizosphere metagenomic diversity. Weather-dependent ruderal plant roots are a nutrient and moisture oasis for soil microbial communities with a higher taxonomic α-diversity. The tomato root microbiome followed the two-step model of microbiome acquisition. The reduced total protein number, along with significant enrichments in the tomato root metagenomes compared to ruderals and soils, suggests a tomato rhizosphere specialization and a possible domestication trade-off. Plants had been domesticated since the Neolithic age some 10,000 years ago (Purugganan and Fuller, 2009), and genomic changes in microbes linked to domestication processes have been documented (genome reduction, insertion sequences, and transposition expansions), such as the enriched genes found in RT (Mira et al., 2006). Our experimental setup showed that tomato enriched plant-microbe interaction genes (Figure 6). Altogether, our results show that tomato roots have a convergent, genotype driven, and reduced microbiome compared to their source soils, following the two-step selection model for the root microbiome. This is contrary to the ruderal plants, which exhibit a larger microbiome diversity than their soils, not following the two-step model.



MATERIALS AND METHODS


Soil and Local Plant Roots Sampling

Edaphological charts were used to locate eight different soil groups, according to the United Nations FAO classification (IUSS Working Group WRB, 2015) from 16 different geographic locations described in Figure 1A and Table 1. In each location, 0.09 m1 quadrats were placed, and duplicate root samples were taken from the quadrant dominating plant species and the soil below them. We collected 2 kg of each soil into sterile plastic bags for the common garden experiment and biogeochemical analysis. All soil samples were taken from a depth not larger than 10 cm. The soil was kept at 4°C in a darkroom until greenhouse experiments were conducted 1 month later. In situ soils were collected for each soil group, poured into duplicate sterile centrifuge tubes (50 mL volume), and immediately field frozen in liquid nitrogen until storage into a −80°C freezer metagenomic DNA extraction.



Common Garden Experiment, Harvesting, and Sample Collection

The tomato seeds used were Solanum lycopersicum L. Cv. Río grande (Sun Seeds, Parma, ID, United States). Seeds were surface disinfected in 70% ethanol for 1 min, followed by a wash in 2.5% NaOCl for 2 min, and rinsed with sterile distilled water. Seeds were germinated in 1% agar for 96 h in a dark growth chamber at 27°C. Sprouts were aseptically transplanted into duplicated pots filled with the collected soils, two plants per pot were transplanted, summing four biological replicates; additionally, pots with each soil were prepared without plants which served as a control to track the changes in the soil microbiome composition due to the treatment applied in the greenhouse lacking the influence of plant development (US; Figure 1C). Pots were set in the greenhouse randomly, and plants were watered with tap water every other day and harvested after 60 days of growth. All soil samples (Figure 1) were collected in 50 mL sterile tubes and frozen at −80°C until metagenomic DNA extraction. Roots were separated from shoots to collect rhizosphere and endosphere samples by removing loose soil, followed by a washing and ultrasound procedure in 1X PBS buffer (137 mM NaCl; 2.7 mM KCl; 10 mM Na2HPO4; 1.8 mM KH2PO4) as described before (Lundberg et al., 2012). Tomato rhizosphere and endosphere metagenomic pellets were recovered through centrifugation (50mL tubes centrifuged at 1,300 g during10 min). Roots and shoots were oven-dried at 60°C for 24 h to measure plant biomass production. Due to low DNA extraction efficiency by this method in ruderal plant roots, they were cut and separated into ten 1.5 mL tubes, which received the same treatment as the 50 mL tubes. All sample pellets were frozen and kept −80°C until metagenomic DNA extraction.



Soil Geochemical Analyses

Initial and final soils were oven-dried for 24 h at 70°C. The pH was measured in deionized water (1:4 w:v) with a Corning digital pH meter. Total carbon was measured by coulometric combustion detection (Huffman, 1977) with a Total Carbon Analyzer (UIC Mod. CM 5012; Chicago, IL, United States). Total nitrogen was determined by a semi-Kjeldahl method and phosphorus by the molybdate colorimetric method after ascorbic acid reduction (Murphy and Riley, 1962) using a Bran-Luebbe Auto Analyzer III (Norderstedt, Germany). The Lang’s aridity index (Lang, 1920) of each site was calculated using historical data of mean annual precipitation and temperature for each sampling location, and data was consulted at the Atmospheric Sciences Center2 of UNAM. Non-metric multidimensional scaling (NMDS) of the samples was calculated with the geochemical data using the metaMDS function in the vegan R package (Oksanen et al., 2015) and plotted with ggplot2 (Wickham, 2009). Detailed statistical and bioinformatic methods are available at Github2.



Metagenomic DNA Processing and Massive Sequencing

The metagenomic DNA of all samples was extracted using the Mobio PowerSoil DNA extraction kit (MoBio, Carlsbad, CA, United States), following the manufacturer’s instructions. Briefly, for soils, ∼0.25 g were used for the extraction, for rhizosphere and endosphere pellets collected after washing and sonication of the roots were used respectively, as previously described (Lundberg et al., 2012). Then, the Mobio protocol was slightly modified to get extra DNA by heating the C6 elution solution to 60°C before eluting the DNA, and two 30 μL elutions were performed on the same spin filter. The same DNA was used for both amplicon and whole metagenome shotgun sequencing.

PCR amplification of the 16S rRNA gene was performed in duplicates, followed by the Illumina® MiSeq protocol for 16S metagenomic sequencing library preparation (Illumina 2013) using the 341F/805R primer pair targeting the V3-V4 regions with the Illumina sequencing adaptors in 5′ (341F: 5′-CCTACGGGNGGCWGCAG-3′; 805R: 5′-ACTACHVGGGTATCTAATCC 3′). PCR reactions were performed in a 20 μL volume, consisting of 0.16 μL Pfx polymerase (0.02U/μL) (Invitrogen, Thermo Fisher Scientific, Waltham, MA) 2μL buffer, 3 μL enhancer, 1.2 μL of each primer (5μM), 1.6 μL dNTPs (2.5 mM), 0.6 μL Mg2S04 (1.5μM), 9.2 μL PCR grade water and 2 μL DNA template. The PCR program for amplification was 95°C for 3 min, followed by five cycles of 94°C for 30 s, 55°C for 30 s, 68°C for the 30 s, followed by 25 cycles of 94°C for 5 s and 68°C for 30 s. The duplicate amplification products of each sample were pooled and purified with the SV Wizard PCR Purification kit (Promega, Madison, WI) following the manufacturer’s instructions. Amplicon library sequencing was done in the Illumina® MiSeq platform in a 2 × 300 paired-end configuration at the University Unit of Massive Sequencing and Bioinformatics3 of the Biotechnology Institute, UNAM, Mexico. Whole shotgun metagenome sequencing libraries were prepared using the Truseq PCR free library preparation kit for selected initial soils, ruderal plants, and S. lycopersicum rhizospheres, which were then sequenced with an Illumina HiSeq 2000 in a 2 × 100 bp reads, at the facilities of Macrogen, Korea4.



16S rRNA Gene Amplicon Sequence Analysis

The 16S rRNA protocol used in this work had been used previously and is detailed at GitHub5 (Alcaraz et al., 2018). In summary, gene amplicon libraries were quality inspected using Fastx Toolkit6 and trimmed to a 250 bp length. Trimmed paired-end reads were assembled using Pandaseq (Masella et al., 2012). The assembly was performed using a minimum overlap of 15 bp, the minimum output length of 250 bp, the maximum output length of 470 bp, and an alignment threshold of 95%. Finally, assembled sequences were filtered using a minimum PHRED score of 20. All the samples were concatenated and clustered into OTUs, using a 97% identity threshold with cd-hit-est (Li and Godzik, 2006). The taxonomy of representative sequences was assigned against Greengenes (De Santis et al., 2006) database with QIIME’s scripts (Caporaso et al., 2010). After taxonomic classification, singletons, and chimeras were removed as well as sequences corresponding to the mitochondria, chloroplast, and unassigned hits were filtered out. Finally, the representative OTU sequences were aligned with SSU-align (Nawrocki et al., 2009), and a phylogenetic tree was constructed with Fasttree (Price et al., 2009). Detailed statistical and bioinformatic methods are available at Github (See text footnote 2).



Metagenomic Shotgun Sequence Analysis

The quality control of whole shotgun metagenome sequences was done using Trimmomatic (Bolger et al., 2014), only paired-end matched reads were used for subsequent analysis. We filtered out metagenomic reads matching S. lycopersicum genome (NCBI BioProject: PRJNA66163), while soils and ruderal plants rhizosphere libraries were filtered against the Oryza sativa genome (NCBI BioProject: PRJNA122) with Bowtie2 (Langmead and Salzberg, 2012). Quality and host filtered metagenomic libraries were used to assemble individual metagenomes with metaSPADES (Nurk et al., 2017). High-quality reads were mapped against the metaSPADES contigs, and unmapped reads were subjected to a second assembly with Velvet (Zerbino and Birney, 2008). The resulting contigs from both assemblies were merged and used to predict ORFs and coding proteins with Prodigal (Hyatt et al., 2010). Annotation of predicted proteins was made against the M5NR database (Wilke et al., 2012) using DIAMOND (Buchfink et al., 2015) with the following parameters -f6 -e 1e-10 -k 10 -p1, retrieving Refseq (Pruitt et al., 2007) and SEED subsystems (Overbeek et al., 2014) annotations from M5NR matched identifiers. The abundance of each predicted protein was calculated by mapping the high-quality reads against the predicted ORFs with Bowtie2. All the predicted proteins were clustered using cd-hit (Li and Godzik, 2006) using a 70% identity threshold, and they were parsed into a biom formatted matrix, used as input for sets comparison using UpSetR (Conway et al., 2017). The binning of whole shotgun metagenomic reads was performed with Kaiju (Menzel et al., 2016). Detailed statistical and bioinformatic methods are available at Github2.



Diversity Analysis

The α and β-diversity of soils, rhizospheres, and endospheres from each site were calculated with phyloseq (McMurdie and Holmes, 2013), and vegan R (Oksanen et al., 2015) packages. Taxonomic α-diversity was assessed using a weighted Unifrac (Lozupone et al., 2006) distance matrix. Microbiomes were then hierarchically clustered with the hclust method using complete distances and clustering evaluated through the ANOSIM function. OTUs were clustered at the genus level, and Venn diagrams were used to compare the complete root system (rhizosphere + endosphere) microbiome composition of ruderal plants, S. lycopersicum, and initial soils using a web Venn diagram calculator7. Unique soil, ruderal plants, S. lycopersicum, and the ruderal plants-S. lycopersicum intersection taxonomic profiles were described at the phylum level based on OTU abundances.

Metabolic α-diversity was estimated through a constrained analysis of principal coordinates (CAP) analysis using Bray-Curtis dissimilarity based on the total abundance of predicted proteins. Differential OTUs and protein abundances comparing rhizospheres or endosphere against soils were calculated using DESeq2 (Love et al., 2014) with a Wald statistical test and a local fit of the data. For 16S rRNA data, OTUs were considered differentially abundant between groups using a p < 0.01, for metagenome predicted proteins, a p < 0.001 was used as a cut-off. Their 16S rRNA matches identified the collected ruderal plant species to NCBI’s NR database representing a variety of 5 different plant families, mainly grasses (Poaceae N = 10, Asteraceae N = 3, Lamiaceae N = 1, Fabaceae N = 1, and Fagales N = 1; Supplementary Figure S1). Detailed statistical and bioinformatic methods are available at Github2.
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Viral diseases and their damage causing significant loss to economically important crops have increased by several folds during the last decade. All the conventional approaches are not able to eradicate the viral infection. Therefore, there is a need to look for efficient and eco-friendly viral disease-preventive measures. The genomic material of the majority of deleterious viruses of higher plants is RNA. One of the possible measures to control viruses is the use of ribonucleases (RNases), which can cleave RNA in the viral genome. Based on this, we investigated the RNase activity of endophytic Bacillus spp., which can enrich in 103–105 colony-forming units per gram of wet mass of aboveground part of potato plants. A high level of RNase activity was observed in the culture medium of Bacillus thuringiensis B-6066, Bacillus sp. STL-7, Bacillus sp. TS2, and Bacillus subtilis 26D. B. thuringiensis B-5351 had low RNase activity but high ability to colonize internal plant tissues, Bacillus sp. STL-7 with high RNase activity have relatively low number of cells in internal tissues of plants. B. thuringiensis B-6066, B. subtilis 26D, and Bacillus sp. TS stimulate RNase activity in potato plants for a long time after application. Strains with high ability to colonize internal plant tissues combined with high RNase activity reduced severity of viral diseases symptoms on plants and reduced the incidence of potato viruses M, S, and Y. It is worth noting that Bacillus spp. under investigation reduced the number of Leptinotarsa decemlineata Say. egg clusters and larvae on treated plants and showed antifeedant activity. This results in increase of potato productivity mainly in the fraction of major tubers. B. subtilis 26D and Bacillus sp. TS2 combining endophytic lifestyle, RNase, and antifeedant activity may become the basis for the development of biocontrol agents for plant protection.

Keywords: Solanum tuberosum, viruses, endophyte, Bacillus, RNases


INTRODUCTION

Viruses cause epiphytoties among all agricultural crops worldwide. This threatens food security and stability of crop yields in a number of regions. The development of efficient and durable resistance able to withstand viral attacks represents a major challenge for agrobiology. For instance, cultivated plants are affected by at least 450 different viruses (Soosaar et al., 2005), more than 40 of them infect potato plants (Solanum tuberosum L.), significantly reducing their productivity and deteriorating the quality of tubers (Makarova et al., 2017), which is known as the cultivar degeneration. The most common and important viruses of potato are potato leaf roll virus (PLRV), potato virus Y (PVY), potato virus A (PVA), potato virus X (PVX), potato virus S (PVS), and potato virus M (PVM). Currently, viruses cannot be controlled with chemical pesticides, since known antiviral compounds such as teratogenic ribavirin (1,β-D-ribofuranosyl-l,2,4-triazole-3-carboxamide) are hazardous to people’s health (De Fazio et al., 1980). Considering that viruses have more than one species of plant host and that several unrelated viruses can infect plants simultaneously, it is important that more than one virus can be found within the same plant and can damage crops to a greater degree (Moreno and López-Moya, 2020). Thus, PVY is the most important viral pathogen in the world. PVY caused major economic damage to potato production worldwide (Alyokhin et al., 2008). In contrast to vector-borne viruses, PVY can be transmitted both non-persistently by aphids and mechanically through contact with infected plants. Thus, insecticides are an inadequate method of PVY control (Hussain et al., 2016). At the moment, PVY rapidly evolving and an increasing number of strains in PVY-complex evade many certification practices (based on PCR or immunoassay analysis) and defense measures. Seed certification programs often cannot be effective at managing PVY below economic thresholds as a consequence of its variability (Gray and Power, 2018). Yield losses caused by PVS and PVM are usually less than 10–20%, but co-infections of PVY and PVS and/or PVM amplify PVY caused losses (Pruss et al., 1997). Unfortunately, the latter is common in potatoes in many regions.

Non-vector herbivores, such as the most harmful pest Colorado potato beetle (CPB; Leptinotarsa decemlineata Say.) can mechanically transfer potato viruses. Diverse life cycle, ecological mobility, symbiosis with bacterial species (Sorokan et al., 2019), and high adaptability to a broad spectrum of stressors, including pesticides, allow CPB to spread almost everywhere (Alyokhin et al., 2008). Control of CPB is a difficult task since the pest becomes resistant to pesticides. Increased growth of CPB larvae, which propagated on PVY-infected plants in comparison with uninfected plants, was reported previously (Kersch-Becker and Thaler, 2014; Petek et al., 2014). Non-vectored tobacco mosaic virus (TMV) improved the survival of CPB larvae and adults, possibly, due to the increased nitrogen content in TMV-infected plants (Hare and Dodds, 1987). CPB female adults tended to feed on PLRV-infected potato foliage, although these individuals had lower fecundity and shorter longevity when fed virus-infected foliage in comparison with the ones that ate uninfected foliage (Boiteau and Singh, 1982). On the one hand, enhanced CPB larval growth of the ones reared on PVY-infected plants can be explained by inhibited accumulation of products of defense genes, such as proteinase inhibitors, associated with antifeedant properties of potato (Petek et al., 2014). On the other hand, colonization of PVY-infected plants, which had decreased growth, nutritional quality, and ability to regenerate damage caused by beetles, involves certain risks. Booth and Alyokhin (2016) suggested that there may be the strong selection pressure for choosing PVY-uninfected plants. Kersch-Becker and Thaler (2014) showed that the performance of non-vector herbivores Trichoplusia ni and L. decemlineata positively correlated with the strength of salicylate induction in tomato plants under the influence of PVY.

Thus, plants are exposed to various harmful organisms simultaneously. In this regard, plant protection requires an ever-growing volume of chemical pesticides annually. Unregulated control measures lead to escalation of anthropogenic negative impact on the environment. In addition, arising pathogens and pests resistant to chemicals overcomes protection measures. The search of environmentally safe biocontrol agents, based on beneficent microorganisms that combine diversified biocidal activities against common pathogens and pests and ability to prime immune reactions in plants via stimulation of specific signaling cascades, is of great interest. Some of the beneficial and heterogeneous group plant growth-promoting bacteria (PGPB) able to exist in internal plant tissues and called “endophytes” have drawn increasingly greater attention from researchers and manufacturers of biocontrol agents and biofertilizers (Li et al., 2015; Mishra et al., 2015; Maksimov et al., 2018). Bacterial endophytes have an advantage over bacteria inhabiting the rhizo- or phyllosphere, since living within a plant’s tissues represents an opportunity to be in constant “contact” with the plant’s cells, and endophytes become more integrated in plant metabolism than rhyzo- and phyllospheric microorganisms. PGPB strains show fungicidal (Aydi Ben Abdallah et al., 2016), insecticidal (Sorokan et al., 2016; Yang et al., 2017), and growth-promoting activities (Sansinenea, 2019); synthesize antibiotics and biosurfactants (Maksimov et al., 2020); and induce systemic resistance in plants against pathogens and pests (Rashid and Chung, 2017). The entomopathogenic capacity of Bacillus thuringiensis strains to different orders of pests (Diptera, Lepidoptera, Hymenoptera, Coleoptera, Orthoptera, Hemiptera, etc.) involves synthesizing crystalline proteins that have insecticidal activity when ingested by a susceptible host (Domínguez-Arrizabalaga et al., 2019), and now the ability of B. thuringiensis strains to invade plant internal tissues is of great interest, as well as insectotoxic properties of endophytic Bacillus subtilis strains.

These diverse effects allow the use of PGPB for protection against multiple environmental factors. Thus, B. thuringiensis strains can be applied to protect tea plants from both insect and mite pests (Idris et al., 2020). The multifunctional protective effect of endophytic strain B. subtilis 26DCry expressing insectotoxic Cry1Ia protein and surfactin against both aphids and pathogens on wheat plants was shown previously (Maksimov et al., 2020). It also should be noted that Bouizgarne (2012) assumed data on plant protection and suggested that in some cases the treatment of plants with endophytes was more advantageous than the cultivation of transgenic plant varieties resistant to viruses. Implementing manufactured plant microbiomes with PGPB that are capable to release antiviral compounds in plants and to prime mechanisms of plant resistance to viral pathogens can become a challenging alternative to chemical pesticides and transgenic plants (Maksimov et al., 2019).

Secretion of enzymes including RNases, which participate in mobilization of organic phosphates, is one of the mechanisms of bacterial adaptation to changing environmental conditions. The ability of Bacillus pumilus, Bacillus amyloliquefaciens, and Bacillus licheniformis to produce extracellular RNases (binases, baRNases, and baliphases, respectively) is actively investigated (Ulyanova et al., 2016; Ilinskaya et al., 2018). Low concentrations of RNases stimulate plant growth and resistance to a broad spectrum of stress factors, and high levels of them show antiviral properties by destroying viral RNA. Thus, all Pantoea, Cronobacter, Microbacterium, and Staphylococcus isolates, which originate from Cucurbitaceae plants produce nucleases, as well as 73% of Bacillus, 30% of Enterobacteriaceae, and 27% of Paenibacillus isolates (Khalaf and Raizada, 2018). Pseudomonas putida A3 (Yang et al., 2012) and B. pumilus 7P/3-19 (Sharipova et al., 2015) were shown to cleave viral particles in the juice from TMV-infected tobacco plants. The strong positive correlation was shown between the RNase activity in different potato varieties and their resistance to PVX, PVY, PVM, and PVS (Trifonova et al., 2018). Expression of RNase gene PAC1 from Schizosaccharomyces pombe in soybean plants led to a significantly higher level of uninfected with prevalent in soybean-growing regions of China soybean mosaic virus (SMV) SC3 strain under the field conditions, compared with the areas where non-transformed plants were grown (Yang et al., 2019). Plants of Nicotiana benthamiana containing genetically engineered CRISPR/Cas13a cassette that included class 2 type VI-A RNase capable to recognize and cleave single-stranded RNA were highly resistant to turnip mosaic virus (TuMV) (Aman et al., 2018). Complete resistance to tomato leaf curl virus infection was shown in one third of the transgenic tobacco clones expressing baRNase gene from B. amyloliquefaciens (Pakniat-Jahromy et al., 2010). The data shown above tend to favor the view that Bacillus can protect plants against viral diseases by affecting phytopathogens, nematodes, and insects, which are vectors of viral particles. At the same time, endophytic Bacillus producing RNases can cleave viral particles directly in plant tissues.

In this context, the aim of our work was the investigation of the influence of endophytic RNase-producing Bacillus spp. strains on viral and insect spread and potato productivity under the field conditions.



MATERIALS AND METHODS


Bacterial Strains

Bacterial strains Bacillus subtilis 26D, Bacillus thuringiensis var. thuringiensis B-5689, B. subtilis 11VM, B. thuringiensis var. kurstaki B-535, and B. thuringiensis var. kurstaki B-6066 were provided by the limited liability company Bashincom (Russia). Isolates B. sp. STL7 and Enterobacter sp. BC-8 were obtained from surface-sterilized intact and CPB-damaged potato leaves, respectively. Bacillus sp. TS2 was obtained from surface-sterilized leaves of Triticum aestivum L. All isolates were collected from plants that were grown on the territory of Iglinsky District (54°50.48′94.0″N; 56°26.46′09.0″E) of the Republic of Bashkortostan (Russia). All isolates are held in the collection of the Laboratory of Biochemistry of Plant Immunity, Institute of Biochemistry and Genetics, Ufa Federal Research Center RAS1.

Selected isolates were characterized through its biochemical and physiological properties according to Bergey’s Manual of Systematic Bacteriology (Table 1). Biocontrol agent Bitoksibacilline (BTB) (Sibbiopharm, Russia) on the base of B. thuringiensis var. thuringiensis BtH198 was used as a positive control. Sequencing of 16S RNA gene fragments of isolates Bacillus sp. STL7 (GenBank: MT613864), Bacillus sp. TS2 (GenBank: MT605808), and Enterobacter hormaechei BC-8 (GenBank: MT605809) was carried out using NovaSeq 6000 Sequencing System (Illumina, United States), with NovaSeq 6000 SP Reagent Kits (Illumina, United States). Nucleotide sequence analysis was presented by using international GenBank database. Bacterial culture was cultivated on lysogeny broth (LB) basal medium (0.5 g/L of NaCl) in TC 1/20 chamber (SPU, Russia) at a temperature 28°C. Sixteen-hour cultures were used for endophytic properties, antiviral activity, and influence on potato productivity estimation.


TABLE 1. Biochemical and morphological characterization of bacterial isolates.
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Estimation of Ribonuclease Activity

Quantitative estimation of extracellular RNase activity in liquid culture medium was carried out according to the modified method of Sokurenko et al. (2016). Bacteria strains and isolates were grown on LP medium (low phosphate peptone, 2%; glucose, 1%; Na2HPO4, 0.04%; CaCl2, 0.01%; MgSO4∗7H2O, 0.03%; MnSO4, 0.01%; NaCl, 0.3%, 120 μg/ml of phosphorus). Bacteria were cultivated at 37°Ñ using a laboratory shaker ES-20 with oscillation intensity of 120 rpm (Biosan, Lithuania). Culture growth was measured spectrophotometrically at 590 nm and expressed as optical density units (OD590). When density of bacteria reached 108 cells/ml cultures were centrifuged for 15 min at 8,000 g in a 5415R centrifuge (Eppendorf, Germany). Potato leaves were homogenized in sterile bags in 1 ml of 0.05 M tris–HCl buffer (pH 8.5) using blender BagMixer 400W (Interscience, France) and incubated for 60 min at 4°C. The homogenates were spun off for 15 min at 8,000 g in a 5415R centrifuge (Eppendorf, Germany). pH meter HI 83141 (Hanna Instruments, Romania) was used for pH measurement. Twenty microliters of the homogenates was added to 1.98 ml of 50 μg/ml of torula yeast RNA solution in 0.05 M of tris–HCl buffer (pH 8.5) (Sigma, United States) and kept at 25°C for 1 h, and its absorbance was measured at 260 nm relative to the control (mixture reaction without leaf extract or bacterial medium) at 260 nm on an LLG-uniSPEC 2 spectrophotometer (LLG, Germany). The unit of nuclease activity was taken as the amount of enzyme causing an increase in adsorption by 1.0 optical unit at 260 nm for 1 h at 25°C (Ilinskaya et al., 1996). RNase activity was expressed as units/min⋅ml of liquid medium (extracellular Bacillus RNase activity) or units/min⋅mg of protein (RNase activity in plants). Protein concentration in plants was measured using Bradford assay.



Endophytic Properties

Endophytic content of the tested strains was evaluated by counting the colony-forming units (CFU) of microorganisms in plant tissues 7 days after inoculation of sterile test tube potato plants (Udacha variety) cultivated for 25 days at 16 h illumination (Osram L 36W/77 lamps, Germany) in the KS200 climate chamber (SPU, Russia) on the agarose Murashige–Skoog medium. At least 20 plants were inoculated with 5 ml of each strain (or isolate) suspension (108 cells/ml), which were grown on LB medium. For CFU estimation, 100 mg samples of each individual experimental plant were superficially sterilized in the following order: 70% ethanol (1 min)→0.1% diacide-1 (3 min)→distilled water. The samples were homogenized in sterile bags using BagMixer 400 W blender (Interscience, France) with 2 ml of sterile water added. Two consecutive 10-fold dilutions of the resultant homogenate were then performed. Aliquots (100 μl) were spread over the surface of potato-glucose agar by a microbiological loop until complete drying. Petri dishes were then incubated at 28°C in the TS-1/20 SPU thermostat (Smolensk SKTB SPU, Russia) for 24 h. CFU were counted in the second and third dilutions, and their number was recalculated per 1 g of plant wet weight.



Field Experiment Design

The study was carried out at the experimental fields of Ufa Federal Science Center RAS (Birsk Experimental Station, 55°25′47.4″N 55°35′49.9″E) during the 2019 and 2020 cropping seasons. There was relatively high temperature at the beginning of the growth season in 2019 and 2020 (Table 2). In 2020, there was a high mean monthly temperature in July compared with the long-term average2. An average for 2 years’ data is presented in the figures.


TABLE 2. Temperature regime in 2019–2020 cropping seasons.

[image: Table 2]Fields were located on gray forest soils (northern forest steppe). The soils were not water logged, and the texture was sandy loam. The humus content was 3.5–4.0%, and pH of soil was 5.5–6.5. Potato rotation system included wheat and triticale. Seed tubers (elite grade, state standard 33996-201) of the original Udacha variety under study were provided by the Branch of the Federal State Institution “Rosselkhoztsentr” in the Republic of Bashkortostan [certificates 104 105 E1 0115-19 (2019 year), 002 001 E1 0454-20 (2020 year)]. The presence of PVY, PVS, and PVM was not detected.

Tubers were planted at 5 cm depth in rows with 75 cm distance; the interval between tubers in a row was about 30 cm. The planting density was 45,000 tubers per ha. Planting time was the 13th of May. Grimme GL 34T (GRIMME-Rus, Russia) seeding machine was used. The speed of planting was 3 km/ha. Tubers were planted in three repeats of 40 plants per plot for each variant. Three plots were used as replicates for each treatment as well as for the untreated control treatment (water spraying). Two-week seedlings were sprayed with different strains of Bacillus suspensions (106 cells/plant) or BTB (50 g/10 L of water, 100 ml/plant). The concentration of the inoculum was determined spectrophotometrically at 600 nm on BioSpec-Mini spectrophotometer (Shimadzu, Japan). Spraying was duplicated after flowering in the same manner.

We observed the density of CPB population on 0, 7, 17, and 31 days in 2019 after the first treatment and on 0, 8, 17, and 29 days after the first treatment in 2020. Season average number (data pooled over the experimental period) (± SE) of CPB egg clusters, early instar larvae (L1 + L2), and last instar larvae (L3 + L4) per plant according to different treatments in 2019–2020 was counted. Defoliation caused by CPB was visually evaluated based on a percentage ranking system; 100% corresponds to complete defoliation, and 0 represents no feeding damage on the 31st day after treatment. Leaves of 30 plants per variant were tested on virus presence and RNase activity on the 17th [distributional of immunofluorescence assay (IFA)-detected viral particles in plants was found to be statistically significant, but visual symptoms of diseases were sporadic] and the 31st day (2019) or 29th day (2020) after the first treatment (visual symptoms became significant on all treated plots). Plants adjacent to free spaces between plots were not examined to avoid edge effect.

Potato tubers were harvested on the 65th (2019 year) and 60th (2020 year) days after the first treatment. On the day of harvest, the tubers were classified into three fractions—small (tubers < 50 g), seed (tubers between 50 and 80 g), and large (tubers > 80 g)—and weighed separately. Data on the productivity of potatoes were prepared according to Bakhvalova et al. (2015).



Double Antibody Sandwich–ELISA

Direct double antibody sandwich (DAS) ELISA was used with PVM, PVS, and PVY DAS-ELISA Complete kits (Bioreba, Switzerland). Specific rabbit IgG was diluted 1:1,000 in the coating buffer; 200 μl of diluted IgG to each well of Nunc MaxiSorp F96 microtiter plates was pipetted and stored at 4°C overnight. Leaf samples were homogenized in the extraction buffer “General” (DAS-ELISA Complete kits, Bioreba, Switzerland) at a ratio of 1:20 (w/v); 200 μl of the plant extract was added to each well and incubated for 16 h at 4°C. Conjugate of rabbit IgG (anti-potato viruses) with alkaline phosphatase 1:1,000 in conjugate buffer was added and incubated at 30°C for 5 h; after this, 200 μl of the substrate pNPP (para-nitrophenylphosphate) in substrate buffer pH 9.8 (DAS-ELISA Complete kits, Bioreba, Switzerland) (1 mg/ml) were added. After 30 min (20–25°C in the dark), optical density was measured at 405/492 nm on plate reader Uniplan AIFR-01 (CJSC Picon, Russia).



Statistics

Laboratory experiments were repeated three times in three replications. Mean values with standard errors (± SE) are given in the figures and tables. Statistical analyses were carried out using Microsoft Excel 2013 for Windows (Microsoft Corporation, United States) and IBM SPSS Statistics 2.0 (IBM Corporation, United States). Differences in parameters under investigation between individual treatments were analyzed with the use of ANOVA. Prior to analysis, each variable was tested for homogeneity of variance, and the data found to be non-homogenous were transformed to log(Y) before ANOVA. Significant differences (P ≤ 0.05) between mean values were identified using Tukey’s honestly significant difference (HSD) multiple-range test. Different letters on figures label significant differences between treatments according to Tukey’s HSD multiple-range test at P < 0.05. Pearson’s correlation coefficient was used to understand the nature of relationships between individual parameters.



RESULTS


Endophytic Properties and Ribonuclease Activity of Bacillus Strains

We showed the presence of RNase activity in all Bacillus strains and isolates under investigation (Table 3). Isolated from CPB-damaged potato leaves, Enterobacter sp. BC-8 did not express any RNase activity. The significant RNase activity was observed in the liquid culture medium of Bacillus thuringiensis B-6066, Bacillus sp. STL-7, Bacillus sp. TS2 and Bacillus subtilis 26D, and B. thuringiensis B-5689 and minimally in the culture medium of B. thuringiensis B-5351.


TABLE 3. RNase activity of bacterial strains in vitro and its CFU content in internal tissues of potato stems.

[image: Table 3]Bacteria B. subtilis 26D was found in potato plant tissues in the amount of 350 ∗ 103 CFU/g of wet weight. The CFU numbers of Bacillus sp. TS2, B. subtilis 11VM, and B. thuringiensis B-5351 were broadly similar (70–120 ∗ 103 CFU/g of wet weight). The ability of B. thuringiensis B-5689 and Bacillus sp. STL7 was an order of magnitude less than that of other strain showed, and the amount of Enterobacter sp. BC-8 was very low, and this strain was used as a negative control in the field experiments.

Thus, it was shown that the strains B. subtilis 26D and Bacillus sp. TS2 had a greater ability to actively invade and colonize plant tissues as compared with other strains and relatively high RNase activity and when then grown on LP medium cultures were used for inoculation. The influence of RNase activity on endophytic properties of strains was not significant (Table 4).


TABLE 4. Statistical analysis of influence of treatment, RNase activity of strains and isolates and endophytic rate of strains and isolates on different parameters of potato plants under the field conditions.
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Colorado Potato Beetle Population

The average number of CPB eggs per plant ranged from 14.0 ± 4.5 and 15.4 ± 3.9 on water-treated and Enterobacter sp. BC-8 plants, respectively, to 4.6 ± 2.2 on B. thuringiensis B-5351-treated plants (Figure 1I). A relatively low rate of egg clusters was observed on plants under the influence of Bacillus sp. STL7 and TS2, B. subtilis 11VM and 26D, and B. thuringiensis B-6066. Their effectiveness was similar to that of commercial biocontrol agent BTB (Figure 1I).
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FIGURE 1. Effect of bacterial agents and Bitoksibacilline (BTB) treatments of potato plants on the total number of eggs (I) and larvae (II) of Colorado potato beetle (CPB) per plant during the whole seasons of 2019 and 2020 (data pooled over the experimental period) (1 + 2, early instar larvae; 3 + 4, last instar larvae). Data represented as mean values ± standard error; values followed by the same alphabet within a column are not significantly different from each other according to Tukey’s honestly significant difference (HSD) multiple-range test at P < 0.05.


The average seasonal number of CPB early instar larvae per plant without endophytes was 15.8 ± 1.23 (Figure 1II). There were no statistically significant differences among water, Enterobacter sp. BC-8, and B. thuringiensis B-5689 treatments (P > 0.05). A significantly lower number of early instar larvae was found on plots treated with B. thuringiensis B-6066 and B. thuringiensis B-5351, B. subtilis strains under investigation, and B. sp. STL7 and Bacillus sp. TS2.

The number of last instar larvae on water-treated plants was 10.9 ± 0.64 per plant. Bacillus sp. STL7, B. subtilis 11VM, B. subtilis 26D, B. thuringiensis B-5689, B. thuringiensis B-6066, and BTB treatment gave a low number of last instar larvae (one third of control number). The amount of last instar larvae did not differ significantly from each other in plants that were under the influence of Bacillus sp. TS2, B. thuringiensis B-5689, and BTB accounted for half of this parameter on water-treated ones. On Enterobacter sp. BC-8 cell-treated plots, a higher number of last instar larvae per plant as compared with Bacillus spp.-treated plots were observed.



Potato Virus Incidence

Under the field conditions, a significant reduction of PVS incidence was recorded in plants treated with Bacillus sp. TS2, B. subtilis 26D, B. thuringiensis B-6066 (P < 0.01 in all cases) on the 17th day after the first treatment. The effect of another Bacillus spp. strains and isolate on PVS prevalence decrease was less severe but significant (P < 0.005) as compared with the water, B. thuringiensis B-5351, or Enterobacter sp. BC-8 treatments (Figure 2I). PVM was found in about 70% of potato plants, treated with water, B. thuringiensis B-5689, Enterobacter sp. BC-8, and BTB. The lowest percentage of PVM-infected plants was observed on Bacillus sp. TS2-treated plots (8.3%). B. subtilis 26D and B. thuringiensis B-6066 decreased the incidence of PVM-positive plants by about 45% as compared with the water treatment. B. sp. STL7, B. subtilis 11VM, and B. thuringiensis B-5351 treatments were less effective, but decrease of viral incidence was significant in comparison with that of water-treated plots (P < 0.05 in all cases) and was as much as 15%. Decrease of PVY prevalence was observed on plots that were sprayed with Bacillus sp. TS2, Bacillus sp. STL7, B. subtilis 11VM, B. subtilis 26D, and B. thuringiensis B-6066 (P < 0.01 in all cases). It is important that Bacillus sp. TS2, B. subtilis 26D, and B. thuringiensis B-6066 contributed to decrease of prevalence rate of all viruses under investigation, and the incidence of plants that tested positive for two viruses simultaneously in these cases was less than 10%; then in water-treated plots, this rate was more than 35% (PVM + PVS) and more than 25% (PVM + PVY and PVS + PVY) (Figure 2II).
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FIGURE 2. Effect of bacterial agents and Bitoksibacilline (BTB) treatments of potato plants on the prevalence of potato virus Y (PVY), potato virus M (PVM), and potato virus S (PVS) on potato plots on the 17th day after treatment: percentage of samples that tested positively for each virus (I) and samples that tested positive for two viruses simultaneously (II). Data represented as mean values ± standard error; values followed by the same alphabet within a column are not significantly different from each other according to Tukey’s honestly significant difference (HSD) multiple-range test at P < 0.05.


A relatively low rate of mixed infections was observed in plots treated with B. sp. STL7 (about 10%), B. subtilis 11VM (about 5% of plants infected with PVS + PVM and PVS + PVY), and B. thuringiensis B-5351 (about 15% of plants tested positive on two viruses simultaneously).

On the 31st (2019) and 29th (2020) days after first treatment, percentage of infected plants was not increased in plots treated with water, B. thuringiensis B-5351, B. thuringiensis B-5689, Enterobacter sp. BC-8, BTB, and B. sp. STL7 (Figure 3I). In Bacillus sp. TS2- and B. subtilis 26D-treated plots, the number of virus-infected plants increased by 10–15% compared with the previous measure. The number of PVM and PVY infected plants on B. subtilis 11VM-treated plots became the same as that of control plots. On BTB-treated plots, the number of PVM-infected plants had risen to those of control ones.
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FIGURE 3. Effect of bacterial agents and Bitoksibacilline (BTB) treatments of potato plants on the prevalence of potato virus Y (PVY), potato virus M (PVM), and potato virus S (PVS) in potato plots on the 31st day (2019) and 29th day (2020) after treatment: percentage of samples that tested positively for each virus (I) and samples that tested positive for two viruses simultaneously (II). Data represented as mean values ± standard error; values followed by the same alphabet within a column are not significantly different from each other according to Tukey’s honestly significant difference (HSD) multiple-range test at P < 0.05.


The rise of the number of plants tested positively on more than a single virus was observed on the 31st day after treatment (Figure 3II). A relatively low rate of mixed infections was observed in plots treated with B. thuringiensis B-6066, B. subtilis 26D, and Bacillus sp. TS2 (about 8–12% of plants in all cases); Bacillus sp. STL7 (about 15% of plants); and B. subtilis 11VM (increase of number of PVM + PVS- and PVS + PVY-infected plants). Importantly, the treatment with B. subtilis 26D led to the least number of plants positive as tested on PVS mixed infections.

Thus, treatments of plants with bacterial strains B. subtilis 11VM, Enterobacter sp. BC-8, B. thuringiensis B-5689, and bioinsecticide BTB were least efficient against the most damaging viral disease that caused PVY and mixed infection of PVY (Figure 3II).



Ribonuclease Activity in Bacillus-Treated Plants Under the Field Conditions

The RNase activity rate in water-sprayed potato plants was about 3.5–4 units/mg of protein (Figure 4). Treatment of plants with Bacillus sp. TS2, B. subtilis 26D, and B. thuringiensis B-6066 caused significant increase of RNase activity on both the 17th and 31st (2019) and 29th (2020) days after first treatment (P < 0.005). Bacillus sp. STL7 and B. thuringiensis B-5351 promoted RNase activity on the 17th day after first treatment almost equally, but this parameter became equal to the control ones subsequently. RNase activity in plants treated with other strains under investigation was equal to that estimated in water-treated ones.
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FIGURE 4. RNase activity in potato plants treated with bacterial strains and Bitoksibacilline (BTB) on the 17th day (I) and the 31st day after treatment (II). Data represented as mean values ± standard error; values followed by the same alphabet within a column are not significantly different from each other according to Tukey’s honestly significant difference (HSD) multiple-range test at P < 0.05.




Defoliation and Viral Disease Symptoms

Defoliation caused by Leptinotarsa decemlineata was minimal on plots treated with Bacillus sp. TS2, B. thuringiensis B-5351, and B. subtilis 26D. In these cases, it was almost one third of this parameter in water-treated plants (P < 0.01) (Figure 5I). Significant reduction of the defoliation level was observed on plants, treated with B. thuringiensis B-6066, Bacillus sp. STL7, and B. subtilis 11VM (P < 0.05). The influence of Enterobacter sp. BC-8, B. thuringiensis B-5689, and biocontrol agent BTB did not show any significant influence on defoliation.
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FIGURE 5. Defoliation of potato plants caused by Leptinotarsa decemlineata (I) and percentage of viral diseases damaged leaves (II) of potato plants treated with bacterial agents and Bitoksibacilline (BTB). Data represented as mean values ± standard error; values followed by the same alphabet within a column are not significantly different from each other according to Tukey’s honestly significant difference (HSD) multiple-range test at P < 0.05.


Viral disease symptoms including leaf deformation (crinkling) and size reduction with shiny appearance and yellow mottling that were caused by PVY or complex of PVY and PVM and/or PVS or chlorosis and mottling (complex of PVM and PVS) were estimated visually. Leaves with viral diseases signs constituted about a quarter of the leaves of entire plants treated with water, Enterobacter sp. BC-8, B. thuringiensis B-5351, and BTB. Disease severity significantly (P < 0.05) decreased under the influence of B. thuringiensis B-6066, B. sp. STL7, and B. subtilis 11VM (Figure 5II). In plants treated with Bacillus sp. TS2, B. subtilis 26D, and B. thuringiensis B-5689, the lowest rate of leaves with disease symptoms was achieved (P < 0.01).



Potato Yield Structure

Among treatments with water, Enterobacter sp. BC-8, B. subtilis 11VM, and B. thuringiensis B-5689, we did not establish significant differences in productivity (Figure 6). Slight increase of the yield was observed under the influence of Bacillus sp. STL7 and BTB. Bacillus sp. TS2, B. thuringiensis B-6066, B. thuringiensis B-5351, and B. subtilis 26D treatments promoted the highest total yield.
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FIGURE 6. Effect of bacterial agents and Bitoksibacilline (BTB) treatments of potato plants on the total potato yield. Data represented as mean values ± standard error; values followed by the same alphabet within a column are not significantly different from each other according to Tukey’s honestly significant difference (HSD) multiple-range test at P < 0.05.


The number of tubers in the fraction > 80 g was increased under the influence of all Bacillus spp. strains except Bacillus sp. STL7 and B. thuringiensis B-5689; in the fraction of 50–80 g, an increased amount was observed under the influence of all Bacillus treatments (Figure 7I). A decrease in the number of tubers in the fraction < 50 g under the influence of Bacillus sp. TS2, B. thuringiensis B-6066, B. thuringiensis B-5689, B. subtilis 26D, and Enterobacter sp. BC-8 was observed.
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FIGURE 7. Effect of bacterial agents and Bitoksibacilline (BTB) treatments of potato plants at different fractions. (I) Number of tubers in fraction; (II) weight of tubers in fractions. Data represented as mean values ± standard error; values followed by the same alphabet within a column are not significantly different from each other according to Tukey’s honestly significant difference (HSD) multiple-range test at P < 0.05.


Treatments with Bacillus sp. TS2, B. thuringiensis B-6066, B. thuringiensis B-5153, and B. subtilis 26D had the major weight of large (> 80 g) tubers, while the least total weight of this fraction had tubers from plots that were treated with water, Enterobacter sp. BC-8, and B. thuringiensis B-5689 (Figure 7II). Bacillus sp. STL7, B. subtilis 11VM, and BTB promoted the increase of average weight of tubers in this fraction to a lesser degree than other strains under investigation and in accordance with the increase of total yield in these cases. Weight of tubers in the middle fraction was higher than that registered in water-treated plants only in cases of treatments with Enterobacter sp. BC-8 and BTB. Treatment of potato plants with cells of Bacillus sp. STL7 and B. thuringiensis B-5689 and Enterobacter sp. BC-8 were not influenced on weight of tubers in the fraction < 50 g in contrast to other strains that decrease this parameter.



DISCUSSION

Modern agriculture is the foundation stone for food security and one of the major dangers compromising the environment on a global scale. Plants, most especially agricultural species, are constantly falling under diverse biotic impacts, which damage plant organisms and decrease production value and quality. On the one hand, at the moment, the greatest task is improving or maintaining the food quality. On the other hand, it is important to keep damage caused to the environment to a minimum. Viruses cause epiphytotics in all species of cultivated plants, but the control of viral vectors is still a solitary measure to decrease their presence. Thus, there are no currently effective chemical means of plant protection against viruses. Unfortunately, there are not much dominant resistance genes against viruses in cultivated plants. Genome-editing technologies are more efficient to control viral diseases but raise concerns for their safety.

Numerous researches on beneficial microorganisms exist, but there is little information on the ability of biological agents to control the spread of different harmful pathogens and pests which simultaneously influence agricultural plants. And furthermore, some research of the influence of PGPB on the spread of viruses focuses on their impact on insect vectors, such as aphids and whiteflies. Viral infections of plants, however, had a significant effect on behavior of the CPBs. Booth and Alyokhin (2016) showed that CPB larvae and adults predominantly colonized virus-free plants in comparison with PVY-infected plants, since infected plants had poorer growth and reduced ability to sprout novel foliage after CPB damage. The latest can determine strong selection pressure for choosing PVY-free plants. PVY infection decreased plant resistance to non-vector herbivores, Leptinotarsa decemlineata, and Trichoplusia ni in increasing their growth rates (Kersch-Becker and Thaler, 2014). The development of efficient and durable resistance of plants able to withstand viral attacks represents a major challenge for agrobiology. Currently, the spread of viruses cannot be controlled with chemical pesticides, and microbes that are beneficial to plants can be an alternative due to their ability to synthesize antiviral compounds directly in plant tissues or induce plant defense reactions.

The capability of PGPB to moderate virus spread and reproduction in plants was reported in a great number of studies (Maksimov et al., 2020). Unfortunately, there are only few studies available on the status of these bacterial strains within host plants and their ability to interact with the host and to exist endophytically. Observed under laboratory or greenhouse conditions, the potential of PGPB to improve crop production and increase yields became unexpected and incalculable under different field conditions (Bly et al., 2009). The sensitivity of PGPB strains to the plant defense mechanisms and soil conditions as well as usual flushing with rain limits their ability to colonize the rhizosphere and plant tissues or surfaces and express beneficial influence on host plants (Cakmakçi et al., 2006). The promising approach of agricultural plant protection against viruses involves investigating the composition and role of plant microbiome in order to develop environmentally safe biocontrol agents with diverse beneficial properties (growth-promoting activity, priming of plant immune reactions against pathogens and pests, and direct pesticidal effects) for plant protection against viral diseases and vector and non-vector pests.

In this study, we investigate Bacillus spp. strains capable of penetrating internal plant tissues in different degrees. The Bacillus subtilis 26D showed the maximal number of CFU in potato plant tissues; Bacillus thuringiensis B-5689 showed the minimal number among endophytic strains. Enterobacter sp. BC-8 had no endophytic properties. This strain was found in CPB intestines (Sorokan et al., 2019), and its presence in internal plant tissues can partly be explained by CPB attacks. The endophytic rate of bacteria significantly influenced insect population (number of eggs and young larvae per plant) of consumed leaves per plant, PVS and PVM incidence on early and latest stage and viral symptoms on leaves per plant, and plant productivity (weight of tubers in the fraction ≥ 80 g) (see Supplementary Material).

It was found that according to the results of the 2-year experiments between “endophytic level” of the strain, used for treatment and productivity of plants (r = 0.745256), weight of tubers in the fraction ≥ 80 g (r = 0.764837), number of young larvae per plant (r = −0.643567), and PVS incidence (r = −0.865972), strong correlations were observed. Thus, the number of cells of endophytic microorganisms in plant tissues itself was not a decisive factor in plant protection against viruses, but, probably, this property allowed PGPB to synthesize their metabolites, in particular RNases and Bt-toxines, inside plant organisms.

A lot of Bacillus species produce extracellular high-molecular-weight RNases (Maksimov et al., 2019). It was established that treatment of tobacco plants with 100 μg/mg of RNase from Bacillus pumilus directly suppressed the development of PVS and PVM infection and almost completely inhibited PVX infection, as well as decreased the red clover mottle virus (RCMV) particle number in pea plants (Fedorova et al., 2011). B. pumilus 7P/3-19 extracellular RNases decreased the spread of RNA viruses RCMV, PVX, and alfalfa mosaic virus in pea plants. The maximum inhibitory effect against viruses under investigation was observed when plants were treated with 100 μg/ml of RNase prior to infection (Sharipova et al., 2015). In this regard, an alternative strategy for protecting plants from viruses can be based on the use of microbial enzymes, for example, extracellular nucleases or proteases of Bacillus spp. In our investigation, the strong impact of RNase activity of bacterial agents used for the treatment on PVY incidence (early stage r = −0.76322, latest stage r = −0.5734), mixed infections PVM + PVY (early stage r = −0.8675), and PVY + PVS (early stage r = −0.6543) incidence was observed (Table 4).

It is worth noting that the effect of RNase activity of bacteria on total RNase activity in potato plants under the field conditions was significant for early stage of viral spreading, and the level of RNase activity of bacterial strain in vitro corresponded to the total level of RNase activity in potato plants (system plant + endophyte). Later, a high level of RNase activity was observed only in plants treated with agents, which demonstrates high RNase activity and pronounced ability to establish endophytic relations with host plant simultaneously (Bacillus sp. TS2, B. thuringiensis B-6066, and B. subtilis 26D). This fact probably increased plant resistance to viruses. Thus, for buckwheat varieties Roksolana and Kara-Dag with different resistance to the buckwheat burn virus (BBV), a positive correlation between resistance to virus and RNase activity was shown (Sindarovska et al., 2014). Trifonova et al. (2018) have proposed to use the level of RNase activity in potato leaves as a selective marker for resistance to viruses.

Since endophytic strains producing RNases inhibited the spread of viruses and affected viral symptom expression, bacterial strains combining a high endophytic rate and high RNase activity, such as Bacillus sp. TS2 and B. subtilis 26D, can be used for biocontrol agents development. Hameed et al. (2014) concluded that multiple viral infections (for example, widespread PVS + PVY and PVM + PVY joint infections) cause dramatic escalation of plant damage as compared with a single infection. Under the influence of Bacillus sp. TS2, and B. subtilis 26D abundance of plants positively tested on more than one virus tend toward zero, and these bacterial agents should be considered as effective means for plant protection against viral diseases.

In our investigation, percentage of defoliation caused by CPB correlated with disease symptoms severity (r = 0.6771). It was found previously that pea enation mosaic virus (PEMV)-infected pea plants experienced more defoliation from non-vector pea leaf weevil, Sitona lineatus, than uninfected plants. In turn, vector of PEMV, pea aphid Acyrthosiphon pisum, prevalently affected plants that were previously being damaged by S. lineatus. Weevil herbivory forced PEMV titer in infected plants (Chisholm et al., 2018). Su et al. (2020) found that non-vector Tetranychus urticae infestation promoted vector Bemisia tabaci feeding of Solanum lycopersicum plants, thereby increasing tomato yellow leaf curl virus (TYLCV) transmission to tomato plants.

Bacillus sp. TS2, B. thuringiensis B-5351, and B. subtilis 26D significantly decreased defoliation caused by CPB; i.e., they showed antifeedant effect on CPB when they were used for potato plants treatment as well as attractiveness of plants for oviposition. It is particularly significant that B. thuringiensis B-5689 provided for a one-third increase in the mortality of L. decemlineata larvae as if under the influence of B. subtilis 26D under the laboratory conditions (Sorokan et al., 2018) but had no significant impact on pest population density in the field, probably due to its low ability to invade internal plant tissues. We found that endophytic strains that showed insecticidal activity—B. thuringiensis B-5351 and B. thuringiensis B-6066 (Sorokan et al., 2019), synthesizing Cry-protein, and B. subtilis 26D disturbing CPB microbiota (Sorokan et al., 2016)—effectively decreased abundance of L. decemlineata eggs, and young and old larvae and the defoliation level. Thus, there were steady and substantial limited amounts of plants infected with viruses and disease severity on plots treated with bacteria, which combine pronounced entophytic properties, RNase activity, and previously established insecticidal activity.

The population density of CPB in Laznik et al. (2010) field experience increased since the beginning of the vegetation season, and in the middle of cultivation period, damage caused by CPB was the most serious. Weight and amount of small tubers harvested from plants that were less damaged (thiamethoxam treatment) were smaller, while the mass of large tubers was higher than from severely damaged plants. Thus, defoliation of potato plants influenced the tuber developments in such a way that potato plants produced smaller tubers that were unable to grow in size. In our investigation, treatment with Bacillus sp. TS2, B. subtilis 26D, B. thuringiensis B-6066, and B. thuringiensis B-5351 increased the total yield and weight of large tubers (≥ 80 g) harvested per plot. The number of tubers in this class was equally increased compared with that of control ones in all cases except Enterobacter sp. BC-8 and B. thuringiensis B-5689. The increase of total yield, in particular, weight of tubers in the fraction ≥ 80 g, was correlated depending on the range of bacteria in the internal tissues (r = 0.77353).

Amount and the mass of medium (50–80 g) tubers were the same in plots under the influence of all Bacillus under investigation. In the cases of plants treated with B. subtilis 26D, B. sp. TS2, B. thuringiensis B-5351, and B. thuringiensis B-6066, which increased the weight of large tubers, the formation of small tubers was lower than of control plots. Similar results were reported by Bakhvalova et al. (2015), who showed that the biomass of potato tubers was increased under the influence of B. thuringiensis H10 strain due to the enhancement of quantity and weight of tubers in ≥ 80-g class, and distribution of Rhizoctonia on potato stolons decreased almost twice. Soil drenching with B. subtilis KU936344, KU936345, and KU936341 strains led to the higher yield of market-grade potato tubers and less unfit for trading tubers, even when compared with plots treated with fungicide Mancozeb (Kumbar et al., 2019). It is important that, in our experiments, high yield was obtained under the influence of strains that combine endophytic properties, RNase activity, and antifeedant effect on the pest.



CONCLUSION

Thus, the reinforcement of agroecosystems with endophytic microorganisms that can produce RNases directly in plant tissues is a promising strategy for the advancement of virus management. Results of our research showed that endophytic Bacillus sp. TS2, B. subtilis 26D, and B. thuringiensis B-5351 were effective biological agents in the control of CPB and viral diseases of potato. These strains can be used for the development of multifunctional biocontrol agents (insecticide + viricide), which can be more effective than modern mono-active chemical pesticides.
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Root-knot nematode, Meloidogyne incognita, is a devastating sedentary endoparasite that causes considerable damage to agricultural crops worldwide. Modern approaches targeting the physiological processes have confirmed the potential of FMRFamide like peptide (FLPs) family of neuromotor genes for nematode management. Here, we assessed the knock down effect of Mi-flp1, Mi-flp12, and Mi-flp18 of M. incognita and their combinatorial fusion cassette on infection and reproduction. Comparative developmental profiling revealed higher expression of all three FLPs in the infective 2nd stage juveniles (J2s). Further, Mi-flp1 expression in J2s could be localized in the ventral pharyngeal nerves near to metacarpal bulb of the central nervous system. In vitro RNAi silencing of three FLPs and their fusion cassette in M. incognita J2s showed that combinatorial silencing is the most effective and affected nematode host recognition followed by reduced penetration ability and subsequent infection into tomato and adzuki bean roots. Northern blot analysis of J2s soaked in fusion dsRNA revealed the presence of siRNA of all three target FLPs establishing successful processing of fusion gene dsRNA in the J2s. Further, evaluation of the fusion gene cassette is done through host-delivered RNAi in tobacco. Transgenic plants with fusion gene RNA-expressing vector were generated in which transgene integration was confirmed by PCR, qRT-PCR, and Southern blot analysis. Transcript accumulation of three FLPs constituting the fusion gene was reduced in the M. incognita females collected from the transgenic plants that provided additional evidence for successful gene silencing. Evaluation of positive T1 transgenic lines against M. incognita brought down the disease burden as indicated by various disease parameters that ultimately reduced the nematode multiplication factor (MF) by 85% compared to the wild-type plants. The study establishes the possibility of simultaneous silencing of more than one FLPs gene for effective management of M. incognita.
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INTRODUCTION

Plant-parasitic nematodes (PPNs) have proven to be one of the most challenging to control and stubborn pests causing an estimated yield loss amounting to $US 173 billion globally (Elling, 2013). Meloidogyne incognita, is the most widespread and damaging root-knot nematode (RKN) species in the world causing serious consequence for food security and economy of the farming community (Trudgill and Blok, 2001; Jones et al., 2013). Meloidogyne species are soil borne root feeders that cause severe root galling, stunted plant growth due to impaired nutrient absorption and inclination of roots to other pathogen invasion (Jones et al., 2013).

Considering the management strategies available to mitigate the RKNs, it is very challenging to select any single promising tool which is effective, eco-friendly and harmless to the non-target organisms (Bridge et al., 2005; De Waele et al., 2013). Genetic improvement through traditional breeding program faces various challenges due to non-availability of appropriate resistant source for a given crop. Management of PPNs currently relies greatly on resistant plants developed through conventional breeding methods. Further, evolution of races and pathotypes within the nematode population restricted the effectiveness of existing resistant genotypes, and selection pressure often leads to resistance-breaking biotypes of the pests. Chemical nematicides have widely been used to manage these PPNs. The recent introduction of nematicidal chemicals, viz., fluensulfone, fluazaindolizine, tioxazafen, and fluopyrum although have been claimed to be environmentally friendly and well-targeted against RKNs (Kearn et al., 2014; Slomczynska et al., 2014; Faske and Hurd, 2015; Lahm et al., 2017), the adverse effects of chemical pesticides cannot be overruled (Starr et al., 2002). Therefore, there has been a continuing demand for the progression of target-specific, environmentally sound and biodegradable pest management approaches and genetic engineering based techniques have emerged as a precious alternative and corresponding approach in this regard (Fairbairn et al., 2007; Danchin et al., 2013; Roderick et al., 2018; Chaudhary et al., 2019; Hada et al., 2020).

Targeting genes critical for the survival of nematodes provide environmentally sound strategy. Availability of M. incognita genome and several ESTs offers a repository for identification of candidate genes responsible for nematodes parasitism (McCarter et al., 2005; Abad et al., 2008). The knowledge of nematode genes responsible for successful infection and parasitism inside a host can give clue for arresting some vital physiological processes required for completing its life cycle.

The nematodes neuropeptides play many vital roles in modulating motor and sensory system and, regulate various physiological and behavioral processes including host recognition, infection, alimentation and reproduction. Neuropeptide signaling system has been identified as potential drug target due to its established effect in host recognition and infection inside the host (Maule et al., 2002; Kimber et al., 2007; Papolu et al., 2013).

FMRFamide-like peptides (FLPs) establish the most diverse and largest group of neuropeptides, leading to behavioral changes of nematodes by binding through G-protein coupled receptors (GPCRs) or peptide-gated ion channels (Husson et al., 2007; Atkinson L. E. et al., 2013; Rao et al., 2013). These FLPs transcripts are synthesized from flp genes on large propeptides, containing individual peptides in single or multiple copy number flanked by the cleavage sites having mono (R/K) or dibasic (KK/KR/RK/RR) amino acids. The propeptide molecules originated from the N-terminal signal sequences of peptide leads to synaptic drop of the mature peptide by secretory pathway (McVeigh et al., 2006). Fundamental physiological roles of a few FLPs are identified in Caenorhabditis elegans and Ascaris suum in their biology. However, most of the biological evidences on FLPs are lacking in PPNs, and M. incognita most likely due to their obligate nature which confines the use of conventional physiological procedures. Nineteen FLPs are reported from M. incognita out of which six have been established to have transcriptional confirmation viz., Mi-flp1, Mi-flp7, Mi-flp12, Mi-flp14, Mi-flp16, and Mi-flp18 (Magrane and UniProt Consortium, 2011). Multiple Sequence alignment of these known FLPs in RKNs exhibited less sequence similarity among them despite they share a typical RF-amide sequence at C-terminus. Their uniqueness could consequently be advantageous at generating sequence specific knockdown module by dsRNA approach to avoid any off target effects.

Increasing evidence for the development of RNAi based transgenics suggests that expression of M. incognita specific dsRNA molecule in the host plant may provide alternative management strategy. The simplicity and targeted knock down effect associated with RNAi has immense value for deciphering the gene function in many organisms including the obligate PPNs (Urwin et al., 2002; Rosso et al., 2005; Kimber et al., 2007; Shingles et al., 2007; Dalzell et al., 2009; Ibrahim et al., 2011; Niu et al., 2012; Chaudhary et al., 2019). Rosso et al. (2005) explored the RNAi for the first time in M. incognita J2s for the silencing of two genes, Mi-crt and Mi-pg1 which are expressed in the sub-ventral esophageal glands of the nematodes and probably involved in early parasitism.

Investigation on the FLPs genes function through RNAi has shown reduced migration, penetration and aberrant behavioral phenotypes in M. incognita, Meloidogyne graminicola, and Globodera pallida (Urwin et al., 2002; Kimber et al., 2007; Dalzell et al., 2010; Atkinson L. E. et al., 2013; Papolu et al., 2013; Dong et al., 2014; Banakar et al., 2015; Kumari et al., 2017). Further, effectiveness of in vitro RNAi of FLP genes (Gp-flp1, Gp-flp12, and Gp-flp18) in G. pallida (Kimber et al., 2007) and host-delivered RNAi of Mi-flp14, Mi-flp18 in M. incognita (Papolu et al., 2013) indicate that it would be intriguing to investigate the synergistic or additive impacts, if any, of concomitant knockdown of more than one flp gene. Multiple genes silencing concurrently has been successfully employed in C. elegans (Tischler et al., 2006; Gouda et al., 2010; Min et al., 2010). Tischler et al. (2006) simultaneously silenced four genes viz., lin-31, sma-4, unc-22, and lon-2 having different biological functions through RNAi by feeding modified bacteria to C. elegans that produced comparatively weaker phenotypes compared to the double genes. Gene pyramiding in plants has been proven to be a better approach for resistance against many pathogens which cause substantial yield losses (Urwin et al., 1998; Zhao et al., 2003; Abdeen et al., 2005; Turra et al., 2009; Roderick et al., 2012; de Souza Júnior et al., 2013; Walawage et al., 2013; Narusaka et al., 2014; Quilis et al., 2014; Tripathi et al., 2014; Chan et al., 2015). Targeting multiple genes has also been utilized for the development of nematode resistant transgenic plants. Urwin et al. (1998) developed transgenic Arabidopsis plants with a stacked gene construct, having a CpTI and Oc-I_D86 genes. The transgenic plants exhibited superior resistance to Heterodera schachtii. Similarly, Chan et al. (2015) delivered a dual gene construct, which included CeCPI and a PjCHI-1 genes in transgenic tomato plants with synthetic promoter, pMSPOA, having NOS-like and SP8a elements. These transgenic tomato plants having dual genes significantly reduced the RKN infection and reproduction compared with the plants transformed with a single gene.

In view of the above, we have selected three M. incognita FLP coding genes, Mi-flp1, Mi-flp12, and Mi-flp18 and their fusion sequence prepared synthetically for evaluating RNAi silencing effect on host finding, invasion and reproduction of M. incognita. Further, functional validation through host-delivered RNAi of FLPs-fusion gene in Nicotiana tabacum L. using Agrobacterium tumefaciens-mediated transformation and evaluation of transgenic plants against M. incognita has been undertaken. In addition, site of expression of a gene helps in better understanding of its function and hence expression site of Mi-flp1 which is not known is deciphered in the present study. Thus, the present investigation strengthens our knowledge on the effect of M. incognita Mi-flp1, Mi-flp12, Mi-flp18 and their fusion gene on nematode reproduction and plant parasitism potential when applied through host-delivered RNAi.



MATERIALS AND METHODS


Nematode Culture

A pure population of M. incognita was maintained on eggplant (Solanum melongena cv. Pusa Purple Long) in the greenhouse. Further, Adzuki bean plants growing in CYG growth pouches1 infected with M. incognita were used for collecting the different developmental stages [eggs, pre parasitic juveniles (J2s), 3rd and 4th stage juveniles (J3s/J4s), and young adult females] of the nematode (Atkinson and Harris, 1989; Tyagi et al., 2013). Additionally, fresh egg masses from the infected plants were also collected for hatching the pre-parasitic J2s required for further experiments.



Characterization of FLPs Transcripts in M. incognita J2s

Freshly hatched J2s of M. incognita were collected and total RNA was isolated using NucleoSpin RNA extraction kit (Macherey-Nagel, Germany). RNA quality and quantity was analyzed using NanoDrop-2000 (Thermo Fisher Scientific, United States) and about 500 ng of total RNA was reverse transcribed to complementary DNA (cDNA) with cDNA synthesis Kit (Superscript VILO, Invitrogen, United States).

To design the primers for FLPs, sequences of Mi-flp1 (KC517344.1), Mi-flp12 (AY804187.1), and Mi-flp18 (AY729022.1) of M. incognita available in GenBank were used and aligned in the ClustalX version 1.81 (Thompson et al., 1997). Conserved nucleotide sequences were used and primers were designed using IDT OligoAnalyzer, and primer sequences are given in Supplementary Table S1. Selected genes were PCR amplified from cDNA and cloned into pGEM-T easy vector (Promega, United States) and confirmed the target gene inserts by sequencing. Selected sequences of Mi-flp1, Mi-flp12, and Mi-flp18 were further used for designing the fusion gene cassette by placing the three sequences continuously and synthesized artificially by Biomatik Custom Gene Synthesis (Biomatik Technologies, United States) and sub-cloned into pGEM-T easy vector (Promega, United States).



Comparative Expression of FLPs in Different Developmental Stages of M. incognita

Different developmental stages of M. incognita (eggs, pre parasitic J2s, J3s/J4s, and young adult females) were collected and used for RNA extraction and cDNA preparation as elaborated above. Quantitative Real-time PCR (qRT-PCR) primers (Supplementary Table S1) were also designed using IDT OligoAnalyzer. qRT-PCR was carried out with SYBR Green PCR Master Mix (Eurogentec, Liège, Belgium) in realplex2 thermal cycler (Eppendorf, Germany). The conditions and melt curve program for qRT-PCR reaction was similar as previously depicted by Papolu et al. (2013). Relative fold-change in target gene expression was analyzed using comparative Ct method (Livak and Schmittgen, 2001) and log2- transformed. Egg stage gene expression was used as base level expression for comparing with other developmental stages. M. incognita 18S rRNA (Accessions-HE667742) was taken as a reference gene for the gene expression normalization. Three biological and three technical replicates were used for each of the samples during qRT-PCR analysis.



In situ Hybridization for Localization of Site of Expression of Mi-flp1

The plasmids harboring the target cDNA sequence of flp1 was used as a template to amplify the gene. Subsequently, PCR product was used for preparing the DIG- labeled sense and antisense DNA probes, separately (Roche, Switzerland). J2s fixation, permeabilization, hybridization of probes and signal detection and staining procedures were followed as described by Banakar et al. (2015). Processed nematodes were placed on microscope slides, covered with 0.28 mm glass coverslips and sealed with nail varnish. The observations were recorded in the Zeiss Imager M2m compound microscope. Images were recorded with Axion camera MRc5 through Axion vision Rel. 4.8 software (Zeiss Imager M2m, Carl Zeiss, Germany).



DsRNA Synthesis and in vitro Silencing of FLPs Genes in M. incognita J2s

Selected FLP genes were amplified from the pGEM-T clones using M13 universal primers. Double-stranded RNAs (dsRNAs) were synthesized for each of the target genes as described earlier by Shivakumara et al. (2016), with minor modifications as 2 μl of labeled dUTP with Alexa Flore 488 (10 mM) was used. Additionally, dsRNA of GFP (green fluorescent protein, GenBank: HF675000) was prepared to be used as negative control. Synthesis of dsRNA was confirmed by resolving on 1% (w/v) agarose gel and visualized in gel documentation system (AlphaImager® analyzer, United States).

About 2000 Freshly hatched J2s were soaked in 100 μl soaking solution having 50 μl of 50 mM octopamine (DL-octopamine hydrochloride, Sigma, United Kingdom), 2 μl labeled dsRNA (1 μg/μl) and 48 μl nuclease free water (Urwin et al., 2002) for 18 h in dark on a rotator (10 rpm) at room temperature. dsRNA soaking was done for all the target FLPs singly and combinatorial fusion gene in triplicates. J2s incubated separately in dsRNA of GFP and water were used as negative controls. Fluorescence was measured using EnSpire® Multimode Plate Reader (PerkinElmer, United States) with default settings and excitation wavelength 488 λ and emission wavelength was 520 λ. The dsRNA soaked worms were placed in the 96 well black OptiPlateTM-96 F (PerkinElmer, United States). About 100 nematodes were used in each well with 12 replications for both control and dsRNA soaked worms. dsRNA uptake was also confirmed by microscopic observation using a ZEISS SteREO Discovery V20 microscope.

Juveniles soaked overnight in dsRNA solutions as aforesaid for different FLPs genes were washed with nuclease free water and frozen immediately in liquid nitrogen. Total RNA was isolated, quantified, and reverse transcribed. qRT-PCR has been carried out to quantify the transcript accumulation of all the target genes so as to confirm target-specific knockdown as described above. Three biological and three technical replicates were kept for each of the samples and gene expression was normalized using 18S rRNA. Relative fold-change in target gene expression was analyzed using comparative Ct method (Livak and Schmittgen, 2001) and log2- transformed. Statistical analysis was carried out to assess the significance difference between treatments and water control worms.



Northern Blot Analysis of M. incognita for siRNA Detection

Northern hybridization of the fusion dsRNA soaked J2s was done to confirm the processing of the dsRNA into siRNAs using a standard protocol (Sambrook et al., 1989). Nematodes were incubated in the fusion cassette dsRNA solution as mentioned above. Total small RNA was isolated from 100 mg of nematodes tissue using mirVanaTM miRNA Isolation Kit (Thermo Fisher Scientific, United States) and resolved on 30% denaturing PAGE (Polyacrylamide Gel Electrophoresis) gel and transferred onto a nitrocellulose membrane (Bio-Rad, United States) using iBlot® gel transfer device (Invitrogen, United States). Probes of Mi-flp1, Mi-flp12, and Mi-flp18 were separately prepared, hybridized, and detected as described earlier by Papolu et al. (2013).



Effect of Gene Silencing on Nematode Attraction and Penetration in Pluronic F-127

To assess the knockdown effect of candidate genes on M. incognita infectivity, we evaluated penetration/invasion of dsRNA-soaked J2s in tomato roots on a soil less pluronic PF-127 medium (Wang et al., 2009; Chaudhary et al., 2019). Tomato seedlings were placed on pluronic gel medium in Petri plate and inoculated with dsRNA soaked J2s at a distance of 1.5 cm from the root tip. Sixteen replications were taken for each treatment. There were six treatments viz., Mi-flp1 dsRNA, Mi-flp12 dsRNA, Mi-flp18 dsRNA, fusion cassette dsRNA, GFP dsRNA, and water control. Number of J2s that moved toward the root tips and present in the vicinity up to 1 mm diameter at different time intervals viz., 4, 8, 24, and 72 h were counted. Additionally, number of J2s penetrated at 24 and 72 h after inoculation was observed after roots staining with acid fuchsin (Byrd et al., 1983) and documented.



Effect of Gene Silencing on Nematode Host Recognition and Penetration Assay in Soil

Tomato plants were grown in 18 cells seedling trays (JPP54, Jain Plasto Pack, India) for 25 days under greenhouse conditions. dsRNA feeding and washing steps were followed as mentioned above. For all the treatments and controls, 200 J2s were inoculated per plant (2 nematodes / g of soil) and provided 72 h for nematode penetration and were harvested. Roots were washed to remove the adhering soil and stained with acid fuchsin (Byrd et al., 1983) to calculate the number of invaded J2s in roots. There were six treatments as listed above and ten replications for each treatment.



Functional Validation of FLPs on Nematode Infection, Development and Reproduction Through in vitro RNAi

Silencing effect of Mi-flp1, Mi-flp12, Mi-flp18 and their synthetic fusion gene on M. incognita development and reproduction was carried out by inoculating dsRNA-soaked nematodes on 7-days old adzuki bean (Vigna angularis var. angularis) roots in CYG seed growth pouches (Banakar et al., 2015 and Shivakumara et al., 2016). Six root tips of each plant were inoculated with about 15–20 J2s, and incubated in a growth chamber at 27°C with 70% humidity and a light intensity of 300 lux (Jeio Tech Company Ltd., South Korea). Plants were supplemented with nutrient solution (Hoagland solution) after 7 days of inoculation at 3 days interval until harvest. At 35 DPI, plants were harvested, and disease burden per plant was scored using total number of galls, total number of endoparasites/females, number of egg masses, and number of eggs per egg mass, which were taken to calculate the multiplication factor (Papolu et al., 2013). Nematodes treated with GFP dsRNA and water were taken as controls. The experiments have three biological and ten technical replicates.



Preparation of hpRNA Construct of Fusion Gene Cassette and Tobacco Transformation

On the basis of in-vitro RNAi outcome, the fusion gene cassette of FLPs containing Mi-flp1, Mi-flp12, and Mi-flp18 was used for preparing hpRNA vector to examine host induced gene silencing effects. RNAi Gateway vector pB7GWIWG2(II) was procured from VIB-UGent Center for Plant Systems Biology, Ghent University, Ghent, Belgium. The commercially synthesized fusion gene cassette was PCR amplified from corresponding recombinant pGEMT clones and sub-cloned into the pDONR 221 (an entry vector). Subsequently, cloned into the destination vector “pB7GWIWG2(II)” using LR recombination in sense and antisense orientation intervening with an intron by GATEWAY recombination based cloning kit (Invitrogen, United States). The recombinant vector containing the hpRNA construct was transformed into E. coli (DH5α) cells. The positive clones were thereafter mobilized into A. tumefaciens strain EHA105, and confirmed the correct orientation of target gene by PCR using target gene specific primers, CaMV 35S promoter and attB2, CaMV 35S terminator and attB2, bar gene specific primers (Supplementary Table S1). Further, A. tumefaciens having fusion gene cassette was used for tobacco (N. tabacum L. cv. Petit Havana) transformation for functional validation as illustrated earlier by Papolu et al. (2013) and Shivakumara et al. (2019) with minor modifications.



Molecular Characterization and Bioefficacy Analysis of Transgenic Plants

Putative transgenic plants expressing hairpin fusion gene cassette were subjected to molecular analysis to confirm the presence of transgene. For this, genomic DNA was isolated from young leaf tissues of various putative transgenic events and wild-type (WT) plants following NucleoSpin Plant II DNA kit (Macherey-Nagel, Germany). Primary confirmation of the transgene was done by performing PCR using different sets of primers (Supplementary Table S1). The amplified product was resolved on 1.0% (w/v) agarose gel.

To confirm the T-DNA integration and copy number, genomic DNA (∼12 μg) from the PCR-positive T1 plants was digested with SacI (20U/μl) restriction enzyme (New England Biolabs, United Kingdom) by incubating at 37°C for 16 h. Digested DNA samples were separated on 0.8% agarose gel, transferred onto a nitrocellulose membrane (Bio-Rad, United States). Fusion gene specific probe was synthesized and labeled with digoxigenin (DIG) probe labeling kit (Roche, Switzerland). Hybridization, washing, detection and blot development was done as earlier illustrated by Papolu et al. (2013).

The confirmed transgenic T1 lines were further subjected to qRT-PCR to interpret the FLPs transcripts abundance. Total RNA was isolated from the T1 plants leaves using NucleoSpin plant II RNA kit (Macherey-Nagel, Germany), about 500 ng of total RNA was converted to cDNA using Superscript VILO cDNA synthesis kit (Invitrogen, United States), and qRT-PCR was performed with the target genes specific primers in the realplex2 thermal cycler (Eppendorf, Germany). N. tabacum 18S rRNA (Accession: HQ384692.1) was used for gene expression normalization. Three biological and three technical replicates were taken for the study and data were analyzed following Livak and Schmittgen (2001).

Transgenic lines (T1) harboring hpRNA construct of fusion gene were subjected to nematode parasitism assays. 30-days old plants were grown in 4-inch diameter pots containing 200 g of soil and sand (5:1), each plant inoculated @ 2 M. incognita J2s per g of soil and maintained in a growth chamber at 28°C, 70% relative humidity, 14:10 h light:dark. Plants were harvested at 35 DPI, and the nematode parasitic success was documented as interprets earlier by Papolu et al. (2013).

Additionally, about 20 mature females were dissected out from the transgenics and WT plants, total RNA was extracted and reverse-transcribed (300 ng RNA) as mentioned above. Further transcripts accumulation was quantified using qRT-PCR with Mi-flp1, Mi-flp12, and Mi-flp18 and M. incognita 18S rRNA was used as reference gene. Three biological and three technical replicates were considered for the study. Fold change in expression was analyzed using 2–Δ Δ CT (Livak and Schmittgen, 2001).



Statistical Analysis

The experimental data were analyzed using one-way analysis of variance (ANOVA) with completely randomized design (CRD), and significance was decisive at P = 0.05 and P = 0.01. The mean values of treatments were subjected to Duncan Multiple Range Significant Difference Test (DMRT).




RESULTS


Functional Validation of FLP Genes Using RNAi


Cloning and Differential Expression of FLP Genes of M. incognita

Polymerase chain reaction (PCR) amplification, cloning and sequencing of 232, 349, and 407 bp sequences of Mi-flp1, Mi-flp12, and Mi-flp18 amplified from the cDNA revealed 100% similarity with the previously reported sequences in NCBI database (Figure 1A). Differential expression of FLP genes in different developmental stages of M. incognita was performed by qRT-PCR. Based on expression of all three FLPs in eggs as reference, we observed that all three FLPs were significantly (P < 0.05) upregulated in the pre-parasitic J2s in relation to consistent down-regulation in J3/J4 and adult females (Figure 1B). Reference gene expression was constant in the different developmental stages. The expression stability was confirmed in three biological and three technical replications.
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FIGURE 1. (A) PCR amplification of FLPs of M. incognita. Lanes – 1: Mi-flp1, 2: Mi-flp12, 3: Mi-flp18, 4: FLPs-fusion cassette, M: 100 bp marker, (B) Relative fold-change in the target genes expression in different developmental stages of M. incognita. Each bar represents the mean ± SE of n = 3, and asterisks indicate significant difference at P < 0.05.





In situ Hybridization of Mi-flp1 in M. incognita J2s

The localization of Mi-flp1 expression was performed by in situ hybridization in the M. incognita J2s. A 232 bp probe generated for Mi-flp1 hybridized to the ventral pharyngeal nerves of the metacorporeal bulb in the nervous system. Intense staining was observed in the ventral pharyngeal nerves of the metacorporeal bulb (Figure 2B). However, precise identification of neurons was difficult in this tightly packed region of the nervous system. So, the neural map of C. elegans was used for interpreting the site of expression of the Mi-flp1 in M. incognita J2s (White et al., 1986). Accordingly, Mi-flp1 gene expression appeared to be localized in the AVK, AVA, AVE, RIG, RMG, AIY, and AIA pharyngeal MN neurons of M. incognita J2s (Figure 2D). There was absence of a hybridization signal in the control juveniles with DIG labeled sense probes Figures 2A,C).
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FIGURE 2. In situ hybridisation of DIG-labeled cDNA of Mi-flp1 probe in the anterior of M. incognita J2s. (A,C) No hybridization signal in the control juveniles with DIG labeled sense probes, (B,D) Intense staining was observed in the nematode nerve ring region, revealing the Mi-flp1 gene expression in ventral pharyngeal nerves near to metacarpal bulb of the central nervous system. Mi-flp1 expression site is indicated by brown/black color due to the enzymatic breakdown of a chromogenic substrate by alkaline phosphatase conjugated to anti-DIG antibody. Scale bar = 10 and 20 μm.




Quantification of mRNA Levels in dsRNA Treated M. incognita Using qRT-PCR, Northern Blot Analysis for siRNA Detection and Quantification of dsRNA Uptake

The comparative expression levels of target mRNAs were quantified by qRT-PCR in nematodes silenced for Mi-flp1, Mi-flp12, Mi-flp18, and fusion gene compared to water control nematodes. Silencing of Mi-flp1 and Mi-flp18 singly led to down-regulation (P < 0.05) of the target genes compared to water control (Figure 3A). However, silencing of Mi-flp12 singly resulted in significant (P < 0.05) up-regulation of the target gene over control. Silencing of the fusion gene having all three FLP genes (Mi-flp1, Mi-flp12, and Mi-flp18) resulted in significant (P < 0.05) down-regulation of Mi-flp1 and Mi-flp12 transcripts and up-regulation of the Mi-flp18 (Figure 3B). Here, target gene specific knockdown could be confirmed with suitable controls and at first, none of the target genes was silenced in the nematodes incubated in GFP dsRNA. Reference gene expression was equal in both the dsRNA treated and water control worms. The expression stability was confirmed in three biological and three technical replications.
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FIGURE 3. Quantification of target gene transcripts in dsRNA treated J2s of M. incognita. The relative expression levels of target mRNA were quantified by qRT-PCR in M. incognita silenced for (A) Mi-flp1, Mi-flp12, and Mi-flp18, (B) FLPs-fusion gene, compared to non-native GFP control and water control. 18s rRNA was used as a reference gene and fold-change was calculated using 2– Δ Δ CT method. Each bar represents the mean ± SE of n = 3 (P < 0.05).


As a key segment of successful RNAi, production of siRNAs of all three FLP genes was demonstrated by northern blot analysis in M. incognita J2s incubated in fusion dsRNA. The presence of siRNAs of all the target genes was abundant in fusion dsRNA soaked nematodes (Figure 4A). However, no expression was detected in water control nematodes.
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FIGURE 4. (A) Northern blot analysis for detection of siRNA in M. incognita J2s incubated in FLPs-fusion dsRNA. (a) Mi-flp1, (b) Mi-flp12, (c) Mi-flp18. PC – positive control (gene specific labeled probe: 25 pg); NC – negative control (total RNA from control healthy worms), (B) dsRNA uptake confirmation of M. incognita J2s incubated in FLPs-fusion dsRNA labeled with Alexa Flore 488 dUTPs using florescent microscope, (a,c) J2s without dsRNA, (b,d) dsRNA ingested J2s, fluorescence was localized in the stylet, esophageal gland cells, and intestine. Scale bar = 10 and 20 μm. (C) Difference in the fluorescence count between the water control and FLPs-fusion dsRNA soaked worms. Maximum fluorescence was quantified in 5000 flashes per minute using EnSpire® Multimode Plate Reader (t = 2.306, p > 0000001). a,b*Represents the values are statistical significant (t = 2.306, p > 0000001).


Nematodes soaked in Alexa Flore 488 labeled florescent dsRNA showed fluorescence after 18 h of incubation and fluorescence was localized in the stylet, esophageal gland cells, and intestine (Figure 4B). Maximum fluorescence was quantified in 5000 flashes per minute in fluorescence multimode plate reader. The data were subjected to the Student’s t-test, and there was a significant difference between the water control and dsRNA soaked worms (Figure 4C) (t = 2.306, p > 0000001).



Effect of in vitro RNAi on Attraction and Penetration of M. incognita Toward Tomato Roots on Pluronic PF-127 and in Soil

Freshly hatched J2s of M. incognita were soaked in respective dsRNAs of the target genes for 18 h in the presence of 50 mM octopamine. In general, target genes silencing reduced M. incognita attraction to tomato roots compared to water control nematodes, and the effect was noticeable promptly after 4 h. Least number of nematodes were observed in fusion dsRNA soaked nematodes followed by Mi-flp1 (P = 0.05), and a significant difference was observed between the fusion gene and single gene silenced nematodes at 8 h (Figure 5A). Silencing of each of the target genes decreased the M. incognita penetration/invasion at 24 and 72 h compared to the water control and GFP treatments (Figure 5B). However, simultaneous silencing of all the three FLPs through fusion gene provided the highest reduction in penetration (P = 0.001) (Figure 5C). Similarly, attraction and penetration of dsRNA soaked worms into tomato roots in seedling trays resulted in the significant reduction of nematode penetration after 72 h of inoculation. The findings demonstrated that the silencing of fusion gene significantly reduced the nematode attraction and penetration more than other treatments (P = 0.001) (Supplementary Figure S1).
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FIGURE 5. (A) Penetration ability of Mi-flp1, Mi-flp12, Mi-flp18, and FLPs-fusion dsRNA-soaked M. incognita J2s in tomato roots on PF-127 medium at 4, 8, 24, and 72 h. Each bar represents the mean standard error (n = 16); bars with letters stand for a significant difference at P > 0.05, (B) Number of nematodes inside tomato roots at 24 and 72 h of FLPs and GFP treated J2s and control worms in water, (C) Stained worms in infected tomato roots at 72 h post inoculation. Worms treated with non-native dsRNA (GFP) and worms in water were used as controls. Scale bar = 500 μm. a,b,cRepresents the values are statistical significant (P = 0.001).




Effect of in vitro Gene Silencing on M. incognita Infecting Adzuki Bean

Root-knot nematode bioassay was carried out on adzuki beans in the CYG seed growth pouch system. After 35 DPI, each plant was scored for disease parameters in terms of total number of galls, endoparasites/females, egg masses and eggs per egg mass. Target gene silencing through soaking in dsRNA of three FLP genes singly and fusion gene resulted in reduction in average galling by 54% compared to the control. This also led to reduction in total endoparasites/females and egg masses by 63% and 54%, respectively (P = 0.01). A significant difference was observed between the fusion dsRNA soaked J2s compared to all other treatments (P = 0.01). However, within single gene silenced nematodes, Mi-flp18 was significantly different from Mi-flp1 and Mi-flp12 (P = 0.01). All the treatments demonstrated considerable differences from each other and showed reduction in nematode reproduction up to 58% (P = 0.01) (Figure 6).
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FIGURE 6. Effect of in vitro silencing of FLPs gene and their fusion gene on developmental and reproduction of M. incognita in adzuki bean. Total numbers of galls, total endoparasites, egg masses, eggs per egg mass and the respective multiplication factor (MF) of M. incognita in adzuki bean infected with dsRNA-treated J2s at 35 DPI. Values are means ± standard errors (n = 9) and letters for a given variable differed significantly amongst treatments at P < 0.05. J2s treated with GFP dsRNA and worms in water are used as controls.




Host-Delivered RNAi of Fusion Gene Having Three FLPs viz., Mi-flp1, Mi-flp12, and Mi-flp18

Based on the outcome of in-vitro RNAi experiments, in-planta functional validation analyses have been carried out with FLPs-fusion gene. A commercially synthesized fusion gene using coding nucleotide sequences of Mi-flp1, Mi-flp12, and Mi-flp18 was cloned and confirmed by sequencing. FLPs-fusion gene cassette cloned into RNAi Gateway vector pB7GWIWG2(II) is shown in Supplementary Figure S2A. PCR with different sets of primers confirmed the orientation of the sense and antisense strands of the fusion gene in the hpRNA construct.

Tobacco cv. Petit Havana was transformed with hpRNA construct harboring the fusion gene using a standardized leaf-based regeneration and transformation method and T0 plants were generated (Supplementary Figure S2B). To confirm the complete T-DNA integration into the T0 plants, initial analysis was carried out using PCR analyses with different sets of primers. Presence of the fusion gene, promoter, terminator and the selectable marker gene was determined in all the independent events and no amplification was detected in WT plant (Supplementary Figure S3).

The transgenic T1 plants were identified and set up by selfing the positive T0 plants and re-confirmed via PCR with the same set of primers as stated above, which amplifies the expected target fragments in the tested events, signifying integration of the fusion gene construct in the progeny plants (Supplementary Figure S4).

In order to confirm the pattern of transgene integration and copy number in T1 plants, PCR positive plants were validated by Southern blot analysis. It was observed that the transgenic lines, viz., 25–6, 28–9, 38–5, and 47–2 showed single copy insertions while 27–4 and 36–12 exhibited double copies of the transgene. There was absence of any hybridization in the WT plants (Figure 7A).
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FIGURE 7. (A) Southern blot analysis of transgenic lines harboring dsRNA construct of FLPs-fusion gene. Lanes 1–9 shows transgenic lines 25-6, 26-2, 27-4, 28-9, 36-12, 37-1, 38-5, 40-5, and 47-2. PC – positive control (linearized recombinant vector pB7GWIWG2(II) (25 pg); WT – negative control (wild-type plant); B – blank, (B) Expression analysis of target genes in Southern positive T1 plants. Mi-flp1, Mi-flp12, and Mi-flp18 expressing lines (#1 to #6 represent lines– 25-6, 27-4, 28-9, 36-12, 38-5, and 47-2). ΔCt values were calculated using difference in the Ct mean of target gene and reference gene (tobacco 18S rRNA). Each bar represents the mean ± SE of n = 3, and asterisks shows significant difference at P < 0.05. Higher ΔCt values specify the lower expression of transgene in the corresponding events.


Further, transgenic plants expressing fusion gene construct were confirmed by qRT-PCR. The results indicated significant expression of a transgene in all the selected events, and among them events 27–4 and 28–9 had the highest expression level with all three tested genes and the event 38–5 showed the least in terms of average ΔCT values (Figure 7B). There was no transcript detected in WT plants.



Bioefficacy Analysis of T1 Transgenics of Nicotiana tabacum Against M. incognita

T1 generation plants of positive transgenic events were evaluated against M. incognita. The nematode infection was determined after 35 DPI in terms of total number of galls, endoparasites, egg masses, and eggs per egg masses. The results showed average galling in the range of 41–70 in different T1 lines compared to WT plants which was observed to be about 90 that led to a reduction of 22–54% in average galling in transgenic events. This eventually resulted in significant lowering in total endoparasites in the range of 65–95 in T1 lines compared to about 120 in WT plants. As a result, 21–46% reduction was observed in total endoparasites in the transgenic events. Similarly, the average number of egg masses and eggs per egg mass was present in the range of 28–58 and 214–320 in T1 plants of different transgenic events whereas WT plants showed about 80 and 482, respectively. This resulted in significant reduction in fecundity in the transgenics events by 25–65% and 32–56%, respectively. Finally, derived MF was in range of 13.3–41.3 in T1 lines while WT plants documented about 86.02 which demonstrated a reduction of 85% in transgenic events compared to the WT plants (Figures 8A,B).
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FIGURE 8. Effect of host-delivered RNAi of FLPs-fusion gene on development and reproduction of M. incognita. (A) Performance of transgenic plants was assessed in terms of number of galls, total endoparasites, egg masses, eggs per egg mass, and multiplication factor (MF) in different transgenic lines (#1- 25-6, #2- 27-4, #3- 28-9, #4- 36-12, #5- 38-5, and #6- 47-2) and WT plants at 35 DPI in soil. Each bar represents the mean ± SE of n = 5, and bars with different letters (within each parameter) indicate significant difference at P < 0.05. (B) Comparison of M. incognita infection in roots of transgenic and WT plants at 35 DPI; representative roots of (WT) healthy wild-type plants, (WT-i) nematode infected wild-type plants, transgenic events #1 to #6: 25-6, 27-4, 28-9, 36-12, 38-5, and 47-2 infected with M. incognita, scale bar = 5 cm.




Expression Analysis of Transgene in the Nematode Extracted From Transgenic Plants

In order to examine the effect of host-delivered RNAi on suppressing the target transcripts in the worms, qRT-PCR was carried out with adult females of M. incognita dissect out from the transgenic plants. The expression of Mi-flp1, Mi-flp12, and Mi-flp18 in M. incognita females was down-regulated significantly (P < 0.05) by 0.7 ± 0.2 to 1.5 ± 0.1 fold in case of Mi-flp1, 0.9 ± 0.1 to 1.8 ± 0.2 fold in case of Mi-flp12, and 1.2 ± 0.2 to 2.2 ± 0.3 fold in case of Mi-flp18, respectively, compared to females from WT plants (Figure 9).
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FIGURE 9. Transcript levels of Mi-flp1, Mi-flp12, and Mi-flp18 in M. incognita females extracted from dsRNA expressing transgenic events (#1 to #6: 25-6, 27-4, 28-9, 36-12, 38-5, and 47-2). Expression was measured as relative fold-change, analyzed using 2– Δ Δ CT method. Each bar represents the mean ± SE of n = 3, and asterisks specify the significant difference at P < 0.05.





DISCUSSION

Here, we have evaluated the role of three FLP genes of M. incognita, Mi-flp1, Mi-flp12, and Mi-flp18 singly and in combination for their effect on nematode reproduction and parasitism. Neuropeptides, mainly FLPs, are associated with neurosensory motor function, feeding, secretion, locomotion and reproduction necessary for parasitism (Maule et al., 2002; Kimber et al., 2007; Johnston et al., 2010). Thus, FLPs interference can be directed to disruption of several functions. The conservation of FLPs genes among nematodes and its probable role in locomotion and reproduction has attracted attention for exploitation of these neuromodulator genes as possible targets for nematode management which is environmentally friendly and target specific (Piggott et al., 2011; Peymen et al., 2014; Morris et al., 2017). Quite a few neuropeptides have been identified in PPNs, and FMRFamide-like immune reactivity has also been recorded in the nervous systems of Heterodera glycines, Globodera rostochiensis, G. pallida and M. incognita and M. graminicola (Atkinson et al., 1988; Maule et al., 2002; McVeigh et al., 2005; Kimber et al., 2007; Dalzell et al., 2010; Holden-Dye and Walker, 2011; Atkinson L. E. et al., 2013; Papolu et al., 2013; McCoy et al., 2014; Kumari et al., 2017; Warnock et al., 2017). So far, nineteen FLPs have been identified in the M. incognita and out of which six have been established to have transcriptional evidence (Abad et al., 2008) and host-delivered RNAi of Mi-flp14 and Mi-flp18 in N. tabacum provided excellent reduction in nematode parasitism and reproductive potential (Papolu et al., 2013).

In this direction, present work is focused on initial functional characterization of three flp genes, Mi-flp1, Mi-flp12, and Mi-flp18 of M. incognita singly and in combination employing a well established in vitro RNAi strategy to assess the comparative effect on nematode parasitism. Subsequently, three FLPs integrated into a fusion gene is used for silencing through host-delivered RNAi in tobacco to establish any synergistic or additive effects of the simultaneous silencing of three genes on M. incognita. The target dsRNA sequences were analyzed in dsCheck database to find out any off-target sites in the existing database, and no similarity was detected for the processed siRNAs. Thus, silencing of these genes possibly will not produce any off-target effects on another organisms and signifies the rational design of dsRNA molecule in turn to decrease the feasible risk.

The three FLPs transcripts were differentially expressed in different developmental stages of M. incognita and attain maximum expression in infective J2s, in contrast to basal level expression in eggs. Further, expression was down-regulated in J3/J4 and young females. Similarly, Papolu et al. (2013) observed higher expression of Mi-flp14 and Mi-flp18 in pre-parasitic J2s. These results re-emphasize the importance of FLPergic system in the initial parasitic process of M. incognita.

In situ hybridization assay in the present study revealed Mi-flp1 expression in ventral pharyngeal nerve cord near the metacorporeal bulb of M. incognita J2s. Expression of Mi-flp1 in some common nerve cells connecting the amphidial nerves to the central nervous system revealed its function similar to that of Mi-flp18. In G. pallida, Gp-flp1 expression was shown to be present in different nerve cell bodies’ viz., PHA, PVQ, LUA, PHB, ALN, and PVC compared to C. elegans. Two nerves (PHA and PHB) are ciliated and innervate the phasmids in the caudal region. ALN runs laterally from the tail to the nerve ring and has central synapses with motor-neurons innervating musculature in the head of C. elegans (Rogers et al., 2003). Our findings are in line with earlier reports in G. pallida by Kimber et al. (2002). Hence, it is possible that Mi-flp1 could have similar functional role in M. incognita. Previously, we had reported the expression site of Mi-flp12 and Mi-flp18 in the nerve cells, involved in the various biological and physiological process of M. incognita J2s (Banakar et al., 2015; Banakar and Rao, 2016). These findings support the involvement of the three FLPs in locomotion, host finding, reproduction and other physiological roles in the nematodes (White et al., 1986; Kimber et al., 2002, 2007; Rogers et al., 2003; Johnston et al., 2010; Kumari et al., 2017).

RNAi has been the mainstay tool for functional validation of genes in phytonematodes (Lilley et al., 2007; Dutta et al., 2015a, b). However, reports of gene silencing to explore the function of FLPergic molecules in plant nematodes are finite (Kimber et al., 2007; Dalzell et al., 2010; Atkinson N. J. et al., 2013; Papolu et al., 2013; Dong et al., 2014; Banakar et al., 2015). Here, we disrupted three individual FLPs and their combinatorial fusion gene through in vitro RNAi (dsRNA soaking) in M. incognita J2s which resulted in perturbed the expression of target transcripts of each of the FLPs. These transient natures of gene silencing effects detected in our study are in line with the earlier report of Kimber et al. (2007). Similarly, de Souza Júnior et al. (2013) reported the concurrent silencing of three proteases using a single dsRNA expression cassette that resulted in unexpected up-regulation of Mi-asp1 during combinatorial silencing of three genes (de Souza Júnior et al., 2013). Likewise, Bakhetia et al. (2008) found an increase in the dg13 expression during the combinatorial RNAi evaluation of dg13 and dg14 genes of H. glycines. The possible reason underlying an expected upregulated expression during both single and combinatorial silencing of three flps in the present work could be due to interaction between FLPs in different biological process. In-silico analysis using string database revealed that flp1, flp12, and flp18 are co-expressed in C. elegans, and flp18 together with flp1 plays a homeostatic role by acting on the GABAergic neural transmission at neuromuscular junctions to inhibit over excitation of the locomotor circuit. Further, we have demonstrated the successful processing of combinatorial dsRNA by northern blot analysis in the fusion dsRNA soaked worms that showed the presence of siRNA of each of the three flps in M. incognita J2s. This is the first established report in PPNs showing positive gene silencing evidence by northern blot hybridization and combinatorial dsRNA processing into siRNA.

The effect of in vitro silencing of Mi-flp1, Mi-flp12, Mi-flp18 and the fusion genes on attraction and penetration of J2s approaching tomato roots was examined on PF-127 and also in soil. Worms treated with dsRNA corresponding to both individual genes and fusion cassette markedly defer in level of attraction and penetration of J2s indicating that the target genes are important in early plant-nematode interactions. Fusion gene silencing is the most effective in terms of reduction of nematode attraction and penetration compared to single gene silenced and GFP dsRNA treated controls. This establishes the synergistic effect due to simultaneous knockdown of three FLPs particularly on chemo-sensation and host finding ability of the nematode. Similar phenotypic effects were observed due to RNAi silencing of gp-flp1, gp-flp12, and gp-flp18 in G. pallida that completely inhibited the migratory behavior after 24 h of incubation (Kimber et al., 2007). The significance of Mi-flp18 in M. incognita host finding (chemotaxis), migration and infection was also established through in vitro RNAi previously from our lab by Papolu et al. (2013), and Banakar et al. (2015) and the results are similar to the present finding. In C. elegans, analysis of flp18 and the related nerve cell mutants were defective in chemo-sensation, dauer formation, foraging and fat accumulation and also showed reduced consumption of oxygen (Albertson and Thompson, 1976; Avery and Horvitz, 1990; Avery, 1993; Tsalik and Hobert, 2003; Wakabayashi et al., 2004; Gray et al., 2005; Cohen et al., 2009). Here, the observed decrease in nematode migration and penetration could be attributed to the gene silencing effect of FLPs that interrupted neuromotor actions involved in olfaction, chemotaxis and infectivity.

The reduced infection after knockdown of individual FLPs and their fusion gene also resulted in considerable retardation of infection, development and multiplication of M. incognita in adzuki bean. Amongst treatments, the fusion gene was the most effective in reducing the infection as indicated by least number of total endoparasites in the roots and significantly affected the fecundity in reduction of eggs per egg mass. The result was comparable to the penetration assays on tomato roots. Our studies could be supported by Moffett et al. (2003) in C. elegans where flp1 inhibits rhythmic contractions of the ovijector, the organ that controls egg-laying when flp1 was tested in different concentrations on ovijector. These reports strongly suggest that Mi-flp1, Mi-flp12, and Mi-flp18 are involved in nematode perception of host plants, feeding and reproduction. Therefore, all three FLPs could be potential targets for future management of M. incognita.

On confirming the in vitro RNAi silencing of Mi-flp1, Mi-flp12, Mi-flp18 and fusion gene, additional proof for the possibility of simultaneous silencing of three genes and consequent effects on M. incognita was undertaken by in planta validation with a highly effective tobacco system. Using Agrobacterium-mediated genetic transformation, transgenic plants were generated expressing FLPs-fusion dsRNA. Molecular characterization confirmed the presence, integration and inheritance of the T-DNA harboring the hpRNA construct independently in six transformed lines. Though, the transcripts abundance at mRNA level of transgene measured by qRT-PCR was variable amongst events, signifying that the transgene was integrated at random sites in the plant genome. Additionally, resistance offered due to the expression of transgene was confirmed by bioefficacy analysis. Bioefficacy analysis indicated a pronounced decrease in M. incognita development and reproduction in most of the T1 lines compared to WT plants with up to 85% reductions in derived MF. The significant reduction of MF in transgenic lines has proved efficient RNAi silencing of FLPs-fusion gene. Earlier study by Papolu et al. (2013) demonstrated that tobacco plants expressing RNAi construct of the single gene Mi-flp18 had reduced the numbers of galls and final MF compared to WT plants. The present findings are better than the earlier reports in reducing the MF in transgenic lines and on par with other parameters observed in M. incognita. In the present study, silencing of more than one gene at a time with multiple roles had a higher impact on reducing the nematode parasitism in plants. The pyramiding expression of three FLP genes involved in more than one function produced synergistic effects by a detrimental effect on development of M. incognita. Our results are supported by the finding of Urwin et al. (1998), where transgenic Arabidopsis expressing a stacked gene construct having a cowpea trypsin inhibitor and a cystatin displayed improved resistance to H. schachtii. Similarly, a dsFusion RNAi construct having three proteases gene viz., Mi-ser1, Mi-cpl1, and Mi-asp1 interfere the nematode fecundity and successfully reduced disease burden in tobacco. These studies demonstrated the gene pyramiding in transgenic plants expressing more than one gene not only offer two defense systems across worms but also widen the spectrum of resistance to different nematode species (de Souza Júnior et al., 2013). Transgenic plants were morphologically similar and comparable to WT-plants, indicating the specificity of gene silencing.

In order to assess the host delivered silencing effect of Mi-flp1, Mi-flp12, and Mi-flp18 on nematode development, adult females were dissect out from T1 transgenic plants and WT-plants and subjected to qRT-PCR analysis. A considerable reduction (up to 2.2-fold) in gene expression was observed in the young females from transgenic plants compared to that from WT-plants. The current findings are is in confirmation with the previous reports showing inhibitory effect of flp1 and other 15 flp genes in modulating ovijector of A. suum by cessation of contractile activity of oviduct, affecting egg laying (Moffett et al., 2003). Loss of flp1 gene in C. elegans resulted in reduced locomotion and egg laying rate (Chang et al., 2015) that supports the findings of present work.

Although, there are some reports showing efficacy of FLPs for disrupting the neuromotor functions, to the best of our knowledge, this is the first report to demonstrate effectiveness of Mi-flp1 and Mi-flp12 and their fusion gene along with Mi-flp18 for the management of M. incognita using in vitro gene silencing as well as host-induced gene silencing. Significant reduction in nematode MF, due to knockdown of FLPs would be of enormous value to bring down the resident population pressure in soil for the successive crops. Given the transient nature of RNAi effects, it is practically not possible to attain absolute nematode resistance (Rosso et al., 2009). As RKNs complete 3–4 or more generations during a cropping season, about 60% decline in multiplication is adequate to reduce nematode population below the economic threshold (Fuller et al., 2008). Additionally, sustainable management can be accomplished by pyramiding few flp genes for efficient interference of various physiological processes requisite for successful completion of nematode lifecycle.
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Supplementary Figure 1 | Effect of in vitro RNAi on host invasion of M. incognita in soil. Penetration of dsRNA soaked worms into roots of tomato seedlings after 72 h of inoculation. Each bar represents the mean standard error (n = 6); bars with letters indicate significant difference at P > 0.05. Nematodes treated with GFP dsRNA (non-native control) and worms in water were used as controls.

Supplementary Figure 2 | (A) T-DNA region of binary vector used for FLPs-fusion gene silencing in tobacco cv. Petit Havana. RNAi suppression construct – pB7GWIWG2(II). Inverted repeats of fusion gene fragment were cloned into the destination vector. RB – T-DNA right border, LB – left border, bar – selectable marker gene, P35S – Cauliflower mosaic virus (CaMV) 35S promoter, T35S – CaMV 35S terminator, fusion gene – M. incognita FMRFamide like peptides (FLPs) fusion gene, attB1 and attB2 – LR reaction sites, (B) Agrobacterium- mediated transformation and regeneration of tobacco cv. Petit Havana. (a) Leaf explants of 1 cm2 cut from young tobacco leaves (b) callusing of co-cultivated explants (c) selection of transformed calli in presence of glufosinate (d) regeneration of selected explants (e) appearance of roots in rooting medium (f) hardened plants in glasshouse (g) successful plant growth and maturation (h) fruiting and seed setting.

Supplementary Figure 3 | PCR analysis of genomic DNA extracted from the primary transgenic plants harboring RNAi–fusion gene cassette. (A) Amplification of the target gene using gene specific primers, (B) Amplification of sense strand using primers 35S promoter forward and attB2 reverse, (C) Amplification of the antisense strand using primers 35S terminator forward and attB2 reverse, (D) Amplification of bar gene to confirm the presence and inheritance of dsRNA into transformed plants. M – 100 bp molecular marker. WT – negative control (WT-plant); Lanes 1–13- independent T0 events (25, 26, 27, 28, 36, 37, 38, 40, 47, 48, 52, 53, and 84).

Supplementary Figure 4 | PCR analysis of genomic DNA extracted from the T1 transgenic lines harboring RNAi–fusion gene cassette. M – 100 bp molecular marker; WT – negative control (WT-plant); Lanes 1–12 – show independent progenies of T0 events (25-6, 26-2, 27-4, 28-9, 36-12, 37-1, 38-5, 40-5, 47-2, 48-3, 52-7, and 53-1). (A) Target gene amplification, (B) bar gene amplification.
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Trees in forest ecosystems constantly interact with the soil fungal community, and this interaction plays a key role in nutrient cycling. The diversity of soil fungal communities is affected by both environmental factors and host tree species. We investigated the influence of both of these factors by examining the total fungal communities in the rhizospheric soil of climax tree species that have similar ecological roles (Carpinus cordata, an ectomycorrhizal [ECM] tree, and Fraxinus rhynchophylla, an arbuscular mycorrhizal [AM] tree) in temperate forests with continental climates of Mt. Jeombong, South Korea. Fungal communities were assessed by Illumina-MiSeq sequencing the internal transcribed spacer (ITS) region of environmental DNA, and comparing their environmental factors (season and soil properties). We found that soil fungi of the two forest types differed in terms of community structure and ecological guild composition. The total fungal community composition changed significantly with seasons and soil properties in the F. rhynchophylla forest, but not in the C. cordata forest. However, potassium and carbon were significantly correlated with fungal diversity in both forests, and a positive correlation was found only between symbiotrophs of C. cordata and the carbon to nitrogen (C/N) ratio. Thus, the effects of environmental factors on soil fungal communities depended on the host trees, but some factors were common in both forests. Our results indicate that individual tree species should be considered when anticipating how the fungal communities will respond to environmental change.

Keywords: arbuscular mycorrhizal fungi, ectomycorrhizal fungi, temperate forest, plant-soil interaction, soil fungal community


INTRODUCTION

Fungi in forests play key roles in plant diversity and productivity (Van Der Heijden et al., 2008). There is a wide diversity of associations between fungi and plants categorized by how a fungus gets organic matter from plants – symbiotrophic, saprotrophic, and pathotrophic. Among the symbiotrophic fungi, mycorrhizal fungi receive photosynthetic products from plant in exchange for mediating environmental stresses, increasing foraging area, and enhancing water and nutrient absorption through a hyphal network with plants (Smith and Read, 2010; Kramer et al., 2012). Most terrestrial plants require at least one type of mycorrhizal association to properly grow and reproduce (Brundrett and Tedersoo, 2018). Saprotrophic fungi decompose organic matter and are involved in carbon cycling and nutrient mobilization in forests (Kramer et al., 2012; van der Wal et al., 2013), while pathotrophic fungi retrieve nutrients by harming living plants and can control plant populations (Nguyen et al., 2016). Each trophic mode can be divided to several guilds according to their ecological lifestyle (Tedersoo et al., 2014).

Plants can also influence fungal communities by modifying microhabitats with leaf fall and litter (Aponte et al., 2010). The soils surrounding plants have different properties due to decomposition of organic matter, accumulation of carbon, and microbial residues such as amino sugar (Soudzilovskaia et al., 2015; Lin et al., 2017; Craig et al., 2018). This phenomenon results in different carbon and nitrogen cycling rates between host tree species, such as slower carbon and nitrogen cycling in ectomycorrhizal (ECM) forests than in arbuscular mycorrhizal (AM) forests (Phillips et al., 2013; Averill et al., 2014; Sulman et al., 2017). Trees can be divided into four types based on mycorrhizal associations, and the most abundant types being AM and ECM trees (Brundrett, 2009). AM trees include species in the genera Acer and Ulmus and family Podocarpaceae and have symbiotic relationships with fungal species in Glomeromycota (Brundrett, 2009; Helgason and Fitter, 2009). ECM trees include species in the families, such as Betulaceae, Fagaceae, and Pinaceae, and are associated with fungi in Ascomycota and Basidiomycota (Brundrett, 2009; Tedersoo et al., 2010). ECM forests are known to store more carbon and have a higher carbon to nitrogen (C/N) ratio than AM forests (Vesterdal et al., 2013; Averill et al., 2014). However, it should be noted that plants with dual mycorrhization of AM and ECM have been reported (Brundrett, 2017; Tedersoo and Brundrett, 2017).

The heartleaf hornbeam (Carpinus cordata) is an ECM deciduous tree native to northeast Asia that grows in shaded, moist valley forests (Smith and Read, 2010; Kwon et al., 2014). Fraxinus rhynchophylla, a species of ash tree distributed in East Asia, grows well on nutrient-rich soils and is an AM tree (Ambriz et al., 2010). Both C. cordata and F. rhynchophylla are climax species commonly found in Korean temperate forests (Lee et al., 1990; Cho et al., 2005; Park et al., 2016). Previous studies have helped us begin to understand the relationship between fungi and species of Carpinus and Fraxinus. For instance, study on ECM fungi associated with Fagus, Tilia, and Carpinus trees suggested the host preference of ECM fungi, as more than half of species were found in one host (Lang et al., 2011). Meanwhile, the influence of abiotic factors on fungal communities were found in pure F. mandshurica forest, where higher relative abundance of saprotophic fungal were found in soil with higher carbon and nitrogen compared to that of mixed forest of P. koraiensis and F. mandshurica (Wu et al., 2019).

Carpinus cordata and F. rhynchophylla climax forests are both found in well-protected valleys in Korea (Cho et al., 2005; Park et al., 2016). This characteristic provides a unique opportunity to compare fungal communities across soil properties and tree types (ECM vs. AM trees), while controlling for environmental variation because the forests are located so close to each other. This study is part of a larger project by the Korea National Arboretum to understand the interactions between fungi and major tree species in Korea. Various features of the fungal community (alpha diversity, community structure, and ecological guild composition) from the two forest types were compared to determine seasonal variation and the influence of soil properties. We aimed to elucidate the influence of host tree type, in particular AM and ECM trees, on soil fungal communities, while also investigating the effects of season and soil properties (pH, carbon, nitrogen, phosphorus, potassium, and water content).



MATERIALS AND METHODS


Study Site, Soil Collection, and Chemical Analyses

The study was carried out in temperate forests of Mt. Jeombong, Seoraksan National Park, Inje County, Gangwon Province, South Korea (38.032124, 128.463275, altitude 780–830 m). Sampling was permitted by the Seoraksan National Park Authority. We choose one C. cordata forest and one F. rhynchophylla forest that were adjacent (within 350 m) to minimize the effects of environmental variation. Several shrubs belonging to Ericaceae were found in each sampling site, but forests were composed of single tree species in each stand. This approach allowed us to focus on seasonal variation and the influence of soil properties on the fungal communities. We sampled soil from three individual trees from each forest for each of the four seasons in 2018; selected trees were visually inspected to have no disease symptoms and were at least 20 m away from other sampled trees. Rhizospheric soil samples were collected in triplicate for each tree, from 0 to 10 cm soil layer that was close to root of the host tree, after removing surface litter. In total, 36 soil samples were collected from each forest type (three trees × three replicates × four seasons). Soil samples were placed on ice while being transported to the laboratory. Upon arrival, triplicate soil samples from the same tree were mixed and sieved to 2.0 mm (= 12 sample × 2 forest types = 24 total samples). Half of each Mixed soil sample was sent to National Instrumentation Center for Environmental Management (Seoul National University, Seoul, South Korea) for soil property analysis on the same day of collection. The following soil properties were measured: pH, total organic carbon (TOC), total nitrogen (TN), NH4+, total phosphorus (TP), water content, total potassium (TK), and C/N ratio (based on TOC/TN). The remaining half of each sample was stored at −80°C until DNA extraction.



DNA Extraction, Amplification, and Sequencing

DNA was extracted from each of the 72 soil samples (two forest types × three trees × three replicates of soil mixture × four seasons) within a week of sampling. Extraction was performed from 0.25 g of soil sample with the Power-Soil® DNA Isolation Kit according to the manufacturer’s instructions (MoBio Laboratories, Carlsbad, CA). After extraction, the internal transcribed spacer 2 (ITS2) region was amplified using the primers ITS3 and ITS4 (White et al., 1990) attached with Illumina sequencing adaptors. To minimize the effects of PCR bias, PCR was conducted three times for each DNA sample using an AccuPower PCR PreMix Kit (Bioneer, Deajeon, South Korea). We used the following PCR conditions: 94°C for 5 min; 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 40 s; and a final extension of 72°C for 10 min. The size of PCR products was visually checked on 1% agarose gel (BIOFACT, Daejeon, South Korea). Triplicate PCR products for a sample were pooled and purified using an Expin™ PCR SV Kit (GeneAll Biotechnology, Seoul, South Korea). To attach multiple index delimiters (MID), we followed the Nextera XT Index Kit protocol (Illumina, San Diego, CA, USA). After purification, DNA quality and concentration from PCR products were quantified with NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA) and pooled at equimolar concentrations before sequencing. The 72 samples were sequenced by 300 bp × 2 paired-end sequencing on an Illumina MiSeq platform (Macrogen, Seoul, South Korea). Raw sequence data were deposited on NCBI Sequence Read Archive (SRA) under Project ID PRJNA638267.



Bioinformatics and Statistical Analyses

All sequence analyses were performed using the Quantitative Insights Into Microbial Ecology (QIIME) v.1.8.0. pipeline (Caporaso et al., 2010). We used fastq-join to merge paired-end sequences and filter out low-quality sequences (Q < 20, length < 200 bp). operational taxonomic units (OTUs) were clustered based on a 97% similarity threshold using an average linkage method on USEARCH v. 5.2.236 (Edgar, 2010). For taxonomic assignments, the most abundant sequence was selected as the representative sequence of an OTU. Reference sequences from UNITE v. 7.2 (Kõljalg et al., 2013) and Seoul National University Fungal Collection (SFC) were used for taxonomic assignment, following the criteria of Tedersoo et al. (2014). Chimeric sequences were filtered against the reference database with UCHIME (Edgar et al., 2011). Singleton OTUs and non-fungal sequences were removed and all samples were rarified to the minimum number of sequences (30,000 reads) and pooled (90,000 reads) before further analysis. Fungal functional guilds were assigned according to the FUNGuild database (Nguyen et al., 2016). The relative abundance of each OTU was calculated as the ratio of the number of sequences reads of an OTU per total sequence reads in a batch of samples.

Four alpha diversity indices (Chao1 richness, Shannon’s diversity and equitability, and Good’s coverage) were calculated in QIIME and displayed with R software (R Core Team, 2019). A Kruskal-Wallis test was performed to identify the statistically significant relationships between the alpha diversity indices and season with Fisher’s least significant difference (LSD) test as a post hoc test adjusted by the Bonferroni method using the agricolae package (de Mendiburu and de Mendiburu, 2019). Variation in fungal communities among soil samples was visualized by a principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity index using the phyloseq package (McMurdie and Holmes, 2013). Vectors of soil property factors were fit with the envfit function in the vegan package. To determine the significance of the variations, differences in fungal community compositions across seasons and host trees were evaluated using permutational multivariate analysis of variance (PERMANOVA) with 999 permutations, implemented as “adonis” in the vegan package (Oksanen et al., 2018). Spearman correlation analyses were used to examine the correlation between alpha diversity indices, fungal guilds (in relative abundance), and abiotic factors. The correlation coefficient and value of p were calculated with the ggcorrplot package in R (Kassambara, 2016).




RESULTS


Fungal Composition and Guild Classification

A total of 8,740,440 sequence reads and 17,008 OTUs were initially obtained from the 72 samples. After filtering, 8,301,778 sequence reads and 10,856 OTUs remained. For individual samples, 32,789–202,543 sequence reads were obtained. The rarefaction curves of the observed number of OTUs for each sample were sufficiently saturated, with more than 98.5% Good’s coverage (data not shown). After rarifying the data to 30,000 reads/samples, we obtained 9,580 OTUs. Sequence data of three replicates from the same tree and the same season were combined into a single sample (90,000 reads). The average length of sequences was 389 ± 55 bp. We analyzed data from a total of 24 samples (two forest types × three trees × four seasons).

In the C. cordata forest, a total of 6,549 OTUs were obtained, and 1,292–2,389 OTUs were found from each sample. (Figure 1A). Basidiomycota was the most abundant (46.0%), followed by Ascomycota (45.9%) and Mortierellomycota (7.1%). At the genus level, Inocybe, Sebacina, Mortierella, Russula, and Tomentella were the most abundant (Figure 2A). The relative abundance of sequence reads belonging to genus Inocybe (9.2–12.7%) and Mortierella (6.3–7.5%) were mostly stable across seasons, while that of Sebacina was higher in autumn (12.6%) than in other seasons (5.9–8.9%). The relative abundance of Russula was lower in summer and winter (2.2–3.7%) than in spring and autumn (7.1–7.4%), while that of Tomentella was higher in spring and winter (5.0–5.7%) than in summer (1.7%). For trophic modes, symbiotrophs were the most abundant, followed by saprotrophs and saprotroph-symbiotrophs (Figure 2C). Among the symbiotrophs, an average of 67.9% of OTUs were EM and 0.4% were AM. Among the major genera, Inocybe, Sebacina, Russula, and Tomentella were classified as symbiotrophs. Saprotrophs were represented by Trechispora and Trichocladium. Mortierella was categorized as a saprotroph-symbiotroph. Several pathotrophic fungi were also found (Table 1).
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FIGURE 1. Alpha diversity of soil fungal communities from Carpinus cordata and Fraxinus rhynchophylla forests. (A) Overall alpha diversity of the rhizospheric soil under the dominant tree species in each forest and (B) Seasonal variation in alpha diversity in C. cordata and F. rhynchophylla: W (winter), Sp (spring), Su (summer), and A (autumn). Richness is represented by the number of OTUs and Chao1. Diversity and equitability were estimated with Shannon’s index. Significant differences in alpha diversity indices were tested using Kruskall-Wallis test with LSD Fisher post hoc test adjusted by the Bonferroni method. The box indicates the first and third quartiles, and black line in the middle indicates the median value.
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FIGURE 2. Taxonomic distribution of soil fungal communities in Carpinus cordata and Fraxinus rhynchophylla forests. The average relative abundances of genera in soil fungal communities of (A) C. cordata and (B) F. rhynchophylla forests are represented according to seasonal change. The genera with relative abundances less than 1% are not shown. (C) Average relative abundance of taxa belonging to each trophic mode in fungal communities of C. cordata and F. rhynchophylla forests. Unknown = taxonomic groups with unassigned trophic modes.




TABLE 1. Average relative abundance, trophic mode, and guild of major genera (>1%) in the fungal communities of rhizospheric soil in Carpinus cordata and Fraxinus rhynchophylla forests.
[image: Table1]

In the F. rhynchophylla forest, a total of 7,196 OTUs were obtained, and 1,524–2,485 OTUs were found in each sample (Figure 1A). Ascomycota was the most abundant (56.7%), followed by Basidiomycota (29.9%) and Mortierellomycota (12%). At the genus level, Mortierella, Sebacina, Leohumicola, Chaetomium, and Metarhizium were the most abundant (Figure 2B). The abundances of Chaetomium (1.9–3.7%) and Metarhizium (1.1–2.1%) were stable throughout the year. Sebacina and Leohumicola had the lowest relative abundance in winter (0.2 and 0.5%, respectively), and the abundance of Mortierella was the lowest in autumn (6.3%). For trophic modes, saprotrophs were the most abundant and included genera Leohumicola and Trechispora. The next most abundant trophic modes were saprotroph-symbiotrophs and symbiotrophs (Figure 2C). The average abundance of EM among the symbiotrophs was 40.6% and that of AM was 1.0%. Among the major genera, the proportion of saprotrophic fungi in F. rhynchophylla forest (Mortierella, Leohumicola, Chaetomium, Trechispora, Ilyonectria, Trichoderma, and Penicillium) was higher than that of C. cordata forest (Table 1).

Although the differences between respective alpha diversity indices were non-significant between the two forest types, the Chao1 richness and number of OTUs were higher in C. cordata (p = 0.07 for Chao1 and p = 0.08 for OTUs; Figure 1A). The seasonal differences in alpha diversity indices are shown in Figure 1B. The number of OTUs was the lowest in summer in both forest types. OTU and Chao1 indices in F. rhynchophyla forest showed a marginal association among seasons (p = 0.07 for OTUs and p = 0.06 for Chao1). The number of OTUs was slightly lower in summer than winter (p = 0.07), while Chao1 was different between autumn and winter (p = 0.07) in the post hoc test. No significant seasonal differences were detected in the C. cordata community diversity, but the F. rhynchophylla community showed a significant change in diversity across seasons (Figure 3, Supplementary Table 1). The compositions of fungal communities were significantly different between tree species (R2 = 0.254, p < 0.001; Figure 2).
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FIGURE 3. Principal coordinate analysis (PCoA) plots using Bray-Curtis distances matrices of (A) Carpinus cordata and (B) Fraxinus rhynchophylla soil fungal communities. Dot colors represent seasons: purple (Winter), green (Spring), blue (Summer), and red (Autumn). Soil parameters with significant relationships (p < 0.05) are indicated by red arrows.




Correlation Between Soil Properties and Fungal Community

All soil properties except pH showed similar seasonal patterns between forest types (Figure 4). In the PERMANOVA analysis of the C. cordata forest, soil properties were not related to fungal communities (Figure 3A, Supplementary Table 1). However, pH, TOC, water content, TK, and C/N ratio had significant effects on fungal communities of F. rhynchophylla, while TN, NH4+, and TP had non-significant effects (Figure 3B, Supplementary Table 1). Results from the environmental fitness analysis mostly corroborated the PERMANOVA results in both forest types; the one exception was the effect of the C/N ratio on fungal communities, which was not significant in F. rhynchophylla (p = 0.109) for the environmental fitness analysis, but was significant for PERMANOVA analysis. Similarly, the correlation between soil properties and alpha diversity indices was different between forest types (Table 2). For C. cordata, water content and TK showed a significantly positive correlation with the number of OTUs and Chao1 richness index, while TOC showed a significantly negative correlation with the Chao1 richness index (Table 2A). In F. rhynchophylla, a significant positive correlation was detected between TK and four alpha diversity indices (OTU, Chao1, diversity, and equitability), and there were negative correlations among TOC, TN, and Chao1 index (Table 2B). For trophic modes, C/N ratio showed a negative correlation with the relative abundance of pathotroph-saprotroph-symbiotroph group in both forest types. In C. cordata, the relative abundance of symbiotroph group showed a positive correlation with the C/N ratio. In contrast, the relative abundance of saprotroph-symbiotroph group in F. rhynchophylla showed a positive correlation with TOC and TN, while the relative abundance of pathotroph-symbiotroph group showed a negative correlation with TOC and a positive correlation with TK.
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FIGURE 4. Soil properties of Carpinus cordata (red) and Fraxinus rhynchophylla (blue) forests separated by seasons. Measured soil properties are pH, TOC (Total Organic Carbon, %), TN (Total Nitrogen, %), NH4+ (ammonium ion, mg/kg), TP (Total Phosphorus, mg/kg), water (Water Content, %), TK (Total Potassium, mg/kg), and C/N ratio (carbon to nitrogen ratio, TOC/TN). Letters (a–e) were used as labels to indicate significant differences between means of each soil property in Kruskal-Wallis test with Bonferroni correction.




TABLE 2. The result of Spearman correlation coefficient test between alpha diversity indices, relative abundance of trophic modes and soil properties in (A) Carpinus cordata and (B) Fraxinus rhynchophylla forests.
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DISCUSSION


Overall Diversity and Composition of Fungi Associated With ECM and AM Trees

The fungal community was significantly different between the two forest types. A high relative abundance of ECM fungi was found in the C. cordata forest, a result similar to those of previous studies on other Carpinus species (Tyler, 1992; Rudawska et al., 2019). Several ECM fungi were found in rhizopheric soil of F. rhynchophylla as well. Although F. rhynchophylla is known as an AM tree (Ambriz et al., 2010), it was also reported to have a symbiotic relationship with EM fungi (Teste et al., 2020). Sebacina and Russula were the major ECM fungi in both forest types. Sebacina was reported to be a major ECM fungus in oak forests of Mt. Jeombong (Oh et al., 2018) and is known to be abundant in late-stage forests rather than early-stage forests (Long et al., 2016). Likewise, Russula is dominant in the late successional stages of many forests, including those with Carpinus and Fraxinus species (Tedersoo et al., 2010; Tedersoo and Nara, 2010; Li et al., 2013). Mt. Jeombong is a well-preserved national park, so the high relative abundance of late successional ECM fungi in both forests reflects the climax forest stages. Other ECM fungi (Clavulina, Inocybe, and Tomentella), known as late-successional ECM fungi (Smith et al., 2002; Tedersoo and Nara, 2010; Lang et al., 2011; Kałucka and Jagodziński, 2017) were more abundant in the C. cordata forest. AM fungi were two times more abundant in the F. rhynchophylla forest than the C. cordata forest, although overall relative abundance of OTUs belonging to AM fungi in both forest types was low. The reason of low relative abundance of AM OTUs may be that we did not use primers specifically targeting AM fungi, and a complementary study with such primers is needed to complete our understanding of F. rhynchophylla’s fungal community. However, if presence of both AM and ECM is verified, as found in our study, this might reflect dual-mycorrhization of F. rhynchophylla, as reported in roots of Fraxinus species (Ambriz et al., 2010; Lindig-Cisneros et al., 2019; Teste et al., 2020).

The saprotrophic fungal composition showed the opposite pattern from that of the ECM composition. The relative abundance of saprotrophic taxa among sequence reads of total OTUs (Mortierella, Leohumicola, Chaetomium, and Trechispora) were higher in the F. rhynchophylla forest than the C. cordata forest. This result may be related to different litter decomposition rates of AM and ECM trees (Midgley et al., 2015). Soil and litter quality are known to affect the saprotrophic fungal community (Aponte et al., 2013), and the decomposition rate of litter is faster in AM than ECM trees (Phillips et al., 2013; Averill et al., 2014; Sulman et al., 2017). In addition, AM trees are likely to provide more litter biomass than ECM trees (Rosling et al., 2016). Mortierella was the major saprotrophic-symbiotrophic genus in both forest types. In association with plant roots, Mortierella is known to decompose dead fungal hyphae (Brabcová et al., 2016), promote plant growth, and suppress phytopathogenic nematodes (Eroshin and Dedyukhina, 2002; Al-Shammari et al., 2013). Mortierella was commonly reported in soil and roots samples from various environments (Summerbell, 2005; Curlevski et al., 2010). Metarhizium is a widespread entomopathogen found in soil and insects (Roberts and Leger, 2004). While its activity in soil is unclear, plant growth promotion by suppressing plant pathogenic fungi and entomopathogenic activities were reported (Leger, 2008). Other plant pathogens (Mycosphaerella and Neonectria) are also commonly found in diseased plant tissues or soil as an opportunistic pathogens (Zhang et al., 2005; Menkis and Burokienė, 2012).



Effect of Season and Soil Properties on Soil Fungal Communities

While patterns of soil properties were similar in ECM (C. cordata) and AM (F. rhynchophylla) tree forests, fungal communities associated with C. cordata and F. rhynchophylla showed different responses to changes in season and soil properties. The fungal community associated with F. rhynchophylla showed temporal changes in relative abundance of major genera (Figure 2B). In contrast, no significant seasonal differences were detected in the fungal community associated with C. cordata. While the fungal communities in ECM and AM forests are generally affected by the season (Giachini et al., 2004; Bennett et al., 2013; Guadarrama et al., 2014; Voříšková et al., 2014; Santalahti et al., 2016), the opposite is also reported in ECM forests (Smith et al., 2007; Matsuoka et al., 2016). Priority effects – or the impact a species has on the community due to arriving first – might have caused a lack in seasonal shifts in C. cordata. If the early arriving fungi colonized root tips, later arriving fungi can be excluded from roots independent of environmental fluctuations (Dickie et al., 2012; Fukami, 2015). However, as patterns of fungal communities can change across years (Matsuoka et al., 2016), further research is needed to explain this phenomenon.

The relationship between the composition and abundance of a fungal community and soil properties was reported in previous studies, varying based on the locality and the characteristics of the sampling site (Yang et al., 2011; Voříšková et al., 2014; Žifčáková et al., 2016). In our study, the effect of soil properties on fungal community composition was generally significant in the F. rhynchophylla forest. Especially, we found that pH, potassium, and water content were positively correlated with each other, while TOC was negatively correlated in our result (Figure 3). However, their effect on alpha diversity indexes and trophic modes varied in C. cordata and F. rhynchophylla depending on soil properties (Table 2). Positive correlation between alpha diversity indices and TK were found in both forests, while richness and TOC showed negative correlations. These results indicate similarities among alpha diversity indices of fungal communities with different hosts, even though they had different compositions. There were also positive correlations with richness of soil fungal communities and TK contents in soil, while organic carbon was negatively linked to richness in both trees in both tree species. Potassium uptake is known to be improved by mycorrhization, and this improvement provide benefits to plants in the form of abiotic stress tolerance and phosphorus homeostasis maintenance (Dominguez-Nuñez et al., 2016). Meanwhile, a decrease of fungal biomass, diversity, and degrading activities were reported after carbon input by litter decomposition, but its mechanism is uncertain (Allison et al., 2007). In contrast, a positive correlation between C/N ratio and relative abundance of symbiotrophs was found only in C. cordata. High abundance of ECM in symbiotrophs of C. cordata might be associated with this result, as high C/N ratio was positively correlated with relative abundance of ECM taxa in previous studies (Chen et al., 2019), and ECM facilitate nitrogen uptake by releasing oxidative enzymes (Bödeker et al., 2014), but further investigation would develop our understanding of these processes.




CONCLUSION

In this study, we uncovered differences in fungal diversity and soil properties between neighboring climax forests (C. cordata and F. rhynchophylla) using a metabarcoding approach. Although seasonal patterns of soil properties were similar across the two forest types, soil fungal communities differed based on the season and soil properties only in F. rhynchophylla. Our results suggest the importance of considering characteristics of host trees, as different climax forests may respond to changes (seasonal and soil properties) in different ways.
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The conventional definition of endophytes is that they do not cause disease, whereas pathogens do. Complicating this convention, however, is the poorly explored phenomenon that some microbes are endophytes in some plants but pathogens in others. Black cottonwood or poplar (Populus trichocarpa) and wheat (Triticum aestivum) are common wild and crop plants, respectively, in the Pacific Northwest USA. The former anchors wild, riparian communities, whereas the latter is an introduced domesticate of commercial importance in the region. We isolated Fusarium culmorum – a well-known pathogen of wheat causing both blight and rot – from the leaf of a black cottonwood tree in western Washington. The pathogenicity of this cottonwood isolate and of a wheat isolate of F. culmorum were compared by inoculating both cottonwood and wheat in a greenhouse experiment. We found that both the cottonwood and wheat isolates of F. culmorum significantly reduced the growth of wheat, whereas they had no impact on cottonwood growth. Our results demonstrate that the cottonwood isolate of F. culmorum is endophytic in one plant species but pathogenic in another. Using sequence-based methods, we found an additional 56 taxa in the foliar microbiome of cottonwood that matched the sequences of pathogens of other plants of the region. These sequence-based findings suggest, though they do not prove, that P. trichocarpa may host many additional pathogens of other plants.

Keywords: fungal endophyte, plant pathogen, pathogen spillover, Fusarium, Populus, Triticum


INTRODUCTION

The plant microbiome is thought to aid plants under stressful conditions to enable them to adapt to new habitats. This is, in essence, the habitat-adapted symbiosis hypothesis (Rodriguez et al., 2004, 2008). This hypothesis is at the heart of current attempts to engineer microbiome-based adaptation to climate change, and to other stresses of a rapidly changing world (Busby et al., 2017). One of the challenges in this effort is that plants can asymptomatically host pathogens of other plants (Porras-Alfaro and Bayman, 2011). A concern is thus that successful bio-engineering of one plant could lead to undesirable, non-target, spillover effects in another, via augmentation of a pathogen of the latter.

In plant microbiome studies currently, and in earlier studies, pathogens of other plants are regularly reported on the basis of the taxa that they represent. Pathogenic function is seldom, however, confirmed experimentally. For example, in a study of the endophytes of Centaurea stoebe (Shipunov et al., 2008), the following pathogens were reported without proof of function: Botrytis cinerea, the cause of gray mold of many other plants (though never of C. stoebe itself), Diaporthe helianthi, the cause of Phomopsis stem canker of sunflower, Gibberella avenacea, the cause of many rots, blights and declines of many crops (though again, not of C. stoebe itself), and many other taxa of Fusarium and Alternaria that are pathogens of plants other than C. stoebe. Sequence-based evidence of the pathogen that causes the “mal secco” disease of citrus was even found in achenes of C. stoebe, although inoculations were never performed to confirm function (Shipunov et al., 2008; Migheli et al., 2009). In a study of endophytes of Bromus tectorum, Fusarium oxysporum was reported (Baynes et al., 2012). Fusarium oxysporum causes vascular wilts of a very wide range of plants, as well as blights, rots and damping off (Farr and Rossman, 2020), but the endophytic isolate in B. tectorum might possibly have been non-pathogenic. Similarly, species of Geniculosporium and Xylaria, pathogenic to various plants, were found as endophytes in Abies, or fir, trees (Carroll and Carroll, 1978). Further examples from other woody plants have been summarized in a study of white pine endophytes that often resembled pathogens of other plants (Ganley et al., 2004). In all of these studies, pathogenic function was suggested by the identification of isolates and/or sequences representative of pathogenic taxa of other plants; function was not, however, proven via inoculation assay in these studies.

In contrast, in studies focused on invaded plant communities, spillover of a pathogen from one host to another has been functionally demonstrated. For example, Alternaria spp., isolated from the reservoir host, Schedonorus arundinaceus (tall fescue, a highly invasive grass species in North America), could be inoculated into co-occurring grasses in which these fungi caused disease symptoms and decreased biomass (Wilson et al., 2014). Pathogen spillover from a reservoir host to other plants can also operate within seed banks in plant communities invaded by Bromus tectorum (Beckstead et al., 2010). Pathogen spillover could be ecologically common and important in natural plant communities, invaded or not, but a shortage of studies hampers generalization.

In a third area of research, on pathogens shared by crop and weedy plants, there are examples of pathogen movement from weed to crop, and its epidemiological significance (Wisler and Norris, 2005). Crop rotation to reduce pathogen inoculum can even fail because weedy plants host the pathogen when the crop is absent. For instance, weedy Chenopodium album can host Verticillium albo-atrum that can then re-infect alfalfa when it is again grown in a given field (Busch and Smith, 1982). Rust fungi can be hosted by wild oats and then infect domesticated oats (Burdon et al., 1983). Movement of pathogens in the other direction (i.e., from crop plants to weeds or to wild plants) has been little studied (Blitzer et al., 2012), which is attributed to little study generally of natural plant pathosystems (Power and Mitchell, 2004).

A recent, molecular field study of foliar fungi of Populus trichocarpa revealed taxa that are putative pathogens of other plants (Barge et al., 2019). P. trichocarpa is the wild black cottonwood tree of riparian communities in the Pacific Northwest. It is frequently found in close proximity to wheat and other crops of the region. Here, we summarize the pathogens of other plants that were found in the sequence-based study (Barge et al., 2019), and report on an experiment testing the pathogenicity of Fusarium culmorum isolated from P. trichocarpa on both wheat and cottonwood. Fusarium culmorum is a well-known pathogen of wheat, that has not been reported as a pathogen of P. trichocarpa. However, F. culmorum has been reported as a mutualist in dunegrass of the region (Rodriguez et al., 2008). We therefore expected that our assay with a cottonwood isolate could reveal positive, negative, or neutral effects on growth of cottonwood and wheat.



MATERIALS AND METHODS


Greenhouse Inoculation Assay

We selected one putative pathogen for a pathogenicity experiment: Fusarium culmorum. An isolate of F. culmorum collected from asymptomatic leaves of P. trichocarpa in a previous study (SNO-11, Busby et al., 2016) produced a colony resembling a wheat isolate of Fusarium culmorum, a known pathogen of wheat. We identified the isolate on the basis of micro-morphology as Fusarium. To obtain a species-level identification we extracted DNA from the isolate, then amplified and sequenced the full ITS region. The Sanger sequence of the full ITS region for this isolate is archived in the NCBI genbank (accession number MN154167). This particular cottonwood, or poplar isolate, P. trichocarpa (FCP) was then used in the inoculation experiment below to test the hypothesis of endophytes as functional pathogens of other plants. For comparative purposes we used a wheat isolate of F. culmorum (FCW) from a previous study (Ridout and Newcombe, 2016).

Cultures of each strain were grown on 4% potato dextrose agar (PDA) for 2 weeks. At 2 weeks plates were flushed with sterile distilled water (SDW) and conidia were loosened with a sterile, bent glass rod. The solution was homogenized with a tissue macerator (Tissue Tearor™, BioSpec Products, Bartlesville, OK, USA) and brought to volume with SDW. Conidial concentrations of the FCW and FCP suspensions were adjusted to 106 conidia per milliliter using a Neubauer hemacytometer.

Seeds of P. trichocarpa (collected from a wild tree growing in Moscow, ID) and T. aestivum (University of Idaho line 306 UI-SRG, Lot: 1209 Moscow HRWW5, class hard red winter) were sown into soilless mix (Sunshine Professional Growing Mix #1, Sun Gro Horticulture, Sacramento, CA) in four-inch pots. Seeds were germinated and seedlings grown at a diurnal temperature cycle of 18°C/15°C with a 16-h day length. Ninety pots were sown for each species. Seedlings were grown in the greenhouse for 12 days prior to inoculation.

We inoculated T. aestivum and P. trichocarpa with the F. culmorum isolated from P. trichocarpa (FCP) and a pathogenic strain of F. culmorum (FCW) known to cause crown rot in T. aestivum (Washington State University/ USDA ARS, Pullman WA: cereal pathogen collections). Twelve days following sowing, 30 seedlings each of P. trichocarpa and T. aestivum were inoculated at the crown with either 10 mL of FCP suspension, 10 mL of FCW suspension, or 10 mL of SDW (sterile distilled water) for a negative control. The plants were kept in the greenhouse for 47 days while disease developed. Visual analyses were made to determine disease presence or absence in inoculated seedlings. T. aestivum seedlings were then harvested by removing the above-ground vegetation at the crown; F. culmorum causes crown rot and thus affects above-ground biomass. This biomass was then dried in an oven at 60°C for roughly 48 h, although drying time varied somewhat. Above-ground biomass of P. trichocarpa seedlings was harvested 4 days later and dried at 60°C for 70 h. Dry biomass was determined for all the seedlings.



Molecular Field Survey

We used ITS sequence data from a previously published molecular field survey of Populus trichocarpa foliar fungi across ten watersheds in the Pacific Northwest, USA (Busby et al., 2016) to identify fungal taxa likely to cause disease in other plants. A complete description of this molecular field survey can be found in Busby et al. (2016). In brief, we sampled leaves from six trees in 10 populations. Leaves were surface sterilized and lyophilized prior to DNA extraction. We used a modified version of the primer set ITS1F and ITS2 for sequencing on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) (Smith and Peay, 2014). PCR products were cleaned using the Agencourt Ampure XP kit (Beckman Coulter, Brea, CA, USA), quantified using the Qubit hs-DS-DNA kit (Invitrogen, Carlsbad, CA, USA) on a Tecan Infinite F200 Pro plate reader (Tecan, Morrisville, NC, USA) (285 nm excitation and 530 nm emission), then pooled at equimolar concentrations prior to 250-bp paired-end sequencing using Illumina MiSeq. Raw sequence data are deposited in NCBI's Short Read Archive (accession no. SRP064132, http://www.ncbi.nlm.nih.gov/books/NBK47529/).

Both QIIME (Caporaso et al., 2010) and UPARSE (Edgar, 2013) were used to process the sequence data. Forward and reverse reads were paired with USEARCH v.7.0.1001, and discarded if they contained > 0.25 expected errors. High-quality sequences were grouped into operational taxonomic units (OTUs) in USEARCH using UPARSE-OTU and UPARSE OTU algorithms at 97% similarity. Taxonomy was assigned using the BLAST algorithm in QIIME, which uses the UNITE fungal ITS database. Additionally, the 500 most abundant OTUs were checked using BLAST searches against the NCBI GenBank. In total, 968 fungal taxa were identified. For this study, we identified putative pathogens in the dataset by searching for all taxa in the USDA SMML databases (Farr and Rossman, 2020). We calculated the proportional abundance of each putative pathogen within a sample by dividing the number of pathogen reads in the sample by the number of total reads in the sample. We additionally calculated the mean proportional abundance of each putative pathogen for each tree population.



Statistical Analysis

All analyses were performed in RStudio v.3.6.3 (RStudio Team 2015). We used a one-way analysis of variance to compare dry weights among the treatment groups in both T. aestivum and P. trichocarpa.




RESULTS AND DISCUSSION


Comparison of Cottonwood and Wheat Isolates of Fusarium Culmorum

Both isolates of F. culmorum – from cottonwood and wheat – caused visual symptoms of disease (Figure 1) and a reduction in above-ground biomass for wheat; neither symptoms nor a reduction in biomass were seen in cottonwood (Figure 2). Ten days after the inoculation, wheat leaves became symptomatic. The first necrotic lesions appeared on the twelfth day post-inoculation. The uninoculated wheat controls remained asymptomatic throughout the experiment (Figure 1). After destructive sampling, the mean mass of the control plants was 7.70 grams, compared to 6.22 and 6.35 g, respectively (F = 11.13, p = 4.84 × 10−5; Figure 2). Thus, both isolates were associated with an ~20% reduction in wheat biomass. In contrast, both isolates of F. culmorum – from cottonwood and wheat – caused no visible symptoms of disease (Figure 1) nor impacted cottonwood biomass (F = 0.33, p = 0.72; Figure 2).


[image: Figure 1]
FIGURE 1. Fusarium culmorum isolates caused disease in wheat (A) but not in poplars (B). Wheat and poplars were inoculated with an isolate of F. culmorum from wheat (FCW) and from P. trichocarpa (FCP), or with sterile water for the control (CTRL).
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FIGURE 2. Fusarium culmorum isolates reduced biomass in wheat (A) but not in poplars (B). FCW: isolate of F. culmorum from wheat. FCP: isolate of F. culmorum from P. trichocarpa. CTRL: sterile water control. Bars are standard error.


The USDA SMML Fungal Database shows that F. culmorum has previously been reported from 134 plant species, in 22 families (Farr and Rossman, 2020). It is most common as a pathogen of plants of the grass family, Poaceae, but it is common in plants of other families as an endophyte. This report is the first to mention any species of Populus and even its family, Salicaceae, as hosts of endophytic F. culmorum. The 23 families in which F. culmorum has now been reported are the following: Amaranthaceae, Anacardiaceae, Apiaceae, Asparagaceae, Asteraceae, Brassicaceae, Caryophyllaceae, Chenopodiaceae, Convolvulaceae, Cucurbitaceae, Cyperaceae, Ericaceae, Fabaceae, Fagaceae, Lamiaceae, Liliaceae, Linaceae, Malvaceae, Pinaceae, Poaceae, Polygonaceae, Salicaceae, and Solanaceae.

Many pathogens like F. culmorum are pathogenic in only some of the plant species from which they have been reported. In others they are present as endophytes or even as mutualists (Rodriguez and Redman, 2008; Rodriguez et al., 2008). In some, such as Washington's coastal dunegrass (Leymus mollis), F. culmorum is a mutualist that improves both salt and drought tolerance. With unequal effects on competing species of plants, microbes like F. culmorum could be important drivers of “apparent competition” (Orrock and Witter, 2010; Cobey and Lipsitch, 2013). This occurs when one competitor is favored by hosting a pathogen of the other.



ITS sequencing of Fungal Endophytes in Cottonwood Leaves

We identified 56 sequence-based taxa in the foliar microbiome of cottonwood that are pathogens of other plants of the region (Table 1), but that are not known to cause disease in P. trichocarpa (Newcombe, 1996). Cryptodiaporthe pulchella, which is a pathogen of a few species of Populus and Salix, has not been recorded as a pathogen of P. trichocarpa (Farr and Rossman, 2020). Similarly, Knufia cryptophialidica affects P. tremuloides but not P. trichocarpa (Farr and Rossman, 2020). Some pathogens of P. trichocarpa were found as foliar endophytes in our earlier studies, and those have been reported and discussed elsewhere (Busby et al., 2016; Barge et al., 2019).


Table 1. High-throughput sequencing of leaves of Populus trichocarpa indicated GenBank- and USDA SMML-reported pathogens of agricultural (A) or non-agricultural plants (NA), their diseases, locations, accession numbers, and % of total sequences in the dataset.
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Fifteen pathogens of agricultural or cultivated plants were found to varying extent in leaves of P. trichocarpa sampled in the Pacific Northwest (Table 1). These 15 fungal taxa identified by sequence homology with GenBank accessions were associated with many regionally important plants. Malus (apple) stood out, as 7 of the 15 pathogens were associated with this leading orchard crop of the region. Three wheat pathogens (i.e., Pyrenophora tritici-repentis, Phaeosphaeria pontiformis, Phaeosphaeria nodorum) were found in addition to the cultured and pathogenicity-tested isolate of F. culmorum. Another three taxa of fungal pathogens were found that have been associated with damage to cherry and grape, which are also regionally important crops. It is important to note that the agricultural host plants listed in Table 1 represent only a fraction of the broad host ranges of this group of 15 pathogen taxa. For example, Phoma macrostoma is potentially pathogenic to all dicots (Bailey et al., 2011), and as such this fungus has been of interest as a bioherbicide that could be used with monocot crops.

Among the 41 pathogens of non-agricultural plants, there were some with very broad host ranges (e.g., Botrytis cinerea) and others that were very host-specific (Table 1). Elytroderma deformans is an example of the latter as it only causes disease of species of Pinus subgenus Pinus, otherwise known as the “hard” or diploxylon pines. Elytroderma deformans is also limited in its distribution in North America, and its presence as an endophyte has been reported only in Pinus subgenus Strobus (Ganley et al., 2004). Thus, this report is the first for E. deformans in an angiosperm tree. A second example was found in the four taxa of Taphrina that are similarly host-specific pathogens. They parasitize species of Prunus, Alnus, and Carpinus. A third example, Ciborinia camelliae, specifically affects flowers of species of Camellia (Farr and Rossman, 2020). The most abundant pathogen was one that most closely matched a GenBank accession of Ramularia pratensis found on Rumex crispus in Korea. It is a specialized pathogen of leaves of species in only three genera, including Rumex, of the Polygonaceae. These genera and Ramularia pratensis are now found around the world where these plants have been introduced (Farr and Rossman, 2020).

In some cases the mean proportional abundance of a putative pathogen in the ITS dataset was consistent with expectations based on the abundance and distribution of the pathogen's preferred host. For example, F. proliferatum was more abundant in the two Idaho sites where its host, Pinus ponderosa (Ocamb et al., 2002), is dominant. Similarly, R. vizellae was more abundant in the western Washington sites where Brassica seed production occurs (Du Toit, 2004).

The putative pathogens of other plants, revealed here by ITS metabarcoding, would need to be tested for pathogenicity, as we have done with F. culmorum. If confirmed as pathogens, they could be either unspecialized and broad-range like F. culmorum, or highly host-specific. Host specificity varies considerably among the fungal pathogens of Populus (Newcombe, 1996) and among plant pathogens generally. Host ranges tend to be broader when they are compiled from identifications of pathogens and narrower when investigated via functional assay (Newcombe, 2003; Benítez et al., 2013; Sarmiento et al., 2017). However, we have not explored the transmissibility of the 56 pathogens, nor even that of F. culmorum, since we used artificial inoculation to prove the latter's pathogenicity toward wheat. Would cottonwood seedlings infected with Ramularia pratensis transmit their infection in nature to competing species of Rumex, Rheum or Oxyria? Would the competitive balance be tipped due to cottonwood's tolerance and the susceptibility of the others? Further studies are needed to explore how hosting pathogens of neighboring plants contributes to apparent competition.
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In the present study, we sequenced the complete genome of Bradyrhizobium diazoefficiens 113-2. The genomic characteristics of six selected rhizobial strains (two fast-growing rhizobia, two medium-slow-growing rhizobia and two slow-growing rhizobia) with four different legume hosts were analyzed by comparative genomic analysis. Genomes of B. diazoefficiens 113-2 and B. diazoefficiens USDA110 were found to share a large synteny blocks and a high ANI value, supporting 113-2 as a strain of B. diazoefficiens. 5,455 singletons and 11,656 clusters were identified among the six rhizobia genomes, and most of the pair-wise comparisons clusters were shared by the two genomes of strains in the same genus. Similar genus-specific gene numbers in the assigned COG functional terms were present in the two strains of the same genus, while the numbers were decreased with the increase of growth rate in most of the COG terms. KEGG pathway analysis of B. diazoefficiens 113-2 suggested that the rhizobial genes in ABC transporters and Two-Component system were mainly species-specific. Besides, the candidate genes related to secretion system and surface polysaccharides biosynthesis in the genomes of the six strains were explored and compared. 39 nodulation gene families, 12 nif gene families and 10 fix gene families in the genomes of these six strains were identified, and gene classes in most of gene families and the types and total gene numbers of gene families were substantially different among these six genomes. We also performed synteny analyses for above-mentioned nod, nif, and fix gene groupings, and selected NodW, NolK, NoeJ, NifB, FixK, and FixJ gene families to perform phylogeny analyses. Our results provided valuable molecular insights into species specificity and host specificity. The genetic information responsible for host specificity will play important roles in expanding the host range of rhizobia among legumes, which might provide new clues for the understanding of the genetic determinants of non-legume-rhizobium symbiosis.

Keywords: Bradyrhizobium diazoefficiens 113-2, whole-genome sequencing, comparative analysis, species specificity, host specificity


INTRODUCTION

Nitrogen-fixing symbioses between legumes and rhizobia provide the legume host with a large fraction of reduced atmospheric nitrogen in exchange for carbon source and shelter inside symbiosis-specific root nodules (Friesen, 2012). The efficiency of such cross-kingdom collaboration is mainly attributed to the symbiotic matching (symbiotic specificity), which is always associated with distinct nodulation phenotype (Jones et al., 2008; Hayashi et al., 2012; Yuan et al., 2016), leading to the existence of different legume-rhizobium associations. For example, Mesorhizobium loti MAFF303099 forms specific symbiosis with several host plants of Lotus (Estrella et al., 2009), Mesorhizobium huakuii 7653R can only form symbiosis with Astragalus sinicus (Wang et al., 2014), and Sinorhizobium meliloti can only nodulate Medicago, Melilotus, and Trigonella (Biondi et al., 2003; Radutoiu et al., 2007). The symbiotic specificity may be determined by a fine-tuned exchange of molecular signals between a host root and its inoculated rhizobial strains (Perret et al., 2000). These signals mainly include nodulation factors (NFs) (Lerouge et al., 1990; Schultze et al., 1992), surface polysaccharides (Skorupska et al., 2006; Jones et al., 2008) and secreted proteins/type III secretion system (T3SS) (Fauvart and Michiels, 2008; Okazaki et al., 2013; Nelson and Sadowsky, 2015). Lots of genes that affect the biological synthesis of these signaling molecules in the genomes of different strains have been explored by comparative genomics (Tian et al., 2012; Wang et al., 2014), and gene transfer between related taxa can alter the host range of symbionts (Temprano-Vera et al., 2018). Therefore, identifying the determinants responsible for host specificity plays important roles in expanding the host range of rhizobium.

According to the growth rate, rhizobia can be divided into fast-growing rhizobia (Rhizobium) (Keyser et al., 1982), slow-growing rhizobia (Bradyrhizobium) (Tampakaki et al., 2017) and medium-slow-growing rhizobia (Mesorhizobium) (Wang et al., 2014). Various genetic and environmental factors as well as the number of rRNA operons affect growth rates (Shrestha et al., 2007; Temprano-Vera et al., 2018; Cherni and Perret, 2019), yet carbon metabolism in cells with multiple carbon sources and high extent of carbon utilization in fast-growing rhizobia maybe tend to grow faster than others (Marsudi et al., 1999; Ansari and Rao, 2014). Compared with Bradyrhizobium, most of the Rhizobium have lower energy consumption as well as better environmental adaptability and nodulation competitiveness (Marsudi et al., 1999). Mesorhizobium, whose growth rate is intermediate between that of Rhizobium and Bradyrhizobium, is a genus of rhizobium with a narrow host range (Streit et al., 2004). An improved understanding of the genetic information differences among these rhizobia will provide molecular insights into understanding the characteristics of these three genera of rhizobia.

Bradyrhizobium diazoefficiens 113-2, a broad-host-range and highly efficient soybean rhizobium (isolated from soybean “monkey hair”), was collected from paddy fields in Hengyang area of Hunan Province, China in 1972 by Xuejiang Zhang, and it has been applied in sustainable agriculture in China, United States, and Canada. In our previous studies, B. diazoefficiens 113-2 had higher symbiotic matching abilities than B. diazoefficiens USDA110 and Sinorhizobium fredii USDA205 with soybean ‘Tianlong 1’ (Li et al., 2017b). The comparative analysis of symbiotic phenotypes of soybean ‘Tianlong 1’ with B. diazoefficiens 113-2 and S. fredii USDA205 (Li et al., 2017b) and the RNA-Seq analysis of differential gene expression responding to B. diazoefficiens 113-2 and S. fredii USDA205 in soybean roots (Yuan et al., 2016) have also been extensively studied. However, the genetic information of rhizobium responsible for the phenotypic differences among 113-2-soybean, B. diazoefficiens USDA110-soybean and USDA205-soybean associations, and different symbiotic matching abilities between 113-2-soybean and USDA205-soybean associations remains unclear, so comparative genomic analysis between B. diazoefficiens 113-2, B. diazoefficiens USDA110 and S. fredii USDA205 is an good ideal for discovering the genetic information of rhizobium related to the above-mentioned phenomenon.

In the present study, we investigated the entire genomic information of B. diazoefficiens 113-2 and provided useful insights into this strain’s symbiosis and its host-plant molecular interaction. Moreover, the comparative genomic investigation between B. diazoefficiens 113-2, B. diazoefficiens USDA110, M. huakuii 7653R, Mesorhizobium japonicum MAFF303099, S. fredii USDA205 and S. meliloti 2011 provided valuable insights into the species specificity and host specificity among different rhizobia.



RESULTS


Complete Sequencing of the B. diazoefficiens 113-2 Genome

In the present study, a PacBio RS II platform and Illumina HiSeq 4000 platform were used to sequence the genome of B. diazoefficiens 113-2 in order to systematically investigate this strain’s symbiosis and its host-plant molecular interactions. The total sequence of the B. diazoefficiens 113-2 genome was 8,995,154 bp in length, consisting of only one chromosome (Figure 1). The GC content of the whole genome was 64.1% and shown on the circle map of the B. diazoefficiens 113-2 genome (Figure 1). Table 1 summarizes previously sequenced main genome characteristics of B. diazoefficiens 113-2 as well as the genomes of five other strains (B. diazoefficiens USDA110, M. huakuii 7653R, M. japonicum MAFF303099, S. fredii USDA205 and S. meliloti 2011). These six strains belonged to different genera and had different host plants. M. huakuii 7653R, M. japonicum MAFF303099 and S. meliloti 2011 have two plasmids each, B. diazoefficiens 113-2 and B. diazoefficiens USDA110 have none, and S. fredii USDA205 only have 255 contigs.
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FIGURE 1. Circle map of the complete B. diazoefficiens 113-2 genome. Displayed circles from outer to inner: genome size (ring 1), forward strand gene, colored according to COG classification (ring 2), reverse strand gene, colored according to COG classification (ring 3), forward strand ncRNA (ring 4), reverse strand ncRNA (ring 5), repeat (ring 6), GC (ring 7), and GC-SKEW (ring 8).



TABLE 1. General feature of B. diazoefficiens 113-2 and five other rhizobia genomes.
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In order to study the characteristics and functions of B. diazoefficiens 113-2, we analyzed most of its genomic components, including gene, non-coding RNA, repeat sequence and prophage (Table 2). We predicted 8,801 genes in the B. diazoefficiens 113-2 genome (Supplementary Table S1), which was the highest among the six genomes (Table 1). The numbers of genes were basically consistent with the trend of genome size. However, in the Bradyrhizobium genus, the genome size of B. diazoefficiens 113-2 was smaller compared with B. diazoefficiens USDA110, while its gene number was greater compared with B. diazoefficiens USDA110 (Table 1). We predicted the numbers and types of rRNAs, tRNAs, and sRNAs of B. diazoefficiens 113-2 genome (Table 2 and Supplementary Table S2), and found that both the soybean Bradyrhizobium genomes and M. huakuii 7653R and M. japonicum MAFF303099 genomes had essentially identical numbers of rRNAs and tRNAs, while S. meliloti 2011 and S. fredii USDA205 genomes had dramatically different numbers of these RNAs (Table 1). Besides, we examined the species composition in terms of tandem repeat sequences (Supplementary Table S3) and environmental adaptability-related prophage of B. diazoefficiens 113-2 genome (Table 2).


TABLE 2. Genome Component statistical analyses of B. diazoefficiens 113-2.

[image: Table 2]
To evaluate the putative functions of B. diazoefficiens 113-2 gene set and provide clues for further research on finding target functional genes, we annotated the B. diazoefficiens 113-2 genome with 11 databases, including COG (Cluster of Orthologous Groups of proteins), GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes), NR (No-Redundant Protein Database), Swiss-Prot (O’Donovan et al., 2002), IPR, T3SS (Type III secretion system Effector protein), PHI (Pathogen Host Interactions), VFDB (virulence factor database), ARDB (Antibiotic Resistance Genes Database), and CAZY (Carbohydrate-Active enZYmes Database), and Supplementary Table S4 lists the detailed information. Supplementary Table S5 illustrates the number and proportion of different B. diazoefficiens 113-2 gene sets annotated in each database. The results showed that 97% genes of B. diazoefficiens 113-2 had annotated functions, and the length of the most unannotated genes was less than 500 bp, suggesting that almost all meaningful predictive genes of B. diazoefficiens 113-2 had annotated functions.



Genome-Wide Synteny and ANI Analysis Among the Six Rhizobial Strains

To examine the phylogenetic relationships among the six strains, which belong to different genera and have different host plants, we firstly performed a synteny analysis based on the genome sequences of the above-mentioned five strains (except for S. fredii USDA205 with incompletely assembled genome) (Figure 2A). B. diazoefficiens 113-2 genome shared larger synteny blocks with B. diazoefficiens USDA110 compared with the other four strains. The gene consistency between the two strains in the same genus was higher than that in the different genera, and very few synteny blocks were shared between rhizobia of different genera.
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FIGURE 2. The circle map of genome synteny analysis and ANI analysis. (A) The circle map of genome synteny analysis among five rhizobial strains. Each colored block represents a synteny block and is internally independent from genomic rearrangement. (B) Summary of ANI calculations for the six rhizobial strains. The Average Nucleotide Identity (ANI) between the genome of B. diazoefficiens 113-2, M. huakuii 7653R, M. japonicum MAFF303099, S. meliloti 2011, B. diazoefficiens USDA110, and S. fredii USDA205 evaluated using the ANI Calculator.


Secondly, we carried out ANI analysis among these six rhizobial strains, and calculated the ANI values of each two rhizobial strains based on the nucleotide sequences (Figure 2B). M. huakuii 7653R and M. japonicum MAFF303099 were two strains in the same species (Wang et al., 2014), and the ANI value between these two strains was 0.9399. The ANI value between B. diazoefficiens 113-2 and B. diazoefficiens USDA110 was 0.9995, which even higher than that of M. huakuii 7653R and M. japonicum MAFF303099, indicating that these two strains were also in the same species. S. fredii USDA205 and S. meliloti 2011 were two strains in the fast-growing rhizobia genus, and the ANI value between these two strains was 0.8226. Besides, all of the ANI values between the two strains in different genera were less than 0.75, suggesting that relative lower correlation between the genomes of strains in different genera.



Genome-Wide Ortholog Analysis Among the Six Rhizobial Strains

We compared the six genomes and identified the singletons of each strain and the numbers of shared clusters of each strain (Table 3). 1839 core-clusters were identified and similar numbers of shared variable-clusters predicted in the two strains in the same genus. There were significant differences in the proportions of singletons, which were mainly increased as the growth rate of bacteria was increased (Table 3). In the group of fast-growing rhizobia, about 19.3% (1,211) of the proteins in S. meliloti 2011 and 18.3% (1,094) in S. fredii USDA205 were singletons. In the medium-slow rhizobia group, about 13.9% (973) of the proteins in M. japonicum MAFF303099 and 10.3% (680) in M. huakuii 7653R were singletons. In the Bradyrhizobium genus, about 12.3% (1081) of the proteins in B. diazoefficiens 113-2 were singletons, while only 5.2% (416) in B. diazoefficiens USDA110 (Table 3), suggesting that B. diazoefficiens 113-2 had more unique functions compared with B. diazoefficiens USDA110. The detailed protein ID information of these singletons was shown in Supplementary Table S6.


TABLE 3. The cluster-singleton analysis of the six rhizobial strains genomes.
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We identified 11,656 clusters among the six rhizobia genomes (Figure 3), and the proteins in each cluster were shown in Supplementary Table S7. Of these clusters, 1839 (15.8%) clusters (including 1,615 single-copy gene clusters) were found to be shared by all of the six strains genomes and 266 clusters were existed in only one strain genome. An additional 383, 1,570, and 964 clusters were shared by five, four, and three of the six genomes, respectively. The remaining 6,634 clusters were observed to be present in two of the six genomes, among all these pair-wise comparisons, the 113-2-USDA110 pair was found to share the most abundant clusters (3978, 60.0%), followed by the 7653R-MAFF303099 (1,631, 24.6%) and S. meliloti 2011-S. fredii USDA205 (806, 12.1%), and there were very few clusters shared by the two genomes of strains in different genera.
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FIGURE 3. Summary of the distribution of orthologous clusters and protein data among the six rhizobial strains using OrthoVenn2.




COG Function Classification of Singletons and Clusters Genes in the Six Rhizobial Strains

To investigate whether the strain specificity and species specificity were related to the difference of protein numbers involved in various biological processes in rhizobia, we analyzed the COG assignments of the core-clusters genes, strain unique-clusters genes, species specificity-clusters genes and singletons (Figure 4), and Supplementary Table S8 lists the detailed gene ID information and annotation information. Similar numbers of core-clusters genes predicted in these COG functional terms were present in these six genomes, and the functions mainly focused on amino acid transport and metabolism (E), energy production and conversion (C), translation, ribosomal structure and biogenesis (J), Inorganic ion transport and metabolism (P), and Transcription (K) (Figure 4A), whereas there were significant differences in the numbers of singletons and strain unique-clusters genes (Figures 4B,C). The B. diazoefficiens 113-2 was found to have the highest proportion (about 82.1%) of the not annotated or Function unknown (S) singletons, and in most COG terms (15 out of 20), the numbers of singletons in S. meliloti 2011 or S. fredii USDA205 were more compared with the other strains, especially for energy production and conversion (C), amino acid transport and metabolism (E), carbohydrate transport and metabolism (G), transcription (K), and inorganic ion transport and metabolism (P) (Figure 4B). Compared with singletons, the strain unique-clusters genes did not assigned in the three COG functional terms (D, cell cycle control/cell division/chromosome partitioning; N, Cell motility; U, Intracellular trafficking/secretion/vesicular transport). All of the unique-clusters genes in B. diazoefficiens USDA110 were not annotated or Function unknown (S), half of the unique-clusters genes (26 out 52) in B. diazoefficiens 113-2 were annotated and predicted to have the function of Replication, recombination and repair (L), and more unique-clusters genes and more assigned COG functional terms of the rest four strains (Figure 4C). Similar gene numbers in these COG functional terms were present in the two strains of the same genus, while the numbers were decreased with the increase of growth rate (except for D, cell cycle control/cell division/chromosome partitioning; F, Nucleotide transport and metabolism; L, Replication, recombination and repair; N, Cell motility and U, intracellular trafficking/secretion/vesicular transport) (Figure 4D).
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FIGURE 4. Cluster of Orthologous Groups of proteins (COG) functional classification of singletons and clusters genes in the six rhizobial strains. (A) COG functional classification of the core-clusters genes in the six rhizobial strains. (B) COG functional classification of singletons in the six rhizobial strains. (C) COG functional classification of the Unique-clusters genes in the six rhizobial strains. (D) COG functional classification of the species specificity-clusters genes in the six rhizobial strains.




KEGG Pathways Analysis of B. diazoefficiens 113-2

Kyoto Encyclopedia of Genes and Genomes is the major public pathway-related database, and a total of 26 KEGG pathways were listed in Figure 5A and divided into five categories as follows: cellular processes, environmental information processing, genetic information processing, metabolism and organismal systems. Most of the annotated genes were attributed to metabolism pathways, and the associated pathways primarily contained amino acid metabolism, carbohydrate metabolism, energy metabolism and global and overview maps. These results confirmed a preference for metabolism of amino acid, carbohydrates and energy.
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FIGURE 5. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of B. diazoefficiens 113-2. (A) KEGG annotation of B. diazoefficiens 113-2. (B) Three KEGG pathways analysis of singletons and clusters genes of B. diazoefficiens 113-2.


To investigate whether the strain specificity and species specificity were related to the difference of protein numbers involved in various KEGG pathways in rhizobia, we mainly analyzed Bacterial secretion system (k03060), ABC transporters (k02010), and Two-Component system (k02020) of the core-clusters genes, strain unique-clusters genes, species specificity-clusters genes and singletons of B. diazoefficiens 113-2 (Figure 5B). The detailed gene ID information of the pathway genes was shown in Supplementary Table S9. The numbers of singletons for bacterial secretion system, ABC transporters and two-component system pathways were two, three and three, respectively, no strain unique-clusters genes for these three pathways, and about 27.3 ∼ 28.8% genes were core-clusters genes in these three pathways. The numbers of species specificity-clusters genes for bacterial secretion system was 11 (22.4%), however, the numbers for ABC transporters and two-component system pathways were 150 (47.8%) and 124 (46.3%), respectively (Figure 5B), indicating that the rhizobial genes in these two pathways were mainly species-specific.



Host Specificity Analysis

The above-mentioned six genomes displayed drastically different host (Table 1). Because NFs, surface polysaccharides and secreted proteins are important determinants of host specificity of a rhizobium (Fauvart and Michiels, 2008), we explored genes that affect the biological synthesis of these signaling molecules in the genomes of these six strains.


Secretion System

Proteins secreted by rhizobial strains are necessary for beneficial symbiosis establishment (Wang et al., 2014). By means of gene families searches using secretion proteins of B. diazoefficiens 113-2 identified in the Bacterial secretion system (Figure 5B) as queries, we identified the genes related to secretory processes in the six strain genomes. We mainly analyzed two separate type-I systems, three type-II systems, type-III system, three type-VI systems, a twin-arginine (TAT) secretion system, a OmpA/MotB domain protein system, a flagellar-related protein system and a TraG family system (Figure 6). For the three strains that nodulate soybean, similar numbers of proteins in these analyzed secretion systems are present in B. diazoefficiens 113-2 and B. diazoefficiens USDA110, while S. fredii USDA205 had different types and numbers of secretion proteins with the other two strains. Different numbers of secreted proteins of most of the analyzed secretion systems (except for TolC, HlyD, TAT, and flagellar-related protein systems) were present in M. huakuii 7653R, M. japonicum MAFF303099, S. fredii USDA205, and S. meliloti 2011. Besides, M. huakuii 7653R had the same number of secreted proteins as M. japonicum MAFF303099 in type-III system, and S. fredii USDA205 had the same number of secreted proteins as S. meliloti 2011 in Sec pathway system. The detailed information of these secreted proteins was shown in Supplementary Table S10.
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FIGURE 6. Numbers and distributions of genes related to different types of secretion systems in the six strain genomes.




Surface Polysaccharides Biosynthesis

Rhizobial cell-surface polysaccharidess, especially for exopolysaccharides (EPSs) and lipo- polysaccharides (LPSs), play important roles in establishing effective RNS with their hosts (Janczarek et al., 2010). We used the genes related to the biosynthesis of EPSs and LPSs identified in M. huakuii 7653R (Wang et al., 2014) as queries to identify the families of these genes. We explored and compared 19 EPS biosynthesis gene families (Figure 7A and Supplementary Table S11) and 17 LPS biosynthesis gene families in the genomes of the six strains (Figure 7B and Supplementary Table 11). Among them, four LPS biosynthesis gene (LpxB, LpxC, LpxXL, and AcpXL) families had the same numbers in all of the six strains. For the three strains that nodulate soybean, S. fredii USDA205 had different numbers of most of the genes related to surface polysaccharides biosynthesis with the other two strains. Besides, most of the genes had the similar numbers in the two strains of the same genus, while vary different between rhizobia of different genera. The detailed ID information of these genes related to surface polysaccharides biosynthesis was shown in Supplementary Table S11.
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FIGURE 7. (A) Numbers of the genes related to the biosynthesis of EPSs in the six strain genomes. (B) Numbers of the genes related to the biosynthesis of LPSs in the six strain genomes.




Nodulation, nif and fix Gene Family Analysis

Nodulation factors, which are produced by rhizobial strains in response to flavonoids secreted by legume root hairs, play key roles in the determinants of host specificity of a rhizobium. We applied the nod, nif and fix genes in M. huakuii 7653R and/or M. japonicum MAFF303099 (Wang et al., 2014) as queries to search the nodulation, nif and fix genes in the genomes of these six strains. We firstly identified and analyzed 39 NF families (22 nod gene families, 11 nol gene families, five noe gene families and one nfe gene family). Among them, nine gene families had core genes, and only NodA was a single-copy-core-ortholog among these genomes. Moreover, 25 gene families had unique genes, 26 gene families had species specificity genes, and 31 gene families had other types of genes (Table 4). Six genes (NodF, NodH, NodQ, NolL, NolX, and NoeB) did not exist in B. diazoefficiens 113-2 and B. diazoefficiens USDA110, two genes (NodY and NoeB) did not exist in M. huakuii 7653R and M. japonicum MAFF303099, and 11 genes (NodB, NodY, NodZ, NolB, NolL, NolT, NolU, NolV, NolX, NolW, and NoeL) were not found in S. fredii USDA205 and S. meliloti 2011. Besides, NodY did not exist in B. diazoefficiens 113-2, four genes (NodU, NodZ, NolL, and NoeL) were not found in M. huakuii 7653R, and two genes (NodF and NoeB) did not exist in S. fredii USDA205 (Table 4). Supplementary Table S12 lists the detailed gene information.


TABLE 4. List of the gene numbers of nodulation gene families among the six genomes.
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Secondly, the numbers of nif and fix genes were found to be different among these six genomes. Two nif gene families (NifS and NifU) and two fix gene families (FixA and FixS) had core genes, 13 gene families had unique genes, 14 gene families had species specificity genes, and 18 gene families had other types of genes (Table 5). NifQ had no ortholog in S. fredii USDA205 and S. meliloti 2011, Nif11 was not found in B. diazoefficiens 113-2 and S. meliloti 2011, NifW had no ortholog in M. huakuii 7653R and S. meliloti 2011 genomes, and eight genes (NifA, NifD/E/N/K, NifH, NifQ, NifT, NifX, NifZ, and FixU) were not found in the S. fredii USDA205 genome. Two genes (FixJ and FixK) had larger numbers in B. diazoefficiens 113-2 and B. diazoefficiens USDA110 genomes compared with the other strains (Table 5). Table S13 lists the detailed gene information.


TABLE 5. List of the gene numbers of nif, fix gene families among the six genomes.
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Thirdly, a synteny analysis based on the gene sequences of above-mentioned nod (Figure 8A), nif (Figure 8B), and fix (Figure 8C) genes (except for the genes in S. fredii USDA205) was performed to estimate the phylogenetic relationships of these genes among the five strains. In the three gene groupings, very few synteny blocks were shared by all of the five strains. The consistencies of the genes in the three groupings (especially for nod gene grouping) between the two strains in the same genus was higher than that in the different genera. Besides, we selected NodW, NolK, NoeJ, NifB, FixK, and FixJ gene families to perform phylogeny analyses (Supplementary Figures S1–S6), and the results revealed closer phylogenetic relationships between the two strains in the same genus, and only a small branch of NodW gene family especially for the three strains that nodulate soybean (Supplementary Figure S1).
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FIGURE 8. Synteny analysis of the nod, nif, and fix gene groupings among five rhizobial strains. Each gray block represents a synteny block and is internally independent from genomic rearrangement, red block represent Nod (A), Nif (B), and Fix (C) genes.






DISCUSSION

The symbiotic nitrogen fixation system of leguminous plants and rhizobia is of great significance in the development of sustainable green agriculture. Although whole-genome sequencing of a series of rhizobial strains and comparative genomics among different rhizobial strains have provided valuable genetic information for symbiotic rhizobia (Tian et al., 2012; Sugawara et al., 2013; Wang et al., 2014), the genomic features responsible for species specificity among different rhizobial species with different growth rates still remain largely unexplored. Lots of genes (especially for nod genes) responsible for host specificity in the genomes of different strains have been explored by comparative genomics (Tian et al., 2012; Wang et al., 2014), while few studies on the homology classification analysis of the genes in these key gene families. In the present report, we sequenced and annotated the B. diazoefficiens 113-2 genome. The genomic characteristics of six rhizobia from different species and hosts were analyzed by comparative genomic analysis. Besides, the candidate genes related to secretion system, surface polysaccharides biosynthesis and RNS in the genomes of the six strains were explored and compared. Our results enriched the genomic library of rhizobia, and provided new insights and basic gene materials for species - specificity and strain - specificity of rhizobia.


Genomic Evidence Supporting 113-2 as a Strain of B. diazoefficiens

Bradyrhizobium diazoefficiens 113-2 is a broad-host-range and highly efficient soybean rhizobium, and had higher symbiotic matching abilities than B. diazoefficiens USDA110 with soybean ‘Tianlong 1’ (Li et al., 2017a). The general feature and structure of B. diazoefficiens 113-2 genome were similar to B. diazoefficiens USDA110 (Table 1). B. diazoefficiens 113-2 genome shared a large proportion of synteny blocks and high ANI value (0.9995) with B. diazoefficiens USDA110 (Figure 2). Typically, the ANI values between genomes of the same species are above 95% (Goris et al., 2007). About 53% clusters in B. diazoefficiens 113-2 and B. diazoefficiens USDA110 genome were species specificity-clusters (113-2-USDA110 pair, Figure 3), and similar species specificity-clusters gene numbers in the assigned COG functional terms were present in these two genomes (Figure 4D). For nodulation, nif and fix genes, similar gene numbers of species specificity existed in B. diazoefficiens 113-2 and B. diazoefficiens USDA110 genomes (Tables 4, 5). These results supported a closer phylogenetic relationship between B. diazoefficiens 113-2 and B. diazoefficiens USDA110 compared with the other strains, and our current findings provided molecular evidence that B. diazoefficiens 113-2 and B. diazoefficiens USDA110 were two strains in the same species. Compared with B. diazoefficiens 113-2, B. diazoefficiens USDA110 contained more nodulation, nif and fix genes, including the unique genes in the nine nodulation gene families (NodD, NodG, NodL, NodS, NodT, NodY, NolK, NolR, and NoeJ) and NifS gene family (Tables 4, 5 and Supplementary Tables S12, S13), and these particular genes might be play key roles in the difference of the symbiotic matching abilities between B. diazoefficiens 113-2 and B. diazoefficiens USDA110 strains.

Compared with the other five genomes, B. diazoefficiens 113-2 had more small RNAs (Tables 1, 2 and Supplementary Table S2), which act as signal molecules modulating the host nodulation (Ren et al., 2019). Moreover, 1,081 (about 12.3%) singletons, which are unique genes of a species (Grose et al., 2014), were found in B. diazoefficiens 113-2 genome (Table 3), and most of them (831 out of 1,081) had no assigned COG functional terms (Figure 4B and Supplementary Table S8), suggesting that B. diazoefficiens 113-2 had more or unique functions compared with the other five strains. Besides, B. diazoefficiens 113-2 also had singletons in the selected KEGG pathways (Figure 5B) and had unique nodulation, nif and fix genes (Tables 4, 5), which are important for host specificity (Andrews and Andrews, 2017). These results suggested that B. diazoefficiens 113-2 had unique characteristics of genomic and symbiotic functions.



Contrasting Genomic Features of Three Species of Rhizobia With Different Growth Rates

The development and maintenance process of legume-rhizobium symbiosis is a high resource-consuming process (Ferguson et al., 2019). Therefore, the equilibrium between the nitrogen fixation efficiency and energy consumption in legume-rhizobium symbiosis is particularly important in legume cultivation. To screen rhizobia with both high symbiotic efficiency and low energy consumption (fast growth rate and/or short cycle), we compared the genomic characteristics of three rhizobial species with different growth rates. Firstly, the genomic size, genomic (G + C)% and gene numbers were relatively consistent in the same genus, which were increased as the growth rate of bacteria was slowed down (Table 1). This finding was consistent with an earlier report (Tian et al., 2012). Secondly, similar genome structures and high ANI values were existed between the two strains in the same genus, while greatly varied genome structures and low ANI values were found among the strains in different genera with different growth rates (Figure 2). The difference in genomes might be the reason for the different symbiotic characters of different rhizobia (Siqueira et al., 2014) or rhizobia in different genera (Tian et al., 2012; Sugawara et al., 2013; Alaswad et al., 2019). Thirdly, the numbers of genus-specific cluster genes were decreased with the increase of growth rate of the strains in most of these COG functional terms (Figure 4C), indicating that there were more genes involved in various processes in slow-growing rhizobia. These genes would improve the ecological success of slow-growing rhizobia growing under more diverse soil conditions with limit but various resources (Konstantinidis and Tiedje, 2004; Tian et al., 2012), which might be the reason for that the adaptation of slow-growing rhizobia is wider compared with the other rhizobia (Tian et al., 2012). Fourthly, for candidate genes related to secretion system, surface polysaccharides biosynthesis and RNS, the numbers of genus-specific genes were relatively consistent in the strains of the same genus, while there were great differences among strains in different species of rhizobia (Figures 6–8 and Tables 4, 5). These differences might be the key factors to distinguish the host ranges as well as the nodulation and nitrogen fixation characteristics between rhizobia of different species (Tian et al., 2012; Wang et al., 2014; Zhang et al., 2014; Alaswad et al., 2019).



Host Specificity

In most rhizobia, expression of genes related to secretion system, surface polysaccharides biosynthesis and RNS is needed for inducing nodule organogenesis and nodule development (Putnoky et al., 1988; Lorkiewicz, 1997; Fauvart and Michiels, 2008; Li et al., 2014), and the type and/or number of these nodule-related genes are often play important roles in host specificity (Horvath et al., 1986; Philip-Hollingsworth et al., 1989; Wang et al., 2014). Among our six tested strains, S. fredii USDA205 nodulated the same legume host (soybean) with B. diazoefficiens 113-2 and B. diazoefficiens USDA110 (Table 1), while there were no genes related to secretion system, surface polysaccharides biosynthesis and RNS that were both specific and common to these three strains (Figures 6, 7 and Tables 4, 5), suggesting that there was no gene specifically shared by rhizobia of different species to establish symbiosis with soybean, which was consistent with a previous study (Tian et al., 2012). M. huakuii 7653R and S. meliloti 2011 form indeterminate nodules (Cheng et al., 2007; Sallet et al., 2013), and the other four strains form determinate nodules (Kaneko et al., 2000; Yuan et al., 2016, 2017; Shah and Subramaniam, 2018). However, this phenomenon was consistent with the above-mentioned findings, and no gene was specifically shared by M. huakuii 7653R and S. meliloti 2011 or the rest four strains, indicating that the formation of determinate nodules or indeterminate nodules was mainly determined by host legume plants. The two strains nodulate different legume hosts in the group of medium-slow-growing rhizobia or fast-growing rhizobia (Table 1). In these four rhizobial strains, the types and total numbers of genes related to secretion system, surface polysaccharides biosynthesis and RNS were substantially different (Figures 6, 7 and Tables 4, 5). Among the RNS-related gene families, only 11 gene families (Nod A, Nod E, Nod G, Nod I, Nod J, Nod P, Nod Q, Nol K, Nol R, Fix G, and Fix H) had same gene types in these four strains, and three of them (Nod G, Nol K, and Nol R) had unique genes (Tables 4, 5). These differences might contribute to the establishment of differential legume-rhizobium symbiosis.

Collectively, the B. diazoefficiens 113-2 genome was sequenced, assembled and annotated in the present study. The synteny, ANI and ortholog analysis firmly establish 113-2 as a strain of B. diazoefficiens. The genomic characteristics of the six rhizobial strains from different species and different hosts were analyzed by comparative genomic analysis. The candidate genes related to secretion system, surface polysaccharides biosynthesis and RNS in the genomes of the six strains were explored and compared. Our results enriched the genomic library of rhizobia and provided valuable insights into the species-specificity and host specificity among different rhizobial strains.




MATERIALS AND METHODS


Bacterial Strains and DNA Preparation

Bradyrhizobium diazoefficiens 113-2 (Stored in our lab) was cultured in YMA plate for 4 days at 28°C. Cells of B. diazoefficiens 113-2 were harvested by centrifugation at 1,3000 rpm for 30 min. Genomic DNA was extracted by Beijing Genomics Institute (BGI, Shenzhen, China) using a Genomic DNA Mini Preparation Kit.



Genome Sequencing, Assembly and Component Prediction

De novo sequencing of B. diazoefficiens 113-2 genome was performed by BGI using PacBio RS II platform and Illumina HiSeq 4000 platform. The proportion of clean data (1,144 Mb) was 87.95% among the total acquired reads (1,301 Mb) in the Illumina platform. The proportion of Subreads Post Filter data (544,740,462 bp) was about 99.7% among the Polymerase Read Post Filter (546,403,010 bp) in the PacBio platform. The analysis results of 15-kmer (Supplementary Figure S7) and GC-depth (Supplementary Figure S8) indicated that the sequencing was of good quality. Sequence assembly was done with SOAP de novo (Luo et al., 2012). Glimmer 3.021 with Hidden Markov models was used to perform the gene prediction of B. diazoefficiens 113-2 genome assembly. RNAmmer 1.2 (Lagesen et al., 2007), Rfam 9.1 (Gardner et al., 2009) and tRNA scan-SE (Lowe and Eddy, 1997) were used to identify tRNA, rRNA, and sRNAs in B. diazoefficiens 113-2 genome. The tandem repeats annotation was obtained using the Tandem Repeat Finder2. The prophages were predicted using the PHAST (PHAge Search Tool) (Grissa et al., 2007).



Genome Annotation

Gene function annotation of B. diazoefficiens 113-2 was performed by using Basic Local Alignment Search Tool (BLAST) against 11 different databases. These databases are COG (Clusters of Orthologous Groups), GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes), NR (Non-Redundant Protein Database databases), Swiss-Prot (O’Donovan et al., 2002), IPR, Type III secretion system (T3SS), PHI (Pathogen Host Interactions), VFDB (Virulence Factors of Pathogenic Bacteria), ARDB (Antibiotic Resistance Genes Database), and CAZy (Carbohydrate-Active enZYmes Database).



Synteny Analysis and ANI Analysis

The complete nucleotide sequences and genomic features of strains B. diazoefficiens USDA110, M. huakuii 7653R, M. japonicum MAFF303099, S. fredii USDA205 and S. meliloti 2011 were obtained from GenBank (accession numbers: USDA 110, NC_004463; 7653R, NC_002678, NC_002679, and NC_002682; MAFF 303099, NC_002678, NC_002679 and NC_002682; USDA205, GCA_009601405; S. meliloti 2011, NC_020528, NC_020527, and NC_020560). The sequences were organized according to their chromosomal origins of replication for intuitive comparison. Genome sequence alignments were created using NCBI BLAST + and visualized using MCScanX (Wang et al., 2012) and Mauve software. The Average Nucleotide Identity (ANI) between the six genomes was performed using the ANI Calculator, available at https://www.ezbiocloud.net/tools/ani (Yoon et al., 2017).



Singletons-Clusters Analysis

Orthologous clustering analysis were performed with the web server OrthoVenn2 with bacteria group parameters and an E-value cutoff of 1e−5 (Xu et al., 2019). The protein FASTA file containing predicted protein sequences for strains B. diazoefficiens USDA110, M. huakuii 7653R, M. japonicum MAFF303099, S. fredii USDA205 and S. meliloti 2011 were used to predict the orthologous gene clusters.



Core-Pan Genes Analysis

Core/Pan genes of above-mentioned six strains were clustered by the CD-HIT 4.663 rapid clustering of similar proteins software (Edgar, 2004) with a threshold of 50% pairwise identity and 0.7 length difference cutoff in amino acid, and the final gene pool after clustered analysis is called the pan gene pool. Proteins existed in all of the six genomes in the clustering results act as the core gene pool. Proteins only existed in one genome are classified as the specific gene pool. The rest of the Pan proteins after removing core proteins are called the Dispensable gene pool.



Phylogenetic Analysis

The different NolKs or FixKs were applied for multi-species phylogenetic analysis. Multiple alignments of the full-length deduced amino acid sequences of these genes were conducted with Clustal W program. And the multi-species phylogenetic tree was performed using MEGAX software (Kumar et al., 2018) with Neighbor-Joining (NJ) method, and bootstrap analysis was conduct educing 1,000 replicates with the p-distance model.



Nucleotide Sequence Accession Numbers

Complete genome sequences of B. diazoefficiens 113-2 have been submitted to GenBank under the assigned accession number (CP055233).
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Biofilm Producing Rhizobacteria With Multiple Plant Growth-Promoting Traits Promote Growth of Tomato Under Water-Deficit Stress

Md. Manjurul Haque1*†, Md Khaled Mosharaf1†, Moriom Khatun1†, Md. Amdadul Haque2†, Md. Sanaullah Biswas3, Md. Shahidul Islam4, Md. Mynul Islam5, Habibul Bari Shozib6, Md. Main Uddin Miah7, Abul Hossain Molla1 and Muhammad Ali Siddiquee6

1Department of Environmental Science, Faculty of Agriculture, Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur, Bangladesh

2Department of Agro-Processing, Faculty of Agriculture, Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur, Bangladesh

3Department of Horticulture, Faculty of Agriculture, Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur, Bangladesh

4Bangladesh Jute Research Institute, Dhaka, Bangladesh

5Plant Pathology Division, Bangladesh Agricultural Research Institute, Gazipur, Bangladesh

6Grain Quality and Nutrition Division, Bangladesh Rice Research Institute, Gazipur, Bangladesh

7Department of Agroforestry and Environment, Faculty of Agriculture, Bangabandhu Sheikh Mujibur Rahman Agricultural University, Gazipur, Bangladesh

Edited by:
Alok Kumar Srivastava, National Bureau of Agriculturally Important Microorganisms (ICAR), India

Reviewed by:
Valeria Ventorino, University of Naples Federico II, Italy
Puneet Singh Chauhan, National Botanical Research Institute (CSIR), India

*Correspondence: Md. Manjurul Haque, haque_bes@bsmrau.edu.bd

†These authors have contributed equally to this work

Specialty section: This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Microbiology

Received: 24 March 2020
Accepted: 29 October 2020
Published: 26 November 2020

Citation: Haque MM, Mosharaf MK, Khatun M, Haque MA, Biswas MS, Islam MS, Islam MM, Shozib HB, Miah MMU, Molla AH and Siddiquee MA (2020) Biofilm Producing Rhizobacteria With Multiple Plant Growth-Promoting Traits Promote Growth of Tomato Under Water-Deficit Stress. Front. Microbiol. 11:542053. doi: 10.3389/fmicb.2020.542053

Plant growth-promoting rhizobacteria (PGPR) not only enhance plant growth but also control phytopathogens and mitigate abiotic stresses, including water-deficit stress. In this study, 21 (26.9%) rhizobacterial strains isolated from drought-prone ecosystems of Bangladesh were able to form air–liquid (AL) biofilms in the glass test tubes containing salt-optimized broth plus glycerol (SOBG) medium. Based on 16S rRNA gene sequencing, Pseudomonas chlororaphis (ESR3 and ESR15), P. azotoformans ESR4, P. poae ESR6, P. fluorescens (ESR7 and ESR25), P. gessardii ESR9, P. cedrina (ESR12, ESR16, and ESR23), P. veronii (ESR13 and ESR21), P. parafulva ESB18, Stenotrophomonas maltophilia ESR20, Bacillus cereus (ESD3, ESD21, and ESB22), B. horikoshii ESD16, B. aryabhattai ESB6, B. megaterium ESB9, and Staphylococcus saprophyticus ESD8 were identified. Fourier transform infrared spectroscopy studies showed that the biofilm matrices contain proteins, polysaccharides, nucleic acids, and lipids. Congo red binding results indicated that these bacteria produced curli fimbriae and nanocellulose-rich polysaccharides. Expression of nanocellulose was also confirmed by Calcofluor binding assays and scanning electron microscopy. In vitro studies revealed that all these rhizobacterial strains expressed multiple plant growth-promoting traits including N2 fixation, production of indole-3-acetic acid, solubilization of nutrients (P, K, and Zn), and production of ammonia, siderophores, ACC deaminase, catalases, lipases, cellulases, and proteases. Several bacteria were also tolerant to multifarious stresses such as drought, high temperature, extreme pH, and salinity. Among these rhizobacteria, P. cedrina ESR12, P. chlororaphis ESR15, and B. cereus ESD3 impeded the growth of Xanthomonas campestris pv. campestris ATCC 33913, while P. chlororaphis ESR15 and B. cereus ESD21 prevented the progression of Ralstonia solanacearum ATCC® 11696TM. In a pot experiment, tomato plants inoculated with P. azotoformans ESR4, P. poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, S. maltophilia ESR20, P. veronii ESR21, and B. aryabhattai ESB6 exhibited an increased plant growth compared to the non-inoculated plants under water deficit-stressed conditions. Accordingly, the bacterial-treated plants showed a higher antioxidant defense system and a fewer tissue damages than non-inoculated plants under water-limiting conditions. Therefore, biofilm-producing PGPR can be utilized as plant growth promoters, suppressors of plant pathogens, and alleviators of water-deficit stress.

Keywords: extracellular polymeric substances, nanocellulose, indole-3-acetic acid, nutrient solubilization, siderophore production, lipid peroxidation, catalase


INTRODUCTION

Climate change is one of the key global concerns for sustainable agricultural production. According to the Intergovernmental Panel on Climate Change (Intergovernmental Panel on Climate Change [IPCC], 2014), significant areas of fertile agricultural lands will probably be lost or degraded due to adverse effects of climate change (e.g., sea level raising, salinization, heat, and drought) at the end of the 21st century. Another forecasted is that climate change may limit nutrient bioavailability in soils (Karmakar et al., 2016) and a change in the dynamics of pathogen and pest reproduction (Sharma et al., 2017). Furthermore, the climate change may cause the emergence of new pathogens and pests. All these effects will ultimately affect the existing crop production system that extensively relies on chemical fertilizers and pesticides. The problem, however, is that an excessive use of agro-chemicals also causes environmental (in the air, water, and soil) pollution (Jarecki et al., 2008). A climate-friendly agriculture, therefore, depends on how well natural biota are used in the agricultural production systems, particularly in water-limiting conditions (drought).

Bangladesh is one of the most vulnerable countries in the world to climate change, including water-deficit stress. It was reported that in Bangladesh 32.4% of the land during May to October (Kharif season), 27.2% in November to April (Rabi season), and 16.2% between March to May (pre-Kharif season) are under the threat of extreme water shortage, respectively (Alamgir et al., 2019). The scientific community agrees that plant growth and yield is affected by water-deficit stress (Vurukonda et al., 2016; Chandra et al., 2018; Martins et al., 2018; Saikia et al., 2018; Meenakshi et al., 2019). Water-deficit stress aggravates overproduction of reactive oxygen species (ROS) that promote oxidative damage by oxidizing proteins, lipids, nucleic acids, and other cellular macromolecules in plants (Sgherri et al., 2000; Vurukonda et al., 2016). However, plants have an abundant network for ROS detoxification including either enzymatic antioxidants, such as catalases, ascorbate peroxidases, superoxide dismutases, and glutathione reductases or non-enzymatic components through proline, carotenoids, phenolics, and flavonoids (Du et al., 2004; Kaushal and Wani, 2016). In order to combat water-deficit stress, tolerant plant varieties could be used in the future despite the fact that traditional breeding is time consuming. Nevertheless, developing transgenic crops through gene transfer or gene editing using the CRISPR/Cas9 system is associated with ethical and social acceptance issues. In light of these problems, application of beneficial microbes including plant growth-promoting rhizobacteria (PGPR) would be a simple and cheap way for improving plant resiliency against water-deficit stress.

Plant growth-promoting rhizobacteria are root-colonizing beneficial bacteria. They are known to directly enhance plant growth by providing nutrients (e.g., nitrogen, phosphorous, potassium, zinc, and iron) and by producing phytohormones [e.g., indole-3-acetic acid (IAA), cytokinins, gibberellins, and ethylene] or indirectly by synthesizing antibiotics, hydrolytic enzymes (e.g., amylases, cellulases, proteases, lipases, chitinases, pectinases, and dehydrogenases) and volatile compounds (e.g., hydrogen cyanide, ammonia, acetoin, and indole), by inducing systemic resistance, and through biocontrol of phytopathogens (Lugtenberg and Kamilova, 2009; Kumar et al., 2012; Mohite, 2013; Gupta et al., 2017; Backer et al., 2018; Gouda et al., 2018). PGPR are also known for their effectiveness in alleviating water-deficit stress in plants through production of phytohormones and 1-aminocyclopropane-1-carboxylate (ACC) deaminase that reduce ethylene levels in the roots. They also induce systemic tolerance by bacterial compounds, expression of antioxidant enzymes, and production of extracellular polymeric substances (EPS) (Timmusk et al., 2014; Naseem et al., 2018; Niu et al., 2018). To date, numerous PGPR (e.g., Azospirillum brasilense, Bacillus cereus, B. subtilis, B. amyloliquefaciens, B. licheniformis, B. thuringiensis, Burkholderia sp., Citrobacter freundii, Paenibacillus polymyxa, Proteus penneri, Pseudomonas fluorescens, P. putida, P. aeruginosa, Ochrobactrum pseudogrignones, and Azotobacter chroococcum) were identified that promote plant growth under water-deficit stress conditions in greenhouse experiments (Wang et al., 2012; Ngumbi and Kloepper, 2016; Vurukonda et al., 2016; Chandra et al., 2018; Martins et al., 2018; Saikia et al., 2018; Van Oosten et al., 2018; Jochum et al., 2019; Meenakshi et al., 2019). However, screening of bacterial strains for PGPR functions in the laboratory/greenhouse not always results in identifying strains that promote plant growth under field conditions. The failure would be overcome by application of bacterial inoculants in the form of biofilms, thus protecting the inoculants against water-deficit stress (Timmusk et al., 2005; Saleh-Lakha and Glick, 2006; Seneviratne et al., 2010).

Biofilms are surface-associated microbial cells, encased in a self-produced EPS that predominantly contain proteins, polysaccharide, extracellular DNA, and lipids (Flemming and Wingender, 2010). The literature contains several examples of biofilm PGPR that are much more effective under field conditions than any planktonic PGPR (Seneviratne et al., 2010; Pandin et al., 2017; Backer et al., 2018). Zhang et al. (2015) reported that nitrogenase activity, IAA production, phosphate solubilization, siderophore production, and ammonia production are incredibly higher in biofilm PGPR than the planktonic PGPR. Other advantages of biofilm PGPR are their higher resistance to antibiotics and adverse environmental stresses (e.g., high temperature, extreme pH, salinity, and drought), leading to an improved chance of survival in a competitive soil environment (Mah et al., 2003). Biofilm PGPR also produce remarkably higher amounts of antimicrobial compounds than the planktonic PGPR, leading to suppression of phytopathogens (Pandin et al., 2017). However, quite a few biofilm PGPR (e.g., Rhizobium leguminosarum, Agrobacterium sp., A. vinelandii, Enterobacter cloacae, Xanthomonas sp., Pseudomonas sp., P. polymyxa, Bradyrhizobium sp., Bacillus subtilis, and B. drentensis) were identified till date (Bais et al., 2004; Timmusk et al., 2005; Ude et al., 2006; Mahmood et al., 2016; Gupta et al., 2017). Thus, biofilm-producing bacteria could be advantageous over others to thrive in a new water-stress environment for delivering beneficial effects to plants. However, biofilm-producing bacteria associated with crop species which are naturally adapted to water stress, such as tomato, have not been explored so far.

Tomato (Solanum lycopersicum L.) is one of the most popular vegetables cultivated worldwide. It is rich in micronutrients, antioxidants, phenolics, flavonoids, vitamins, and essential trace elements. Currently, water stress limits the productivity of tomato worldwide, including Bangladesh (Habiba and Shaw, 2013). This study reports the results of a series of experiments we carried out to screen and identify biofilm-producing bacteria from the tomato rhizosphere grown in water stress-prone areas (Rajshahi, Dinajpur, and Bogura districts) of Bangladesh. We also characterized the matrix components, i.e., EPS, generated by different bacterial biofilms by means of Fourier transform infrared spectroscopy, scanning electron microscopy, and different binding assays. The expressions of multiple PGP- and biocontrol-related traits in these bacteria were examined in vitro. Moreover, selected biofilm-producing rhizobacterial strains were evaluated in vivo for their tomato growth promotion under water-deficit stress conditions. This study contributes toward an understanding about how biofilm-producing rhizobacteria may help to promote plant growth, suppress phytopathogens, and reduce water-deficit stress.



MATERIALS AND METHODS


Collection of Rhizospheric Soil Samples and Isolation of Bacteria

Tomato plants (Solanum lycopersicum L.) were uprooted on soil during the flowering stage collected from three drought-prone areas of Bangladesh, including Rajshahi, Dinajpur, and Bogura. Geographical positions (GPS) of the sampling areas are shown in Table 1. Each sample (excluding the aboveground parts) was transferred into a sterile polythene bag and then transported to the laboratory. During transportation, the cold chain was maintained by keeping the samples in an icebox. The collected samples were stored at 4°C before the isolation of bacteria. In order to isolate rhizobacteria, firstly non-rhizosphere soil was discarded by hand shaking. Then, the sample (roots together with soil) was homogenized using a sterile mortar pestle in sterile distilled water, and a serial dilution was performed. After the serial dilution, 50 μL of each sample was spread on yeast extract peptone [YEP (1% of peptone, 0.5% of yeast extract, pH 6.8)] agar (1.5%) plates and incubated at 28°C in a stationary condition. After a 36-h incubation, morphologically distinct (e.g., in size, shape, and color) colonies were transferred to fresh YEP agar plates using sterile toothpicks. In order to prepare pure cultures, the repeated-streaking method was followed.


TABLE 1. Identification of biofilm-producing rhizobacteria isolated from tomato rhizosphere grown in water stress-prone ecosystems of Bangladesh.
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Selection of Biofilm-Producing Rhizobacteria

To screen biofilm-producing rhizobacteria, each strain was initially inoculated in YEP broth and incubated at 28°C under agitating conditions (160 rpm) for 6 h [until the optical density (OD660) reached 0.6 to 0.8]. Then, 1 mL culture of each strain was collected and centrifuged at 12000 rpm for 10 min. The supernatant was carefully discarded. The pellet was resuspended in sterile distilled water and then diluted (ca. 105 colony-forming units (CFU) mL–1)]. Afterward, 50-μL cultures were inoculated into glass test tubes (Pyrex, flat bottom, Glassco, United Kingdom) containing 5 mL salt-optimized broth plus glycerol (SOBG) medium (per liter: 20 g of tryptone, 5 g of yeast extract, 0.5 g of NaCl, 2.4 g of MgSO4⋅7H2O, 0.186 g of KCl, and 50 mL of 40% glycerol, pH 7.0) and incubated at 28°C under static conditions. After 72 h of incubation, air–liquid (AL) and/or solid–air–liquid (SAL) biofilm-producing rhizobacteria were selected as described in Haque et al. (2012, 2015), and photographs were taken. The biomass of biofilms and the enumeration of bacterial cells coupled with biofilm matrices were determined as described in Mosharaf et al. (2018).



16S rRNA Gene Sequencing

The protocol described by Sambrook et al. (1989) was used for the collection of bacterial DNA. The 16S rRNA gene primers of 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) were used to amplify the 16S rRNA gene by polymeric chain reaction (PCR). To amplify the gene by PCR, the following conditions were set: initial DNA denaturation for 5 min at 94°C, 35 cycles of denaturation for 30 s at 94°C, annealing for 45 s at 57°C, elongation for 1.5 min at 72°C, and a final extension for 10 min at 72°C. The QIAquick® Gel Extraction Kit (Qiagen, GmbH, Germany) was used to purify the PCR products and then sequenced by using 3500 Genetic Analyzer (Applied Biosystems). Using the BLASTN (Basic Local Alignment Search for Nucleotide) program, we compared the gene sequences of different bacterial strains against the sequences of bacteria available in NCBI (National Center for Biotechnology Information) data banks1. We deposited the obtained 16S rRNA gene sequences in the GenBank nucleotide databases under accession numbers from MN173418 to MN173434, MN180835 to MN180837, and MT4489332.



Identification of the Matrix Components of the Biofilms

Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and Congo red and Calcofluor binding assays were used to identify the components of the biofilm matrices, i.e., EPS. For the FTIR analysis, the pellets were prepared as described in Mosharaf et al. (2018). Using the triglycine sulfate (TGS) detector, 450 to 4000 cm–1 was scanned (16 scans at 4 cm–1 resolution and at 0.2 cm sec–1 scanning speed). The IR spectra of the biofilm matrices were acquired using the Perkin Elmer FTIR (Spectrum-2) instrument operated by CPU32M software. Perkin Elmer’s proprietary software (Version 10.05.03) was used to analyze the baseline subtracted biofilm spectra. For SEM, 72-hour-old biofilms were carefully collected and then oven dried at 40°C for 48 h. Each dried sample was coated with carbon using a vacuum sputter-coater to improve the conductivity. A scanning electron microscope (SEM, JEOL JSM-6490LA, Japan) operated at 5.0 KV was used to image the samples. To detect curli fimbriae and nanocellulose, Congo red and Calcofluor binding assays were performed as described in Haque et al. (2009, 2017).



Assessment of the in vitro Plant Growth Promotion Activities


Indole-3-Acetic Acid Production

Production of indole-3-acetic acid (IAA) was detected as described by Gordon and Weber (1951) with a few modifications. In brief, one single colony of each rhizobacterium was inoculated in 5 mL Luria-Bertani (LB) broth (1% of tryptone, 0.5% of yeast extract, 0.5% of NaCl, pH 7.0) supplemented with 0.2% of L-tryptophan (Bio Basic Inc., Canada) and incubated at 28°C under shaking conditions (160 rpm). After a 48-hour incubation, 1 mL culture was collected and centrifuged at 14000 rpm for 10 min. Then, 500 μL supernatant was transferred to a sterile glass test tube and mixed with 1 mL Salkowski reagent (98 mL 35% perchloric acid and 2 mL 0.5 M FeCl3). The test tubes were incubated at room temperature for 45 min in the dark. Development of pink color indicated positive for auxin production. Among the auxins, IAA (μg mL–1) production was quantified spectrophotometrically at OD530 nm and compared to a standard curve prepared from commercial IAA (Duchefa Biochemie, Netherlands) with a concentration range of 0 to 1000 μg mL–1.

Colorimetric IAA results were also verified and quantified using high-performance liquid chromatography (HPLC). In brief, all the rhizobacterial strains were grown as described in the colorimetric determination section. The cell-free extract was prepared by centrifugation followed by filtration through Einmalfilter (CHROMAFIL® Xtra PTFE-45/25, 0.45 μM, Macherey-Nagel, GmbH and Co. KG, Germany). The cell-free extract was acidified (2.5 to 3) using 1 N HCl and extracted with ethyl acetate (1:1 v/v), then the organic phase was collected. A rotary evaporator was used to evaporate the ethyl acetate fraction. The crude extract was dissolved in methanol (HPLC grade, Sigma-Aldrich, St. Louis, MO, United States) and kept at 4°C for further use. In order to detect IAA specifically, Shimadzu Prominence HPLC (Japan) using a C18 analytical column (4.6 mm × 250 mm, 5 μm) was used. The column temperature was maintained at 25°C, and methanol and 1% acetic acid (50:50 v/v) were used as the mobile phase at a flow rate of 1 mL min–1 with an injection volume of 20 μL (Myo et al., 2019). Detection was monitored at 254 and 280 nm, and data were evaluated using Lab Solutions software by comparing with the elution profiles of standard IAA (6.25, 12.5, 25, 50, and 100 μg mL–1) injected separately.



Ability of Nitrogen Fixation

Nitrogen fixation assays were performed according to Ker (2011) with minor modifications. In brief, initially, each rhizobacterium strain was grown in YEP broth under shaking conditions (120 rpm) at 28°C for 16 h, then diluted to 107 CFU mL–1. Two microliters (2 μL) of diluted culture of each rhizobacterium strain was spotted (4 spots plate–1) onto N-free solid LG agar (per liter: 10 g sucrose, 0.5 g K2HPO4, 0.2 g MgSO4⋅7H2O, 0.2 g NaCl, 0.001 g MnSO4⋅H2O, 0.001 g FeSO4, 0.001 g Na2MoO4⋅2H2O, 5 g CaCO3, and 15 g agar) plates and incubated at 28°C under static conditions for 10 days. For control, non-inoculated N-free solid LG agar plates were incubated at the same condition. Development of colonies indicated a positive nitrogen fixation.

The dinitrogenase reductase gene, nifH, the most widely used biomarker for the study of nitrogen-fixing bacteria, was analyzed by PCR. In this study, the primer pair of Ueda19F-GCIWTYTAYG GIAARGGIGG and Ueda19R-AAICCRCCRCAIACIACRTC was used to amplify a 389-bp nifH fragment (Ueda et al., 1995), and that of KAD3F-ATHGT IGGITGYGAYC CIAARGCIGA and DVVR-ATIGCRAAICCI CCRCAIACIACRTC was used to amplify a 310-bp nifH fragment (Ando et al., 2005). The reaction conditions with 100 ng of template DNA were as follows: one cycle at 95°C (5 min); 30 cycles at 95°C (30 s), 51°C for Ueda19F and Ueda19R or 56°C for KAD3F and DVVR (30 s) and 72°C (1 min); plus one cycle at 72°C (7 min). For negative control, the water was used instead of DNA.



Phosphate Solubilization

Qualitative phosphate (P) solubilization ability was assessed as described in Nautiyal (1999). In brief, 2 μL of overnight-grown culture (ca. 107 CFU mL–1) was speckled (4 spots plate–1) onto National Botanical Research Institute’s phosphate (NBRIP) agar [per liter: 10 g glucose, 5 g MgCl2⋅6H2O, 0.25 g MgSO4⋅7H2O, 0.2 g KCl, 0.1 g (NH4)2SO4, and 15 g agar] plates containing 0.5% Ca3(PO4)2 or 0.8% rock phosphate. For control, each bacterial strain was dotted onto Ca3(PO4)2/rock phosphate-free NBRIP agar plates. The inoculated plates were incubated at 28°C under static conditions for 96 h. The appearance of a clearing zone around the colonies indicated a positive phosphate solubilization. The following equation was used to calculate the phosphate solubilization index (PSI):
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Potassium Solubilization

To screen for K-solubilizing rhizobacteria, 2 μL culture (ca. 107 CFU mL–1) of each bacterial strain was spotted (4 spots plate–1) onto Aleksandrov agar medium [per liter: 5.0 g glucose, 0.5 g MgSO4⋅7 H2O, 0.005 g ferric chloride, 0.1 g calcium carbonate, 2 g calcium phosphate, 2 g potassium aluminum silicate (as a source of insoluble inorganic potassium), and 15 g agar]. For control, each bacterial strain was marked onto potassium aluminum silicate-deficient Aleksandrov agar plates. Inoculated plates were incubated at 28°C for 7 days. The appearance of a clearing zone around the colonies indicated a positive potassium solubilization.



Zinc Solubilization

Zinc (Zn) solubilization assays were done as described in Saravanan et al. (2007) with a few modifications. In brief, 2 μL (ca. 107 CFU mL–1) culture of each rhizobacterium strain was spotted (4 spots plate–1) onto the basal agar medium (per liter: 10 g glucose, 1 g (NH4)2SO4, 0.2 g KCl, 0.1 g K2HPO4, MgSO4⋅7H2O, and 15 g agar, pH 7.0) containing 0.2% insoluble Zn from three sources, such as ZnO, ZnCO3, and Zn3(PO4)2 (Wako Pure Chemical Industries Ltd., Japan). For control, the bacterial strain was spotted onto the Zn-free agar plates. The inoculated plates were kept at 28°C under static conditions. A clearing zone around the colonies indicated positive results. The Zn solubilization index (ZnSI) was also calculated after 7 days using the same equation as for PSI. 



Production of Siderophores

Overlay chrome azurol S (O-CAS) medium was used to detect siderophores (Shin et al., 2001). Initially, each bacterial strain was grown in YEP broth under shaking conditions at 28°C until OD660 reached 0.6–0.8. Then, 2 μL (ca. 107 CFU mL–1) diluted culture of each rhizobacterium strain was spotted (1 spot plate–1) onto the center of the LB agar plates and incubated at 28°C for 20 h. Later, 10 mL O-CAS broth was applied over those LB agar plates and incubated at 28°C under static conditions. Development of colors (e.g., purple, orange, or yellow) indicated positive results. After a 10-hour incubation, photographs were taken.



Production of Volatile Compounds


Acetoin

Qualitative acetoin production was examined as described in Dye (1968). In brief, each bacterial culture (16-h old) was inoculated in 5 mL yeast extract salt broth (per liter: 0.5 g of NH4H2PO4, 0.2 g of MgSO4⋅7H2O, 5.0 g of NaCl, and 5.0 g of glucose) and incubated at 28°C. After a 96-h incubation, 1 mL culture of each bacterium strain was transferred to a sterile glass test tube and 600 μL 5% (w/v) alpha-napthol in absolute alcohol was added and shaken gently. Occurrence of a crimson to ruby color at the top or throughout the mixtures within 4 h indicated a positive acetoin production.



Indole

Qualitative indole production was assessed as described in Lelliott and Dickey (1984). Initially, the broth (per liter: 10 g of tryptone, 1 g of L-tryptophan, and an adequate amount of distilled water) was prepared and autoclaved. Then, 50 μL culture (16-hour old) was inoculated in glass test tubes containing 5 mL broth and incubated at 28°C under shaking conditions (160 rpm). After a 96-hour incubation, 500 μL Kovac’s reagent (HiMedia, India) was added to the culture and shaken gently. The development of a dark-red color on the surface of the medium indicated a positive indole production.



Ammonia

Qualitative ammonia production was examined by the method described in Dinesh et al. (2018) with a few modifications. In brief, each bacterial strain was grown in YEP broth under shaking conditions for 16 h at 28°C. Then, 50 μL (108 CFU mL–1) culture of each bacterium strain was inoculated in glass test tubes containing 5 mL peptone water (Sigma-Aldrich, St. Louis, MO, United States) and incubated at 28°C. After a 72-h incubation, 1 mL Nessler’s reagent (Sigma-Aldrich, St. Louis, MO, United States) was added. The development of yellow to brown color indicated a positive ammonia production.



Hydrogen Cyanide (HCN)

Each bacterial colony was streaked on LB agar plates containing 0.45% glycine. Two sterilized filter papers were soaked in alkaline picrate solution (0.25% picric acid in 1.25% sodium carbonate) (Lorck, 1948) and then placed on the lids of petri plates. The plates were sealed with parafilm and incubated at 28°C under static conditions for 24 h. Positive HCN production resulted in a color development on the filter papers from yellow to a reddish-brown.




Production of Hydrolytic Enzymes

Qualitative ACC deaminase activity was analyzed as described in Dworkin and Foster (1958) and in Penrose and Glick (2003). In brief, each bacterial strain was grown in LB broth until OD660 reached 0.6 to 0.8 and then diluted (ca. 107 CFU mL–1). Afterward, 100 μL suspension of each bacterium was spread on minimal DF (Dworkin and Foster) salt agar plates [per liter: 4.0 g KH2PO4, 6.0 g Na2HPO4, 0.2 g MgSO4⋅7H2O, 2.0 g glucose, 2.0 g gluconic acid, 2.0 g citric acid, 1 mg FeSO4⋅7H2O, 10 mg H3BO3, 11.19 mg MnSO4⋅H2O, 124.6 mg ZnSO4⋅7H2O, 78.22 mg CuSO4⋅5H2O, 10 mg MoO3, 3 mM ACC (nitrogen source), and 1.8% bacto agar]. As a negative control, 100 μL suspension was spread onto ACC-deficient minimal DF salt agar plates. The plates were incubated at 28°C for 4 days. Colonies formed on the plates were considered as ACC-deaminase producers. Qualitative catalase, oxidase, gelatinase, and arginine dihydrolase production was determined as described in Hayward (1992); Shekhawat et al. (1992), Schaad (1988), and Thornley (1960), respectively. Lipase, cellulase, and protease assays were performed as described in Dinesh et al. (2018).



Abiotic-Stress Tolerance

The maximum drought stress was reported to be achieved by adding 25% polyethylene glycol (PEG) 6000 into the broth (Vardharajula et al., 2011). Thus, for drought-tolerance stress, all the bacterial strains were grown in LB broth containing 25% PEG 6000 at 28°C under shaking conditions. After a 24-h incubation, the optical density was measured by a spectrophotometer. A bacterial OD660 ≥ 0.1 was considered as drought tolerance. Biofilm-producing rhizobacterial strains were also tested for their ability to grow on LB agar plates at different temperatures (37, 42, and 50°C), varying pHs (pH 4.0, 7.0, 8.0, 9.0, and 10.0), and different salinities (5, 10, and 20% NaCl). For control, uninoculated plates/test tubes were incubated. Formation of bacterial colonies on the agar plates under the tested conditions after 72 h was recognized as positive for the respective test.



In vitro Antagonistic Activities Against Pathogenic Bacteria

All these rhizobacteria strains were tested for their antagonistic activities against Xanthomonas campestris pv. campestris ATCC 33913 (causal agent of bacterial leaf spot in tomato), Ralstonia solanacearum ATCC® 11696TM (causal agent of wilt in tomato), and Pectobacterium carotovorum subsp. carotovorum PCC8 (causal agent of soft rot in tomato, accession number KX098362) as described in Furuya et al. (1997). In brief, a single colony of each rhizobacterium was spotted onto an LB agar plate and incubated at 28°C under static conditions for 36 h. Then, a sheet of sterilized filter paper was soaked in chloroform and then placed in each lid of the Petri dish and incubated at room temperature for 2 h to kill the rhizobacterium. Then, 5 mL melted water agar (1.5% at 50°C) containing a suspension of each plant pathogenic bacterium [ca. 108 CFU mL–1] was poured onto the plates and incubated at 28°C for 48 h. For control, only 5 mL melted water agar (1.5% at 50°C) was poured. The formation of an inhibition zone around the growing region of rhizobacterium was considered positive for the biocontrol agent.



Pot Experiment


Raising of seedling and characterization of pot soil

Tomato seeds (variety: BARI Tomato 2) were collected from the Horticulture Research Centre (HRC) of Bangladesh Agricultural Research Institute (BARI), Gazipur, Bangladesh. Seeds were surface-sterilized using 5% NaOCl for 2 min then washed 5 times with sterile distilled water. The disinfected seeds were sown in a seedbed (plastic tray containing sterilized soil). The soil was autoclaved twice (121°C, 15 PSI, 1, 24 h pause between cycles) as described by Mahmoudi et al. (2019). For pot experiments, sandy loam soil was collected and properly mixed with decomposed cow dung (3:1). The soil containing cow dung hereafter referred to as soil was then air-dried and sieved (2 mm size sieve). Each pot (height × diameter = 23 cm × 80 cm) was filled with 8 kg (air-dried sieved) soil. The soil pH, organic matter, total N, total P, and exchangeable K were determined as the protocols described in McLean (1982), Nelson and Sommers (1982), Bremner and Mulvaney (1982), Sommers and Nelson (1972), and Barker and Surh (1982), respectively. The pH, organic matter content (%), total N (%), total P (mg kg–1), exchangeable K (mg kg–1), and bacterial population (CFU g–1 soil) (Khan et al., 2017) were found to be 7.27, 2.03, 0.0869, 194.2, 109.4, and 1.6 × 103 (2.63 × 107 without air-drying of the soil–cow dung mixture, hereafter referred to as wet conditions), respectively. In cow dung (air-dried), organic matter content (%), total N (%), total P (mg kg–1), and total K (mg kg–1) were detected to be 16.65, 1.22, 2100, and 5000, respectively. Total P and total K content in cow dung were determined by the acid digestion method (Jones and Case, 1990; Watson and Isaac, 1990).



Experimental design and treatments

The pot experiment was laid out in a complete randomized design (CRD) having nine treatments with four replications. The treatments were T1 (applied only a standard dose of N:P:K but no bacteria were inoculated, herein termed as non-inoculated control), T2 (Pseudomonas azotoformans ESR4), T3 (P. poae ESR6), T4 (P. gessardii ESR9), T5 (P. cedrina ESR12), T6 (P. chlororaphis ESR15), T7 (Stenotrophomonas maltophilia ESR20), T8 (P. veronii ESR21), and T9 (Bacillus aryabhattai ESB6). Information regarding these bacterial strains on promotion of plant growth and alleviation water-deficit stress was not available in the literature. Therefore, these bacterial strains were selected for this study. The standard dose of N:P:K (as a source of urea, triple super phosphate, and murate of potash, respectively) for the high-yield goal of tomato were calculated using the model of Bangladesh Agricultural Research Council (Fertilizer Recommendation Guide, 2012).



Root bacterization, seedling transplantation, and imposing water-deficit stress

For root bacterization, selected rhizobacterial strains were grown in 100 mL YEP broth at 28°C in agitated conditions (150 rpm) until OD660 reached 0.6 to 0.8. Then, 1 mL culture of each bacterial strain was harvested and centrifuged at 12000 rpm for 10 min. The supernatant was discarded. The pellets were resuspended in phosphate buffer (pH 7.0) and diluted to ca. 108 CFU mL–1. Healthy-looking, uniform-sized seedlings (20-day-old) were carefully uprooted. Afterward, the roots of the seedlings were immersed in bacterial suspension treatment wise (i.e., T2 to T9). For the non-inoculated control (i.e., T1), the roots of the seedlings were immersed only in the phosphate buffer. After a 2-hour incubation, one seedling was transplanted in each pot (four pots for each treatment) and the pots were kept in an open-field condition. When required, the pots were transferred in the rain shelter. The pot was watered with sterile deionized water to field capacity [when water was leached through bottom holes of the pots, this was considered maximum field capacity (Chandra et al., 2018; Jochum et al., 2019)] every day up to 45 days post planting (DPP). In order to impose water stress, the soil in the root region of each plant was carefully loosened. On 46 DPP, 50 mL bacterial suspension (suspended in phosphate buffer, pH 7.0) containing 108 CFU mL–1 bacterial cells was applied to the rhizosphere region of each plant (T2 to T9 treatments), while to the control (T1), only 50 mL phosphate buffer was applied. After treatment, the watering in the pot was immediately stopped. Water stress was continued up to the 12th day (58 DPP).



Evaluation of plant growth and biochemical parameters

Plant height, number of primary branches, number of leaves, maximum leaf length, and maximum leaf width were recorded on the 12th day (58 DPP) of water stress. For biochemical parameters, the leaves were collected on this day. Then, each plant was carefully uprooted. The shoots and roots were separated, oven dried at 70°C for 72 h, and then weighed. To quantify the number of colonized bacteria in the rhizosphere (roots with soil), non-rhizosphere soil was discarded from the roots by hand shaking. Then, 1 g sample (roots with soil) was taken from the composite sample, homogenized, and serial diluted. Then, 100 μL diluted sample was spread on YEP agar plates (4 replications each). After a 48-hour incubation at 28°C, bacterial populations were counted.



Relative water content

Three fully expanded 3rd leaves from the top of the main stem were collected from each treatment. Five leaf discs (1 cm2) from each treatment were weighed. Then, the leaf discs were placed in distilled water and the turgid weight recorded after 24 h at 4°C. The discs were then oven-dried at 72°C until constant weights were attained, and the dry weight was determined. The relative water content (RWC) was calculated as follows:
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Chlorophylls and carotenoids

A UV-Vis spectrophotometer (Ultrospec 3000, Pharmacia Biotech, Cambridge, United Kingdom) was used to quantify chlorophyll (chl) a, chl b, total chl, and carotenoids from fresh leaf samples as described in Khan et al. (2017) with a few modifications. In brief, 50 mg fresh leaf sample was transferred into a glass test tube containing 5 mL 90% acetone, covered tightly, and kept in the dark at room temperature. After 48 h, the absorbance was measured at 663, 645, and 470, respectively. The result was expressed as mg g–1 fresh weight (FW). The formulae for computing chl a, chl b, total chl, and carotenoids were:
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where A (663, 645, 470) represents the optical density of the chlorophyll extract at the wave length of 663 nm, 645 nm, and 470 nm; V is the final volume (mL) of 90% acetone with chlorophyll extract; and W is the weight of the fresh leaf sample in g.



Electrolyte leakage

Electrolyte leakage (EL) was determined as described in Lutts et al. (1996) with a few modifications. In brief, 1-cm2 leaf discs (5 discs/treatment) were transferred into glass test tubes containing 10 mL distilled water. Then, electrical conductivity (EC) was recorded at room temperature. The sample-containing test tubes were kept in a water bath at 40°C for 30 min, and EC was measured. Afterward, the samples were boiled at 100°C, and EC was recorded after 30 min. Finally, EL was calculated using the following formula:
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Measurement of Lipid Peroxidation (MDA Level)

The MDA level was quantified as described in Vemanna et al. (2017) with a few modifications. In brief, 0.15 g leaf sample was homogenized in 2.5 mL of 5% (w/v) trichloroacetic acid (TCA) and 0.25% of thiobarbituric acid (TBA) and then centrifuged at 15000 rpm at 4°C for 10 min. The supernatant was mixed with an equal volume of TBA (0.5% in 20% TCA) and then boiled for 20 min at 100°C. The reaction was stopped by incubation on ice. The absorbance of the supernatant was measured at 532 and 600 nm, respectively. Nonspecific turbidity was corrected by subtracting the absorbance at 600 nm. The MDA content was calculated using its molar extinction co-efficient of 155 mM–1cm–1 and expressed as μmol g–1 FW.




Proline Content

The proline content was estimated as described in Bates et al. (1973) with a few modifications. In brief, 0.1 g leaf was homogenized in 10 mL 3% aqueous sulfosalicylic acid (Sigma-Aldrich, St. Louis, MO, United States) and centrifuged at 15000 rpm for 15 min. Then, 2 mL acid-ninhydrin and 2 mL glacial acetic acid were mixed with 2 mL supernatant and cooked in a water bath at 100°C. After 30 min, the test tubes were transferred on ice to stop the reaction. Then, 4 mL toluene (Wako Pure Chemicals, Japan) was added. After a 10-min incubation at room temperature, the reaction mixture was vigorously mixed and the absorbance of the upper layer of the mixture containing toluene was measured at 520 nm using an UV-Vis spectrophotometer. The amount of proline was quantified from the standard curve using the following equation:
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where 0.1 is the sample weight (g) and 115.5 is the molecular weight of proline.


Catalase Activity

In order to determine the catalase activity, 0.2 g leaf sample was homogenized in phosphate buffer (100 mM; pH 7.2) and then centrifuged at 14000 rpm for 15 min at 4°C. The supernatant (0.1 mL) containing the enzyme extract was added to a 1-mL reaction mixture in a glass test tube consisting of 100 mM phosphate buffer (pH 7.2), 0.1 μM EDTA, and 0.1% H2O2. Then, the decrease of H2O2 was determined by measuring the absorbance at 240 nm with a spectrophotometer and the catalase activity quantified using the following equation:
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Statistical Analysis

All the assays were performed in CRD with at least three replications and repeated at least twice unless otherwise stated. However, the effect of water-deficit stress on plant growth and the expression of the biochemical parameters were conducted only once. For the different parameters collected from the bacterial treatments, a one-way ANOVA test was done. The distribution of the data sets was normal and confirmed by the Shapiro–Wilk test. Heteroscedasticity of the data sets was checked by the Bartlett’s test and found homogenous/homoscedastic. The graphical distribution of datasets was analyzed by Q–Q plot. ANOVA, distribution of data, homogeneity of variance, and mean comparison of treatment effects were analyzed using the R software version 3.3.6. The Fisher’s least significant difference test was applied to compare the means.




RESULTS


Isolation of Biofilm-Producing Rhizobacterial Strains

Based on colony morphology, 78 (seventy-eight) rhizobacterial strains (26 strains from each area) were isolated (data not shown). All these strains were tested for their ability to form AL and/or SAL biofilms on the glass test tubes containing SOBG broth at 28°C under static conditions. Only 21 (26.92%) strains produced delicate to stout AL biofilms after 72 h of incubation (Figure 1A). The remaining strains formed neither AL nor SAL biofilms even after 7 days of incubation (data not shown). In Rajshahi, 50% of the analyzed strains (ESR3, ESR4, ESR6, ESR7, ESR9, ESR12, ESR13, ESR15, ESR16, ESR20, ESR21, ESR23, and ESR25) produced biofilms, while only 15.38% strains forming the biofilms were isolated from Dinajpur (ESD3, ESD8, ESD16, and ESD21) and from Bogura (ESB6, ESB9, ESB18, and ESB22). All these biofilm-producing strains produced rough-surfaced biofilms (Figure 1A). Among these strains, ESR6, ESR12, and ESB9 built very thick and rigid biofilms, and the associated bacterial cells were not dispersed when the aggregates were agitated. Conversely, ESR9, ESR20, ESD16, and ESB18 produced very thin and fragile biofilms, and the cells of these biofilms were easily dispersed when disturbed. Furthermore, those biofilms generated by ESR7, ESR16, ESR23, ESD3, ESD8, and ESB22 were denser and stronger than the biofilms constructed by ESR9, ESR20, ESD16, or ESB18. Interestingly, the biofilms formed by ESR3, ESR13, ESR15, ESR21, ESR25, and ESB6 did not completely cover the surface of the standing culture. Thus, the biofilm characteristics, including thickness, strength, and covering the surface depended on the bacterial strains.
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FIGURE 1. Production of AL biofilms by different rhizobacterial strains after a 72-hour incubation at 28°C in stationary conditions (A). Biomass of AL biofilms determined at 600 nm (B). Number of bacteria-coupled with AL biofilms (C). The values are mean, and error bars indicate standard deviation (±) of the three independent experiments. Values having different letters are significantly different from each other according to Fisher’s least significant difference (LSD) test (P ≤ 0.001).




Quantification of Biomass Biofilms and Bacteria Associated With Biofilms

The biomass biofilms (Figure 1B) and the bacterial counts in the biofilm matrices (Figure 1C) varied significantly (P ≤ 0.001) between the biofilm-producing strains. The highest amount of biomass biofilm was produced by ESR6 (OD600: 1.53), which was statistically similar to ESR12 (OD600: 1.50). ESB9 produced a biomass biofilm of OD600: 1.44), followed by ESB22 (OD600: 1.39) and ESR16 (OD600: 1.33). The lowest quantity of biomass biofilm was built by ESR21 with an OD600 at 0.50. However, the biomass biofilms differed not considerably between ESR3, ESD8, ESR4, and ESR13. Considering the bacterial counts (Figure 1C), the maximum CFU was noted in ESR6 (7.1 × 109). The second highest CFU was recorded in both ESR12 and ESB9 (6.6 × 109 each) followed by ESR16 (6.1 × 109), ESR15 (6.0 × 109), and ESB22 (6.0 × 109). The minimum CFU was counted in ESR21 (3.0 × 109). However, the CFU differed not remarkably between ESB2, ESB6, ESD16, ESR20, ESR25, and ESB18. Thus, also the quantity of biofilms and the bacterial numbers in these biofilms are influenced by the bacterial strains.



Identification of Biofilm-Producing Rhizobacteria

All the biofilm-producing rhizobacterial strains were identified based on 16S rRNA gene sequencing (Table 1). The strains ESR3 and ESR15 were identified as Pseudomonas chlororaphis, ESR7 and ESR25 as P. fluorescens, ESR13 and ESR21 as P. veronii, and ESR12, ESR16, and ESR23 as P. cedrina. The strains ESR4, ESR6, ESR9, and ESR20 belonged to P. azotoformans, P. poae, P. gessardii, and Stenotrophomonas maltophilia, respectively. ESD3, ESD21, and ESB22 were recognized as Bacillus cereus, and ESD8 and ESD16 as Staphylococcus saprophyticus and B. horikoshii, respectively. ESB6, ESB9, and ESB18 were identified as B. aryabhattai, B. megaterium, and P. parafulva. The sequence data were submitted to the NCBI GenBank, and the allocated accession number is shown in Table 1. A phylogenetic tree was also constructed using the 16S rRNA gene sequence data (Figure 2).
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FIGURE 2. Phylogenetic tree. MUSCLE alignment and maximum likelihood (PhyML) method were used for tree generation with gBlock used for alignment refinement.




FTIR Spectroscopy

The matrix components of the biofilms produced by the identified rhizobacterial strains used in this study were not yet characterized. In the present study, we characterized the biofilm matrix formed by these bacterial strains by the FTIR spectroscopy (Figure 3). All the matrices were dominated by protein compounds, producing peaks at amide I (1600–1700 cm–1), amide II (1500–1600 cm–1), and amide III (1240–1350 cm–1) regions. Also, these bacterial strains generated a substantial amount of polysaccharides which produced intense peaks near 900–1150 cm–1. Moreover, the peaks within the 1220–1250-cm–1 band region demonstrate the presence of nucleic acids in the biofilm matrices (Naumann, 2001). Nevertheless, the 2800–2970-cm–1, 3200-cm–1, and 2955-cm–1 domains also indicate the presence of lipids (Mosharaf et al., 2018), amide A of peptidoglycan (Naumann et al., 1982), and amide B of peptidoglycan (Naumann, 2001), respectively. Thus, proteins, polysaccharides, nucleic acids, lipids, and amide A- and amide B of peptidoglycan are all components of the biofilm matrices for these bacteria.
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FIGURE 3. Detection of organic macromolecules constructed by different biofilm-producing PGPR by FTIR.




Congo Red and Calcofluor Binding Assays

All these bacterial strains were tested for their abilities to bind Congo red. Indeed, all these strains were able to bind Congo red and developed the typical red, dry, and rough (rdar) phenotype on Congo red agar plates (Figure 4A). The results suggested that they produced both curli fimbriae and cellulose (Römling, 2005; Milanov et al., 2015). On Calcofluor agar plates, P. fluorescens ESR7, P. cedrina (ESR12, ESR16, and ESR23), S. maltophilia ESR20, B. cereus (ESD3, ESD21, and ESB22), and B. aryabhattai ESB6 and P. parfulva ESB18 exhibited a strong fluorescence (Figure 4B), while the remaining bacterial strains only showed a weak or moderate fluorescence (Figure 4B). Hence, all these strains expressed cellulose (Zogaj et al., 2001; Römling, 2005). However, the quantity of cellulose production might vary between these bacterial strains.
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FIGURE 4. Binding assays. Different rhizobacterial strains were spotted onto Congo red (40 μg mL–1) (A), and Calcofluor (200 μg mL–1) (B) agar plates were then incubated at 28°C in static conditions for 48 h. Photographs represent one of three experiments, which gave similar results.




SEM Analysis

The biofilm matrices of P. chlororaphis ESR3, P. azotoformans ESR4, P. poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. veronii ESR13, S. maltophilia ESR20, and B. megaterium ESB9 were interlinked, compact, and highly fibrous (Figure 5). Numerous ribbon-like fibers were also observed. These ribbon-like fibers are known as nanocellulose fibers (Jahn et al., 2011; Hu et al., 2013). Thus, these bacterial strains produced nanocellulose-rich polysaccharides.
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FIGURE 5. SEM images of biofilm matrices generated by P. chlororaphis ESR3 (A), P. azotoformans ESR4 (B), P. poae ESR6 (C), P. gessardii ESR9 (D), P. cedrina ESR12 (E), P. veronii ESR13 (F), S. maltophilia ESR20 (G), and B. megaterium ESB9 (H).




Production of IAA

The qualitative assessment of IAA using Salkowski’s reagent showed that except for B. cereus ESD3 and S. saprophyticus ESD8, all the analyzed rhizobacterial strains exhibited the color change ranging from light pink to dark red, suggesting the positivity for production of auxin-related compounds (Glickmann and Dessaux, 1995) including IAA (Supplementary Figure S1). When quantified using a spectrophotometer, the IAA production ranged from 4.45 to 59.57 μg mL–1 (Table 2). The highest amount of IAA was synthesized by B. horikoshii ESD16 (59.57 μg mL–1) followed by P. poae ESR6 (31.17 μg mL–1). The least amount of IAA was produced by B. cereus ESB22 (4.45 μg mL–1).

We also confirmed IAA production quantitatively by the HPLC system. The results showed that standard IAA (Duchefa, Netherland) elution in HPLC developed a major peak at a retention time of 6.864 min, while IAA extracted from the isolates developed a sharp peak at a retentions time ranging from 6.68 to 6.82 min. We found that the detection sensitivity of IAA by HPLC is 2- to 3-fold higher than spectrometric quantification. In HPLC, we quantified IAA ranging from 19.3 to 71.7 μg mL–1 (Table 2). The isolate B. aryabhattai ESB6 and P. cedrina ESR16 synthesized the highest and lowest amount of IAA, respectively, as the spectrometric analysis IAA was not detected from the isolates B. cereus ESD3 and S. saprophyticus ESD8. The representative chromatogram of standard IAA (50 μg mL–1) and P. cedrina ESR12, P. chlororaphis ESR15, and B. aryabhattai ESB6-extracted IAA is presented in Figure 6.


TABLE 2. IAA production and nutrient acquisition by different biofilm-producing rhizobacteria.
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FIGURE 6. Detection of IAA using HPLC. (A) IAA standard (50 μg mL–1), (B) P. cedrina ESR12, (C) P. chlororaphis ESR15, and (D) B. aryabhattai ESB6.




Fixation and Solubilization of Nutrients

All the bacterial strains formed colonies on N-free solid LG agar plates (Table 2). Genomic DNAs of these bacterial strains were also amplified for the nifH gene by PCR. The primer pairs of Ueda19F and Ueda19R and KAD3-F and DVV-R were amplified at 389 and 310 bp, respectively (Table 2 and Supplementary Figure S2). Thus, all these rhizobacterial strains have nitrogen fixation activity.

All the rhizobacterial strains were evaluated for their abilities to solubilize P from two sources including tricalcium phosphate and rock phosphate. Except P. parafulva ESB18 and B. cereus (ESD3 and ESB22), all other strains formed a clear halo zone around the colonies on NBRIP agar containing 0.5% tricalcium phosphate (data not shown). All the rhizobacterial strains also developed a clear halo zone around the colonies on NBRIP containing 0.8% rock phosphate except B. megaterium ESB9, P. parafulva ESB18 and B. cereus ESB22 (data not shown). Thus, most of the rhizobacterial strains are P solubilizers. The PSI value of tricalcium phosphate and rock phosphate was calculated, fluctuating from 2.11 to 6.51 and 2.00 to 4.67, respectively (Table 2). In the case of tricalcium phosphate, P. veronii ESR13 exhibited the highest PSI value (6.51) which was statistically similar with P. chlororaphis ESR3 (6.43) and P. cedrina ESR23 (6.47). Conversely, the lowest PSI value (2.11) was noted in B. megaterium ESB9. In the case of rock phosphate, the maximum PSI value (4.67) is displayed in P. chlororaphis ESR15, B. cereus ESD3, and B. horikoshii ESD21 which did not significantly differ with that of P. poae ESR6 (4.23), P. fluorescens ESR7 (4.08), P. gessardii ESR7 (4.19), P. veronii ESR13 (4.50), P. cedrina ESR16 (4.21), and S. saprophyticus (4.08). Furthermore, when the P-solubilizing strains were inoculated in NBRIP broth supplemented with 0.5% tricalcium phosphate or 0.8% rock phosphate at pH 7.0 and incubated at 28°C for 96 h under shaking conditions, the pH value of this broth decreased from 7.0 to a pH of 4.5–5.5 (data not shown). This result indicated that these rhizobacterial strains secreted organic acids to solubilize tricalcium phosphate and rock phosphate (Ahemad and Kibret, 2014).

Only P. chlororaphis (ESR3 and ESR15), P. azotoformans ESR4, P. fluorescens ESR7, P. gessardii ESR9, P. cedrina ESR16, B. cereus ESD3, S. saprophyticus ESD8, and B. horikoshii ESD16 were able to form a clear halo zone around their colonies spotted onto Aleksandrov agar plates containing potassium aluminum silicate (Table 2), suggesting that they are K solubilizers.

None of the bacterial strains solubilized with Zn when ZnO or ZnCO3 was used as the Zn source (data not shown). Interestingly, when Zn3(PO4)2 was provided as a Zn source, a clear halo zone (data not shown) was observed around the colonies of P. chlororaphis (ESR3 and ESR15), P. azotoformans ESR4, P. poae ESR6, P. fluorescens (ESR7 and ESR25), P. gessardii ESR9, P. cedrina (ESR12, ESR16, and ESR23), P. veronii (ESR13, ESR21), and S. maltophilia ESR20, indicating that they are in fact Zn solubilizers. In this experiment, the ZnSI value ranged from 2.30 to 3.88 (Table 2). Among the Zn solubilizers, P. fluorescens ESR25 showed a maximum value of 3.88 though it was not significantly (P ≤ 0.001) different to the ZnSI values of P. azotoformans ESR4, P. poae ESR6, P. fluorescens ESR7, P. gessardii ESR9, P cedrina (ESR12, ESR16 and ESR23), and P. veronii ESR13.



Expression of Siderophores

Developing varying colors on the O-CAS agar medium is linked with the expression of different types of siderophores: a purple color is associated with catechol-type siderophores, a light orange/orange color is related with hydroxamate-type siderophores, a light yellow color is connected with carboxylate-type siderophores, and a yellow color is linked with both hydroxamate- and carboxylate-type siderophores (Pérez-Miranda et al., 2007). In this study, P cedrina (ESR12, ESR16, and ESR23), S. maltophilia ESR20, and B. horikoshii ESD16 were incapable of changing colors (data not shown). In contrast P. chlororaphis (ESR3 and ESR15), P. azotoformans ESR4, P. poae ESR6, P. fluorescens (ESR7 and ESR25), P. gessardii ESR9, P. veronii ESR13, and B. cereus ESD21 produced a light orange color (Figure 7), suggesting that these bacterial strains produced hydroxamate-type siderophores. B. aryabhattai ESB6, B. megaterium ESB9, B. cereus ESB22, and P. parafulva ESB18 developed a yellow color, indicating that they generated both hydroxamate- and carboxylate-type siderophores. P. veronii ESR21, B. cereus ESD3, and S. saprophyticus ESD8 induced a light yellow color, specifying that they constructed carboxylate-type siderophores (Figure 7).
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FIGURE 7. Expression of siderophores. Each bacterium (2 μL, ca. 107 CFU mL–1) was spotted onto the center of the LB agar plates and incubated at 28°C for 20 h. Then, 10 mL O-CAS broth was added over those LB agar plates and kept at 28°C in static conditions for 10 h. Photographs represent one of three experiments, which gave similar results.




Production of Volatile Compounds

Volatile compounds produced by the different rhizobacterial strains are shown in Table 3. Only B. horikoshii ESD16 and B. megaterium ESB9 produced acetoin. On the other hand, P. poae ESR6, P. cedrina (ESR12 and ESR16), S. maltophilia ESR20, P. veronii ESR21, B. cereus (ESD3 and ESB22), B. aryabhattai ESB6, B. megaterium ESB9, and P. parfulva ESB18 synthesized indole. A total of 95.23% strains produced ammonia (Table 3 and Supplementary Figure S3). Based on color intensity, P. chlororaphis (ESR3 and ESR15), P. azotoformans ESR4, P. poae ESR6, P. fluorescens ESR7, P. gessardii ESR9, P. cedrina (ESR12, ESR16, and ESR23), B. cereus (ESD21 and ESB22), B. aryabhattai ESB6, and B. megaterium ESB9 were strong ammonia producers. However, only P. chlororaphis (ESR3 and ESR15) and S. saprophyticus ESD8 produced HCN (Table 3 and Supplementary Figure S4).


TABLE 3. Production of volatile compounds and hydrolytic enzymes by different biofilm-producing rhizobacterial strains.
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Production of Hydrolytic Enzymes

The hydrolytic enzyme production in the different rhizobacteria is shown in Table 3. All these bacterial strains were positive for ACC deaminases, catalases, and cellulases. On the other hand, S. saprophyticus ESD8, B. horikoshii ESD16, B. cereus ESD21, B. aryabhattai ESB6, and B. megaterium ESB9 were negative for oxidases. Most of these strains (80.95%) were positive for gelatinase whereas P. veronii ESR21, P. fluorescens ESR25, P. parfulva ESB18, and B. cereus ESB22 were gelatinase negative. A good number of bacterial strains (76.19%) were also positive for arginine dihydrolase. Except P. poae ESR6, P. veronii ESR21, and B. cereus ESD3, all other bacterial strains showed a lipase production. S. maltophilia ESR20, P. veronii ESR21, P. cedrina ESR23, B. cereus (ESD3, ESD21, and ESB22), S. saprophyticus ESD8, B. horikoshii ESD16, B. megaterium ESB9, and P. parafulva ESB18 also produced proteases.



Biocontrol of Phytopathogenic Bacteria in vitro

All these rhizobacterial strains were tested for their antagonistic activities against three in tomato catastrophic phytopathogenic bacteria X. campestris pv. campestris ATCC 33913, R. solanacearum ATCC® 11696TM, and P. carotovorum subsp. carotovorum PCC8 (Figure 8). None of the rhizobacterial strains were able to restrict the growth of P. carotovorum subsp. carotovorum PCC8 (data not shown). Interestingly, the growth of X. campestris pv. campestris ATCC 33913 was inhibited by P. cedrina ESR12, P. chlororaphis ESR15, and B. cereus ESD3, P. chlororaphis ESR15, and B. cereus ESD21, on the other hand, controlled the growth of R. solanacearum ATCC® 11696TM.
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FIGURE 8. Antagonism tests. Inhibition of X. campestris pv. campestris ATCC 33913 by P. cedrina ESR12 (A), P. chlororaphis ESR15 (B) and B. cereus ESD3(C). Inhibition of R. solanacearum ATCC® 11696TM by P. chlororaphis ESR15 (D), B. cereus ESD21 (E), and negative control (F). Photographs represent one of three experiments, which gave similar results.




Abiotic Stress Tolerance

The abiotic stress tolerance performance of different rhizobacteria is depicted in Table 4. Except for P. parafulva ESB18, all other rhizobacterial strains were drought tolerant. All the bacterial strains grew at 37°C. P. cedrina ESR16 and ESR23, S. maltophilia ESR20, P. veronii ESR21, B. cereus (ESD3, ESD21, and ESB22), B. horikoshii ESD16, B. megaterium ESB9, and P. parafulva ESB18 also grew at 42°C. Surprisingly, however, B. megaterium ESB9, B. cereus ESB22, and P. parafulva ESB18 were even able to grow at 50°C. In regard to pH tolerance, P. chlororaphis ESR3, B. cereus (ESD3 and ESD21), S. saprophyticus ESD8, B. aryabhattai ESB6, B. megaterium ESB9, and P. parafulva ESB18 were unable to grow at pH 4.0 in contrast to the other strains. All the bacterial strains grew at pH 9.0. Except for P. veronii (ESR13 and ESR21) and P. fluorescens ESR25, all other strains also grew at pH 10. The salt-tolerance test revealed that all the bacterial strains were able to grow at 5% NaCl except for P. fluorescens ESR25 and S. saprophyticus ESD8. S. saprophyticus ESD8, B. horikoshii ESD16, B. cereus (ESD3 and ESD21), B. aryabhattai ESB6, and B. megaterium ESB9 tolerated 10% NaCl, and only B. cereus ESD3 and B. aryabhattai ESB6 were able to grow at 15% NaCl. Thus, most of the biofilm-producing bacteria not only survived under drought conditions but also survived high temperatures, acidic to alkaline conditions, and high NaCl.


TABLE 4. Abiotic stress tolerance of different biofilm-producing rhizobacterial strains.
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Effect of Drought Stress on Biofilm Formation

Some selected biofilm-producing PGPR were further examined for their abilities to form biofilms on SOBG containing 25% PEG 6000 which mimics water-stress conditions (Supplementary Figure S5). Compared to PEG-deficient SOBG, biofilm formation was only slightly reduced in P. azotoformans ESR4 and P. poae ESR6. Interestingly, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, S. maltophilia ESR20, and B. aryabhattai ESB6 produced even thicker biofilms on SOBG containing 25% PEG 6000 as compared to PEG-deficient SOBG. Importantly, most of the bacterial cells were attached to the biofilms in SOBG containing 25% PEG 6000, while the number of planktonic cells was higher in PEG-deficient SOBG. These results suggest that all the tested rhizobacteria might be able to form biofilms in plants under water-deficit conditions but the quantity might vary.



In vivo Plant Growth Promotion Under Water Deficit-Stressed Conditions

We also analyzed the effect of biofilm-producing PGPR on tomato plants grown under water-deficit stress. The non-inoculated plants were wilted, and the leaves started curling on the 4th day (50 DPP) of water stress. This type of stress responses occurred on the 6th day of water stress when plants were inoculated with P. azotoformans ESR4 and P. poae ESR6 (data not shown). However, only the leaf-curling symptom but not the wilting one was observed in P. gessardii ESR9-, P. cedrina ESR12-, and S. maltophilia-treated plants on the 11th day (57 DPP) of water stress (Figure 9). Interestingly, P. chlororaphis ESR15- and B. aryabhattai ESB6-inoculated plants did not display any wilts and/or leaf-curling symptoms even after 12 days of water stress (Figure 9). This indicates a difference among the PGPR to mitigate water-deficit stress in vivo in field-grown tomato plants.
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FIGURE 9. Effect of bacterial inoculation on growth of tomato plants under water deficit stressed conditions. Photographs were taken on 12th day of water stress. T1 = Without bacterial inoculation, T2, T3, T4, T5, T6, T7, T8, and T9 = Tomato plants inoculated with P. azotoformans ESR4, P. poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, S. maltophilia ESR20, P. veronii ESR21, and B. aryabhattai ESB6, respectively.


Data on plant growth-related traits are shown in Table 5. The highest increase in plant height (16.7%) was observed in P. azotoformans ESR4-inoculated plants, though this was statistically akin with S. maltophilia ESR20 and B. aryabhattai ESB6, showing 13.4 and 12.7% of height increase, respectively. Plant height was also improved by inoculation with P. poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, and P. veronii ESR21, displaying a 10.7, 8.7, 8.1, 6.7, and 2.7% increase compared to non-inoculated plants, respectively.


TABLE 5. Growth of tomato plants and colonization of bacteria as influenced by inoculation of different biofilm-producing bacterial strains under water deficit-stressed conditions.
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Also, the number of primary branches provides an evidence for the health of the tomato plants. The highest number of primary branches (7.0 plant–1) was found in B. aryabhattai ESB6-inoculated plants followed by P. azotoformans ESR4 (6.67 plant–1), P. poae ESR6 (6.67 plant–1), and S. maltophilia ESR20 (6.33 plant–1). In total, inoculation with all the biofilm-producing PGPR resulted in an increase in the number of primary branches, though in varying degrees.

Similarly, the number of leaves plant–1 incredibly amplified in P. azotoformans ESR4-inoculated plants (50% increase compared to non-inoculated plants), which was not substantially different to B. aryabhattai ESB6 (46.7%), P. poae ESR6 (36.9%), and S. maltophilia ESR20 (34.8%). Also, the application of other PGPR increased the number of leaves. Comparably, also the leaf width was higher in those plants treated with the bacteria as compared to the non-inoculated plants.

The root and shoot dry matter plant–1 were also significantly and remarkably higher after the application of the different biofilm-producing rhizobacterial strains. The highest root dry matter weight increase plant–1 (2.89 g) was obtained in P. azotoformans ESR4-inoculated plants (49.7% increase compared to non-inoculated plants). Interestingly, inoculation with the same strain also improved the shoot dry matter weight plant–1 by 30.1%, though the increase was even higher when the plants have been treated with B. aryabhattai ESB6 (49.5% increase as compared to the non-inoculated plants). In this study, the largest bacterial populations were detected, as expected, in the rhizosphere (roots along with soil) of bacterized plants and not in the non-inoculated plants.



Expression of Biochemical Traits


Relative Water Content (RWC)

The leaf RWC ominously fluctuated with or without the bacterial inoculation (Table 6). P. chlororaphis ESR15-inoculated tomato leaves exhibited the highest RWC (85.7%), whereas the P. poae ESR6-inoculated tomato leaves displayed the lowest RWC (57.01%).


TABLE 6. Relative water content, leaf pigments, oxidative stress markers, proline, and catalase in leaves of tomato plants under water deficit-stressed conditions.
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Leaf Pigments

Beside the plant growth parameters, also the pigment production provides an indication of plant health. Overall, the tomato plants treated with different bacterial strains produced higher amounts of chl a, chl b, and total chl compared to the non-inoculated plants (Table 6). P. azotoformans ESR4-inoculated plants produced more chl a (2.18 mg g–1 FW), which was not considerably different to P. cedrina ESR12 (2.14 mg g–1 FW), P. chlororaphis ESR15 (2.14 mg g–1 FW), S. maltophilia ESR20 (2.09 mg g–1 FW), P. veronii ESR21 (2.06 mg g–1 FW), and B. aryabhattai ESB6 (2.10 mg g–1 FW). S. maltophilia ESR20-inoculated plants exhibited the highest amount of chl b (1.11 mg g–1 FW) followed by P. azotoformans ESR4 (1.08 mg g–1 FW), P. cedrina ESR12 (1.03 mg g–1 FW), B. aryabhattai ESB6 (0.95 mg g–1 FW), P. chlororaphis ESR15 (0.84 mg g–1 FW), P. veronii ESR21 (0.82 mg g–1 FW), P. gessardii ESR9 (0.76 mg g–1 FW), and P. poae ESR6 (0.66 mg g–1 FW). Interestingly, total chl was incredibly increased by 55.1, 18.4, 23.3, 51.1, 41.7, 52.3, 37.3, and 44.9% by application with P. azotoformans ESR4, P. poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, S. maltophilia ESR20, P. veronii ESR21, and B. aryabhattai ESB6, respectively, as compared to that of non-inoculated plants. The carotenoid content increased after inoculation of P. azotoformans ESR4, P. poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, S. maltophilia ESR20, P. veronii ESR21, and B. aryabhattai ESB6 by 51.8, 15.7, 32.2, 47.5, 42.7, 41.5, 43.0, and 43.6% increase, respectively, compared to non-inoculated plants.



Production of Malondialdehyde (MDA) and Electrolyte Leakage (EL)

The level of MDA represents the lipid peroxidation of membrane lipids and designates as a marker of oxidative injury. In this study, non-inoculated plant leaves accumulated MDA around 116.77 ± 2.54 μmol g–1 FW. Importantly, MDA accumulation was lowered by 15.5% when inoculated with S. maltophilia to up to 57.5% for P. chlororaphis ESR15 (Table 6). However, a significantly higher amount of MDA was found in plants inoculated with P. poae ESR6 (136.9 ± 2.3 μmol g–1 FW), followed by P. azotoformans ESR4 (130.7 ± 0.25 μmol g–1 FW) than non-inoculated plants (116.77 ± 2.54 μmol g–1 FW) (Table 6).

The electrolyte leakage is a measure of the presence of dead cells. Due to the water-deficit stress, the EL in non-inoculated plants was very high (24.9%) though not statistically distinct from plants treated with P. azotoformans ESR4 (24.1%) or P. poae ESR6 (22%). Treatment with P. chlororaphis ESR15 even reduced the leaf EL by 51.3% (Table 6).




Leaf Proline and Catalase Activity

In response to water stress, proline accumulation is common in plant leaves for osmotic adjustment. Also, proline acts as a protective agent of enzymes and antioxidants. In this study, application of P. poae ESR6 resulted in a significant increase in proline content (38.2 μg g–1 FW) followed by non-inoculated plants (30.4 μg g–1 FW) (Table 6). However, proline content was reduced by 69.4, 63.3, 62.7, 57.2, 47.7, and 23.5% by inoculation of B. aryabhattai ESB6, P. gessardii ESR9, P. chlororaphis ESR15, P. cedrina ESR12, P. veronii ESR21, and S. maltophilia ESR20, respectively, as compared to non-inoculated plants. The catalase (CAT) activity, another plant protectant enzyme, remarkably changed by application of rhizobacteria (Table 6). The CAT activity was increased by 10.6% for P. gessardii ESR9 to up to 72.1% when inoculated with B. aryabhattai, respectively, as compared to non-inoculated plants.




DISCUSSION

In this study, 21 (26.9%) from 78 analyzed rhizobacterial strains isolated from rhizosphere of tomato plants were found to form biofilms (Figure 1A). Among them, 13 strains (61.9%) were identified as Pseudomonas comprising 8 species [P. fluorescens (ESR7 and ESR25), P. azotoformans (ESR4), P. chlororaphis (ESR3 and ESR15), P. poae (ESR6), P. gessardii (ESR9), P. cedrina (ESR12, ESR16, and ESR23), P. veronii (ESR13 and ESR21), and P. parafulva ESB18] and 6 strains (28.6%) were Bacillus with 4 species [B. cereus (ESD3, ESD21, and ESB22), B. horikoshii (ESD16), B. aryabhattai (ESB6), and B. megaterium (ESB9)] (Table 1). Pseudomonas and Bacillus are well-known plant-growth promoters (Kumar et al., 2012; Backer et al., 2018; Chandra et al., 2018; Naseem et al., 2018; Jochum et al., 2019). Among the identified rhizobacteria, B. cereus (Yan et al., 2017), P. chlororaphis (Selin et al., 2010), and P. fluorescens (Ude et al., 2006) were only reported to form biofilms under laboratory conditions. Thus, several novel biofilm-producing rhizobacterial strains were identified in this current study. All these biofilm-producing rhizobacterial strains are nonpathogenic to human and animals based on the hemolytic test using 5% sheep blood (data not shown).

The characterized rhizobacterial biofilm matrices (i.e., EPS) predominantly contain proteins, polysaccharides, nucleic acids, and lipids (Figure 3). The protein peaks (amide I, II, and III) were much higher than the peaks of polysaccharides, nucleic acids, and lipids (Figure 3). Our results align with the results of Conrad et al. (2003). Indeed, these protein components show the characteristic IR band through C = O stretching at the amide I region, in contrast to the C-N bending and the N–H stretching at the amide II region and the amide III region (Naumann, 2001; Ojeda et al., 2008; Haque et al., 2014; Mosharaf et al., 2018). On the other hand, the band region of polysaccharides principally resulted from a stretching vibration of C–C and C–O bonds and the deformation of C–O–H and C–O–C bonds (Naumann, 2001). Negatively charged functional groups of biofilm matrices were reported to bind with heavy metals, leading to heavy metal remediation from the contaminated environment (Teitzel and Parsek, 2003; Xie et al., 2015). Moreover, various functional groups play a pivotal role in bacterial root colonization (Gupta et al., 2017).

In the current study, a significant number of rhizobacteria synthesized IAA (90.5%), fixed N2 (100%), solubilized nutrients [P (85.7%), K (42.8%), and Zn (61.9%)], produced siderophores (76.2%), volatile compounds [e.g., acetoin (9.5%), indole (47.6%), ammonia (95.2%), and hydrogen cyanide (14.3%)], and hydrolytic enzymes [e.g., ACC deaminase (100%), catalases (100%), oxidases (76.19%), gelatinases (80.95%), arginine dehydrolases (76.2%), lipases (85.7%), cellulases (100%), and proteases (47.6%)] (Tables 2–4 and Figure 7). From the identified and here characterized bacteria, P. cedrina ESR12, P. chlororaphis ESR15, and B. cereus ESD3 inhibited the growth of X. campestris pv. campestris ATCC 33913 (Figure 8), while growth of R. solanacearum ATCC® 11696TM was only controlled by P. chlororaphis ESR15 and B. cereus ESD21 (Figure 8). Accordingly, several biocontrol-related traits, such as production of siderophores, ammonia, HCN, and several hydrolytic enzymes, were also present in P. cedrina ESR12, P. chlororaphis ESR15, and B. cereus (ESD3 and ESD21) (Table 3). Therefore, these identified bacterial strains can be used even under field conditions to control these tomato pathogens, thus preventing yield lost. Taken together, our results suggest that all these biofilm-producing rhizobacterial strains are PGPR expressing multiple PGP traits. Beneficial bacterial biofilms were reported to attach to the plant roots (e.g., rice, wheat, maize, cucumber, and various legumes) and participate in cycling of nutrients and control of phytopathogens, leading to an increase in the productivity of crops (Nieuwenhove et al., 2000; Yang et al., 2004; Kim et al., 2005; Williams et al., 2008; Fan et al., 2011).

The here analyzed extracellular polymeric substances (EPS) are highly hydrated polymers synthesized by different microorganisms including bacteria (Costa et al., 2018). The contents of the EPS play many important roles such as adhesion, soil aggregation, cohesion, retention of water, protective barrier, absorption of organic compounds, absorption of inorganic ions, nutrient source, exchange of genetic information, electron donor or acceptor, export of cell components, sink of excess energy, and the binding of enzymes (Flemming and Wingender, 2010). Hepper (1975) reported that bacterial EPS creates a microenvironment that holds water and dries up more slowly, thus protecting the bacteria and plant roots against extreme desiccation. Furthermore, Roberson and Firestone (1992) have shown that EPS from Pseudomonas strains increased the water-holding capacity in sandy soil. EPS released from biofilms also improved the permeability by creating soil aggregation and maintaining a higher water potential around the roots, thereby increasing the uptake of nutrients by plants and protecting them from water shortage (Selvakumar et al., 2012). For example, inoculation of sunflower seedlings with EPS-producing P. putida GAP-P45 showed an augmented plant growth and increased the survival rates under drought-stressed condition (Sandhya et al., 2009). EPS production was reported to be positively correlated with drought tolerance of cowpea (Rodríguez-Navarro et al., 2007) and foxtail millet (Niu et al., 2018). In our present study, we observed that rhizobacterial biofilm matrices, i.e., EPS, are sponge-like and fibrous (Figure 5). Thus, these rhizobacterial EPS may hold water and/or increase the water-holding capacity in the soil to assist the bacteria and the plant roots under water-deficit stress. In the present study, inoculation of tomato plants with biofilm-producing PGPR increased plant growth (Table 5) and resulted in more water-deficit stress tolerance than non-inoculated plants (Figure 9).

Plant growth-promoting rhizobacteria produce the phytohormones which are directly involved in plant growth promotion (Patten and Glick, 1996). Among these phytohormones, IAA increases the number of root hairs and lateral roots, and this increased root surface area promotes nutrient and water uptake by the plants even under drought stress (Gray and Smith, 2005; Mantelin and Touraine, 2009; Ruzzi and Aroca, 2015; Saikia et al., 2018; Ojuederie et al., 2019). Thus, a constitutive synthesis of IAA is required for proper plant growth and development. In contrast, primary root length is stimulated at low concentrations of IAA, while increased at high IAA concentration promotes lateral root formation but decreased primary root lengths (Vacheron et al., 2013). Ethylene, another phytohormone, also controls different physiological responses including senescence, ripening of fruits, initiation of roots, and the abscission and inhibition of storage organ formation. Overproduction of ethylene significantly reduces the root and shoot development (Glick et al., 1998). However, ACC deaminases in PGPR reduced the ethylene production leading to an increased crop productivity under water deficit-stressed conditions (Saikia et al., 2018; Ojuederie et al., 2019). In this study, biofilm-producing PGPR expressed IAA and ACC deaminases in vitro (Tables 2, 3). Importantly, in vivo grown tomato plants bacterized with biofilm-producing P. azotoformans ESR4, P. poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, S. maltophilia ESR20, P. veronii ESR21, and B. aryabhattai ESB6 showed an enhanced plant growth in terms of plant height, number of primary branches, number of leaves, maximum leaf length and width, root and shoot dry matter production (Table 6), and withstanding water-deficit stress (Figure 9). Therefore, the isolated PGPR are capable of attenuating water-deficit stress by synthesizing IAA and ACC deaminases, thereby reducing the accumulation of ethylene in tomato.

Leaf RWC is the index of physiological water status of plants that improves their tolerance to drought stress (Kadioglu et al., 2011). Reduction of leaf RWC was reported to positively correlate with closure of stomata which leads to decreased CO2 assimilation in plants (Wezel et al., 2014). Under severe drought stress, a reduced RWC decreased leaf pigments such as chl a and b, resulting in a reduced photosynthesis rate (Kawamitsu et al., 2000; Manivannan et al., 2007; Mafakheri et al., 2010). However, in stressed plants, increased chlorophyll concentration can be used as an index of tissue tolerance (Lutts et al., 1996). Heidari and Golpayegani (2012) reported that leaf chlorophylls were increased in basil (Ocimum basilicum) after inoculation of PGPR even under water deficit-stressed conditions. Saline or water stress-induced osmotic conditions enhanced the chloroplast development (Chang et al., 1997). In this study, a significant reduction of leaf RWC was observed in non-inoculated plants, while it only slightly decreased in plants inoculated with P. azotoformans ESR4 and P. poae ESR6. However, all other PGPR-inoculated plants did not show any reduction in leaf RWC (Table 6). It was also observed that the photosynthetic leaf pigment contents (such as chl a, chl b, and total chl) in all PGPR-inoculated plants were remarkably higher than in non-inoculated plants (Table 6). Therefore, biofilm-producing PGPR efficiently retained the leaf RWC and the photosynthetic efficiency of plants under water-limiting conditions.

In the presence of environmental stimuli, i.e., drought, high temperature, and salt, plant cells suffer oxidative stress by lipid peroxidation resulting in tissue damages (Catal, 2006). MDA is a product of lipid peroxidation and is used as an indicator of oxidative stress (Esterbauer and Cheeseman, 1990). In this study, non-inoculated plants and the plants inoculated with P. azotoformans ESR4 and P. poae ESR6 produced more MDA as compared to other biofilm-producing PGPR-treated plants (Table 6). Similar trends were also observed for electrolyte leakage, a measure for cell death. Proline is one of the common compatible osmoprotectants and a stress marker which influences adaptive responses (Maggio et al., 2002; Mafakheri et al., 2010). This component shields cells from dehydration, detoxifies stressed cells from ROS, maintains the integrity of subcellular structures and enzymes, and protects the transcriptional and translational machinery of plants (Maggio et al., 2002). In this study, P. poae ESR6-inoculated plants synthesized remarkably higher amounts of proline which was statistically similar with non-inoculated plants, suggesting that non-inoculated- and P. poae ESR6-inoculated plants are more stressed than other plants (Table 6). The enzymatic and non-enzymatic defense system showed that PGPR-inoculated plants accumulated under water-deficit stress more CAT and carotenoids than non-inoculated control plants (Table 6). Kohler et al. (2008) reported that inoculation with P. mendocina and Glomus intraradices significantly increased CAT in lettuce plants under severe drought conditions. Therefore, the experimental results showed that our identified biofilm-producing PGPR attenuate water-deficit stress and promoted plant growth which might be associated with multiple mechanisms such as biofilm formation, production of EPS, synthesis of IAA and ACC deaminases, increased enzymatic and non-enzymatic defense systems, and the improved solubilization of nutrients.



CONCLUSION

The tomato plants grown in drought-prone ecosystems of Bangladesh are associated with a variety of rhizobacteria with multifarious plant growth-promoting traits. Thus, all these biofilm PGPR can be used as biofertilizers, plant-growth promoters, suppressors of phytopathogens, and alleviators of abiotic stressors, such as drought, salinity, and heat. Application of biofilm PGPR would reduce environmental pollution as well as global warming leading to climate change. Thus, it would be necessary in the near future to further apply phenotypic screening of bacterial strains and their ability to form biofilms as a rapid selection criterion of PGPR. Our future studies should focus on biofilm formation in PGPR under field conditions.
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Supplementary Figure 1 | Production of auxins by different rhizobacterial strains. Initially each rhizobacterium was grown in LB broth supplemented with 0.2% of L-tryptophan in agitating condition. After 48 h incubation, 1 mL culture was collected and centrifuged. Then 500 μL supernatant was mixed with 1 mL of Salkowski reagent. Development of pink color indicated positive for auxin related compounds including IAA production.

Supplementary Figure 2 | Expression of nifH gene in different rhizobacterial strains. Primer pairs of Ueda19F and Ueda19R amplified 389 bp, while 310 pb was amplified by KAD3-F and DVV-R primer pairs. (A) Lane 1- ESR3, Lane 2- ESR4, Lane 3- ESR6, Lane 4- ESR7, Lane 5- ESR9, Lane 6- 1 kb+ ladder, Lane-7 ESD3, Lane-8 ESD8, Lane-9 ESD16 23, Lane-10 ESD21, Lane-10 ESB9, Lane-12 Negative control; Lane 1 to 5 used KAD3-F and DVV-R primers pair and lane 7-11 used Ueda19F and Ueda407R (B) Lane 1- ESR12, Lane 2- ESR13, Lane 3- ESR15, Lane 4- ESR16, Lane 5- ESR20, Lane 6- 1 kb+ ladder, Lane-7 ESR21, Lane-8 ESR23, Lane-9 ESB18, Lane-10 ESB22 72, Lane-11 ESR20, Lane-12 Negative control; Lane 1 to 5 used Ueda19F and Ueda407R primers pair and lane 7-11 used KAD3F and DVVR primers pair.

Supplementary Figure 3 | Qualitative ammonia production by different rhizobacterial strains. The 50 μL (108 CFU mL–1) culture were inoculated in the glass test tubes containing 5 mL peptone water and incubated at 28°C for 72 h. Then 1 mL Nessler’s reagent was added. Development of yellow to brown color indicated positive results.

Supplementary Figure 4 | Qualitative production of HCN. Rhizobacterial strains were streaked on LB agar plates containing 0.45% glycine. Then filter papers dipped in alkaline pirate solution and placed on the lids of petri plates, sealed with parafilm and incubated at 28°C for 24 h. Positive HCN production resulted in a color development from yellow to reddish-brown.

Supplementary Figure 5 | Production of biofilms by some selected rhizobacterial strains after 72 h incubation at 28°C in stationary condition. Biofilm formation on SOBG without 25% PEG 6000 (A) and SOBG with 25% PEG 6000 (B).
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Colletotrichum lentis Damm causes anthracnose in Vicia sativa L, otherwise known as common vetch. It was first reported in China in 2019. This study evaluates the effects of the arbuscular mycorrhizal (AM) fungus Sieverdingia tortuosa (N.C. Schenck & G.S. Sm.) Błaszk., Niezgoda, & B.T. Goto on growth and disease severity in common vetch. Our main finding is that the AM fungus increased root biomass and reduced anthracnose severity of common vetch. Responses correlated with defense, such as chitinase activity, polyphenol oxidase (PPO) activity, the concentrations of jasmonic acid and proline, and the expression of resistance-related genes (e.g., upregulated “signal transduction,” “MAPK signaling pathway,” “chitinase activity,” “response to stress,” and the KEGG pathways “phenylpropanoid biosynthesis,” “MAPK signaling pathways,” and “plant-pathogen interactions”), were also affected These findings provide insight into the mechanism by which this AM fungus regulates the defense response of common vetch to C. lentis.
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INTRODUCTION

Common vetch (Vicia sativa) is an important leguminous forage and green manure crop that is widely grown in regions with a Mediterranean climate, such as western Asia and northern Africa (Robertson et al., 1996). Common vetch grows quickly with high protein content and good palatability, which is easily digested by livestock (Akhtar and Hussain, 2009; Li and Chen, 2012). In addition, it is also an important green manure crop for its strong adaptability and ability to fix nitrogen (Cakmakci et al., 2006).

Disease is an important factor that affects the growth and production of common vetch. By the end of 2015, a total of 14 fungal pathogens, distributed in 28 countries and regions, had been reported as causing vetch diseases worldwide (Xu and Li, 2016). Among these, anthracnose is the main cause of the decline in quality and yield of common vetch. There are six pathogenic fungi known to cause anthracnose in common vetch: Colletotrichum vicia (Dearness, 1926), C. villosum (Weimer, 1945), C. sativum (Horn, 1952), C. vicia-sativa (Sawada, 1959), C. lentis (Xu and Li, 2015), and C. spinaciae (Wang Q. et al., 2019). Common vetch anthracnose caused by C. lentis reduced the number of effective nodules by 42.25% (Ding et al., 2019). Thus, it is important to conduct research on methods that could reduce the impact of anthracnose on common vetch.

Arbuscular mycorrhizal (AM) fungi are widely distributed in agroecosystems, and 90% of vascular plants can form mycorrhizal structures (Smith and Read, 2008). AM fungi have important functions in plants against diseases (Akhtar et al., 2011), including aboveground diseases, such as alfalfa leaf spots caused by Phoma medicaginis (Li et al., 2019) and powdery mildew caused by Blumeria graminis in barley (Ruiz-Lozano et al., 1999), as well as belowground diseases, such as pea (Pisum sativum) root rot caused by the Aphanomyces euteiches (Thygesen et al., 2004). Anthracnose of common vetch is a pathogen that can infect both the below- and aboveground organs of a host plant. Current research on the regulation of anthracnose by AM fungi is primarily concentrated in plants, such as cucumber (Cucumis sativus; Chandanie et al., 2006), strawberry (Fragaria × ananassa; Li et al., 2006), and cyclamen (Cyclamen persicum; Maya and Matsubara, 2013).

The role of AM fungi in the regulation of plant–pathogen relationships is very complex. It involves physiological, biochemical, molecular, and other mechanisms. Research by Gao et al. (2018) showed that AM fungi could affect the response of alfalfa to Phoma medicaginis by increasing the uptake of phosphorus and nitrogen, concentrations of chitinase, and plant growth. AM fungi can also affect plant hormones, such as salicylic acid (SA), jasmonic acid (JA), and ethylene, and signaling pathways, which are significant in plant disease resistance (Luo et al., 2013). The increased contents of SA, JA, and abscisic acid (ABA) help to enhance the resistance of plant cell walls. Moreover, SA, JA, and other signaling substances can also induce the expression of defense genes (Pozo et al., 2002), the synthesis of resistance-related proteins, and the improvement of plant stress resistance (Zhang et al., 2018).

A previous study has shown that AM fungi usually improve antioxidant enzymes related to plant defense, such as superoxide dismutase (SOD) and peroxidase (POD), when plants are exposed to pathogen stress. SOD and POD could prevent the formation of reactive oxygen species by removing reactive oxygen species and other peroxide free radicals from the plant. They could also prevent pathogen damage to the cell membrane system (Huang et al., 2015). AM fungi also decrease the content of plant malondialdehyde (MDA), one of the main products of cell membrane lipid peroxidation, the content of which can represent the degree of cell membrane damage. Generally, the more severe the damage to the plant cell membrane, the greater the amount of MDA deposited in the plant (Wang X. Y. et al., 2019). Proline also accumulates in plants when disease occurs (Mohanty and Sridhar, 1982). Few studies have been published that describe the mechanism of AM fungi in regulating anthracnose in legume forage species, and studies on the molecular mechanism revealed by transcriptome analysis (RNA-seq) are particularly lacking.

The molecular mechanism of the regulation of plant diseases by AM fungi includes promoting the expression of nutrient transporter genes and improving nutrient absorption and utilization, effectively alleviating nutrient deficiency in the plant rhizosphere (Gómez-Ariza et al., 2009; Zhang et al., 2018). Transcriptome analysis is widely used to explore plant–pathogen interactions (Huang et al., 2017). Previous studies using RNA-seq have found that Rhizophagus intraradices enhances the resistance of alfalfa to P. medicaginis. These studies initially clarified the molecular mechanism of alfalfa exposed to AM fungus to improve tolerance to disease, including phenylpropanoid biosynthesis, glutathione and phenylalanine metabolism, and other resistance- related genes (Li et al., 2019).

The common vetch, Vicia sativa cv. Lanjian No. 3, is a new cultivar bred by Lanzhou University, Lanzhou, China. This cultivar is a major type of green manure and legume forage crop grown in the Tibet Plateau of China and can be harvested for seeds in this area, which has an altitude of more than 4,300 m. Anthracnose is a new disease of this variety that causes severe damage to common vetch growth and production. There is currently no effective method to control this disease. In addition, there is little research focus on the interactions among pathogens, green manure crops, and AM fungi, particularly the analysis of plant defense responses using RNA-seq. Therefore, it is important to find an effective method to control the disease, particularly one that is environmentally friendly. One possibility is the application of AM fungi. A pot experiment was designed to evaluate the effects of an AM fungus on the severity of common vetch anthracnose caused by C. lentis using RNA-seq. We hypothesize that (i) the AM fungi will improve plant growth and general health, and (ii) the AM fungi will increase the activity of enzymes and gene expression involved in pathogen defense, thus decreasing the severity of anthracnose.



MATERIALS AND METHODS


Plant and Fungal Materials

The seeds used in this study were common vetch (Vicia sativa cv. Lanjian No. 3), supplied by Forage and Turfgrass Seed Testing Center, Ministry of Agriculture and Rural Affairs, Lanzhou, China. The pathogen, Colletotrichum lentis, was isolated from diseased common vetch in Qingyang, Gansu Province, China. The AM fungus used in the experiments was Sieverdingia tortuosa (N.C. Schenck & G.S. Sm.) Błaszk., Niezgoda & B.T. Goto, previously Glomus tortuosum (Błaszkowski et al., 2019) and was provided by the Bank of Glomeromycota in China (Beijing). The inoculum of S. tortuosa was cultured in a pot of mature white clover (Trifolium repens). A total of 20 g of inoculum with 100 spores g–1 were added to each pot for mycorrhizal treatment (AM), and then 20 mL of sterilized water was added to each of the pots. For the non-inoculated mycorrhizal control plants’ (NM) treatments, 20 g of sterilized inoculum was added with 20 mL solution of the inoculum that contained microbes excluding the AM fungus, which was added to the soil with a previously prepared microbial filtrate (50 μm) as described by Gao et al. (2018).



Growth Medium

We obtained the soil from a field in which common vetch was grown, and it was sterilized in an autoclave at 121°C for 2 h. We sieved the sand through a 2 mm sieve and sterilized it in an oven at 180°C for 24 h. The medium was composed of a 1:3 mix of soil and sand; the total N was 15.78 mg⋅kg–1. [The total P was 18.11 mg⋅kg–1, and the pH was 7.1.]. Before transplanting the seedlings, 20 mL solution of the non-sterilized field soil that contained microbes with the exception of the AM fungus was added to the growth medium as a microbial filtrate (50 μm).



Experimental Design

A crossed, two-factor experiment was designed as follows: AM fungus (two treatments: inoculated; uninoculated) × C. lentis (two treatments: inoculated, uninoculated) = a total of four treatments (NM, NMP, AM, and AMP). Each treatment was conducted with six pots. Therefore, a total of 24 pots were planted in this experiment. C. lentis was inoculated onto half of each AM and NM treatment 37 days after the emergence of common vetch.

Common vetch seeds were surface-sterilized with 10% H2O2 for 5 min and rinsed three times with sterilized water. The sterilized seeds were evenly placed in a petri dish and left in the dark at 25°C for 24 h. Six seeds were planted in each pot, and the plants were thinned to four plants per pot after 7 days of growth. After 37 days of growth in a greenhouse, the pathogens were inoculated as described by Li et al. (2019) with some modifications. Specifically, the C. lentis suspension contained ∼108 CFU⋅mL–1 conidia, with two drops of Tween-20 added to the conidial suspension for inoculation. The suspension (20 mL per pot) was sprayed on the plant, which had been wounded on the leaves and stems with insect needles. The plant was then covered with a black plastic bag for 48 h to retain moisture. Plants uninoculated with pathogens were wounded as described and sprayed with sterile water instead of the spore suspension.

The experiment was conducted in a greenhouse (23–28°C day/20–25°C night) with a radiation range of 480–850 mmol/m2⋅s during the growth period (day 14 h/night 10 h). The plants were watered with tap water to ensure that the soil moisture was maintained at 60% of the maximum field water capacity. Each week, 100 mL of modified Hoagland nutrient solution (without phosphorus) was added to the pots. Growth was monitored regularly throughout the experiment by counting the number of leaves on each plant, measuring its height, and counting the number of branches on each plant. The disease incidence was recorded every 3 days (Gao et al., 2018). The disease index was recorded, and the plants were harvested 18 days after inoculation with the pathogen. The disease index was recorded by visual inspection of the leaf grade by percentage of lesion area to leaf area and divided into the following six levels: 0, no disease spots; 1, ≤5% of the total leaf area covered with necrotic spots; 2, 6–20%; 3, 21–50%; 4, 51–75%; and 5, >75%. Disease index = 100 × [Σ (number of diseased leaves × level of disease)/(total number of leaves × 5)].



Plant Harvest and Measurement

At harvest, fresh shoots of the plant were divided into eight parts, and 0.2 g was randomly selected and stored at −80°C in liquid nitrogen for subsequent RNA-seq analysis. Then, 0.2 g of shoots were sampled to measure the activities of SOD, polyphenol oxidase (PPO), and POD as previously described (Li, 2000). Five approximately 0.2 g subsamples of shoots were used to detect chitinase activity (Yang et al., 2011), JA (Wang, 2006), SA (El-Beltagi et al., 2017), MDA (Wang, 2006), and proline (Zhang et al., 1990), respectively. In addition, 0.5 g of shoots was used to re-isolate the pathogen C. lentis to meet Koch’s postulates (Li et al., 2019). The remaining portion of the shoots was used to determine the dry weight (from the fresh weight: dry weight ratios of the subsamples). The AM colonization and colonization intensity, disease incidence, disease index, proline, and MDA content were measured using six pots of each treatment. The assays of PPO, POD, SOD, and chitinase, the contents of JA and SA, and transcriptome sequencing used three replicates that were randomly selected from six replicates of each treatment.

The plant roots were carefully washed to determine the root area using a root scanner (Expression 11000XL, Epson, Beijing, China). Approximately 0.2 g of roots was used to determine the extent of AM colonization (Giovannetti and Mosse, 1980). The remaining portion of the collected roots was used to determine the dry weight (based on total fresh weight and sample dry weight).



Transcriptome Sequencing


RNA Extraction

Approximately 0.2 g of plant leaves were randomly sampled, added to cryotubes, quickly frozen in liquid nitrogen, and stored at −80°C. TRIzol Reagent (ThermoFisher Scientific, Waltham, MA, United States) was used to extract total RNA from the leaf tissue. To remove the DNA, RNA samples were treated with DNase I. A Qubit RNA assay kit (ThermoFisher Scientific) was used to determine the purity of the total RNA samples, and their integrity was assessed on an Agilent Bioanalyzer 2100 system (Agilent Technologies, Carpinteria, CA, United States).



cDNA Library Construction and Sequencing

Total RNA was extracted for cDNA synthesis. The cDNA library was constructed using an NEBNext UltraTM RNA Library Preparation Kit (NEB, Beverly, MA, United States). The cDNA library was sequenced using a HiSeq X Reagent Kit on a Hi-seq X-10 (Illumina, San Diego, CA, United States), according to the RNA-seq instructions, to generate an 150 bp paired end original reading.



Analysis of the RNA-seq Data

RNA-seq data analysis was conducted by filtering out low quality reads. Trinity was used for the de novo assembly of clean reads, and then Tgicl was used to cluster and reduce the assembled transcripts twice to finally obtain All-Unigenes. BUSCO Bowtie2 was used to compare clean reads to the reference gene sequence. RSEM was then used to calculate the levels of expression of the genes and transcripts. Unigenes were then functionally annotated (KEGG, GO, and NR) after each sample in All-Unigene. The expression levels were calculated based on the genes that were differentially expressed between the different treatments. Fragments Per Kilobase per Million (FPKM) was used to describe the level of gene expression (Trapnell et al., 2010).



Analysis of Differentially Expressed Gene

The DESeq package was used to identify the Differentially Expressed Gene (DEGs; Wang et al., 2010). Significant differences in gene expression were determined using the FDR threshold < 0.05 and the absolute value of log2 (fold change) ≥ 1 (Zhuang et al., 2018). To determine the primary biological functions and pathways of DEGs, the R function phyper were used for the Gene Ontology (GO) database and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses (Fu et al., 2018). GO analysis was mapped using the R 3.5.2 “ggplot2” package and was performed on all the DEGs. The DEGs were annotated in the GO database and assigned to three main categories. Gene expression calorimetry maps were generated using the R 3.5.2 “Pheatmap” package.



Real-Time Quantitative Polymerase Chain Reaction Validation

To verify the results of the transcriptome analysis, Quantitative Polymerase Chain Reaction (qRT-PCR) was used to measure the levels of expression of eight selected genes related to plant defense. Each gene verification was conducted using three independent biological replicates. cDNA was synthesized from the extracted total RNA using the TUREscript 1st Stand cDNA SYNTHESIS kit (Aidlab, Shanghai, China). qTOWER 2.0/2.2 quantitative/real-time PCR thermocycler (Germany) was used to perform the qRT-PCR assays. The qRT-PCR reaction system consisted of 5 μL of 2XYBR® Green Supermix, 1 μL of cDNA, 0.5 μL of primer, and 3 μL of ddH2O in a total volume of 10 μL. Then, qRT-PCR was performed as follows: 95°C, 3 min; 95°C, 10 s; 58°C, 30 s, 39 cycles, followed by a melting curve (60°C to 95°C, +1°C per cycle, holding time 4 s). The qRT-PCR was conducted in triplicate to eliminate effects such as the noise from machine equipment, and the 2–ΔΔCT method was used to calculate the relative expression level of the genes (Livak and Schmittgen, 2001). qPCR was mapped using Microsoft Excel (Redmond, WA, United States).



Statistical Analysis

Data were presented as the means ± standard errors of six replicates, with the exception that the transcriptome sequencing was conducted using three replicates. The data were analyzed using an analysis of variance (ANOVA) with JMP 4 statistical software (SAS Institute, Inc., Cary, NC, United States) at the 0.05 probability level. Data for the percent of AM colonization were ARCSIN-transformed to achieve normality.



RESULTS


AM Fungus Colonization

No mycorrhizal structure was detected in the NM treatment (Figure 1). The percentage of AM colonization and colonization intensity in the roots of V. sativa were 69.17% and 33.32% in the AM treatment, respectively. Infection with C. lentis reduced the percentage and intensity of AM colonization by 22.9% and 33.73% (P < 0.05), respectively.
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FIGURE 1. AM colonization (A) and colonization intensity (B) in the roots of common vetch. NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NMP = NM inoculated with C. lentis, and AMP = AM inoculated with C. lentis. Different lowercase letters on the bars means there is significant difference across treatments at P < 0.05 by Tukey’s HSD test.




Assessment of Disease Severity

At the third day of pathogen inoculation, NM plants showed typical necrotic spots, whereas necrotic spots occurred on the sixth day in AM plants (Figure 2). The disease incidence of the NM treatment was 23.82% higher than that of the AM treatment. Subsequently, the disease incidence in both the NM and AM treatments continued to increase, reaching 47.30% and 19.77%, respectively, on the 18th day of the pathogen inoculation. The disease incidence of the AM treatment was always lower than that of the NM treatment. The disease incidence and disease index of the NM treatment were 53% and 40.77% (P < 0.05) higher than that of the AM treatment on the 18th day after inoculation, respectively.
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FIGURE 2. Disease incidence (A) and disease index (B) of common vetch anthracnose under arbuscular mycorrhizal and disease treatments. NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NMP = NM inoculated with C. lentis, and AMP = AM inoculated with C. lentis. Different lowercase letters on the bars means there is significant difference across treatments at P < 0.05 by Tukey’s HSD test.




Plant Growth

Colonization with the AM fungus significantly increased the height of common vetch shoots and the length of common vetch roots. In particular, the root biomass and height of AM plants were 87.79% and 58.08% higher than that NM plants, respectively. The AM fungi increased the length of the shoots. However, there were fewer branches of the plant than those of the NM plants. Thus, the biomass of the AM and NM plants was the same. In addition, the root length and root area of the AM plants were 42.32% and 71.96% greater than that of NM plants, respectively, (P < 0.05). Pathogen infection had no significant influence on plant growth owing to the short period of the infection of pathogen (Table 1).


TABLE 1. Effects of AM fungus S. tortuosa and C. lentis on the growth of common vetch.
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Plant Enzyme Activities and Chemical Contents

Superoxide dismutase and PPO are important antioxidant enzymes in plants. Common vetch that had been colonized with AM fungus presented higher chitinase, SOD, POD, and PPO activities than those of the NM (Figure 3). The chitinase and POD activities of plants in the AM treatment increased by 95.21% (P < 0.05) and 24.15% (P < 0.05), respectively. Chitinase, POD, and PPO of plants in the AMP were 52.64% (P < 0.05), 23.10% (P < 0.05), and 36.55% (P < 0.05) higher than that of the control, respectively.
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FIGURE 3. Chitinase (A), superoxide dismutase (B), peroxidase (C), and polyphenol oxidase (D) activity of common vetch under arbuscular mycorrhizal and disease treatments. NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NMP = NM inoculated with C. lentis, and AMP = AM inoculated with C. lentis. Different lowercase letters on the bars means there is significant difference across treatments at P < 0.05 by Tukey’s HSD test.


The AM fungus exhibit increased the contents of JA, SA, and proline in healthy plants by 81.72, 56.39, and 143.44% (P < 0.05) and significantly decreased the content of MDA by 73.68% (P < 0.05) when they were compared with the NM treatment. Pathogen infection and treatment with the AM fungus (AMP) resulted in the highest levels of plant defense-related materials. Common vetch infected with the pathogen (AMP and NMP) had relatively higher contents of JA, SA, proline, and MDA (Figure 4). The combined AM and pathogen treatment significantly increased the levels of JA and proline in the plant by 38.84% and 115.57% (P < 0.05), respectively, and significantly decreased the content of MDA by 58.27% (P < 0.05) compared with AM alone. These compounds are closely related to the resistance of plants to pathogens, and their increase is consistent with the higher activities of SOD, POD, and PPO.
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FIGURE 4. Jasmonic acid (A), salicylic acid (B), proline (C), and malondialdehyde (D) contents under arbuscular mycorrhizal and disease treatments. NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NMP = NM inoculated with C. lentis, and AMP = AM inoculated with C. lentis. Different lowercase letters on the bars means there is significant difference across treatments at P < 0.05 by Tukey’s HSD test.




RNA-seq and Mapping

After removing the low-quality sequences, joint contamination sequences, and reads with unknown base N content sequences, a total of 132.65 Gb of data was obtained using the BGISEQ-500 platform. An average of 74.62 Mb, 73.24 Mb, 74.18 Mb, and 72.72 Mb clean reads from NM, AM, NMP, and AMP, respectively, were obtained. The percentage of GC content in the treatments was similar (39.62%). The Q20 and Q30 percentages were greater than 97.19% and 89.11%, respectively. Using Bowtie2, 18.3–21.15% of the clean reads were mapped to the reference genome (Supplementary Table 1).

The length distribution of the unigenes is shown in Supplementary Figure 1. After assembly and redundancy, 108,035 unigenes were obtained. An average of 43,218.33, 46,833.33, 47,213, and 46,833.33 unigenes were obtained from the NM, AM, NMP, and AMP treatments, respectively. The average length of the unigenes was 1,659 bp.



Analysis of DEGs Resulting From Different Treatments

To explore the changes in the transcriptional level of the transcriptome of common vetch inoculated with AM fungus and anthracnose, a q value ≤ 0.05 and | log2 (fold change) | ≥1 was used to determine the significant difference in the level of expression of the genes in different treatments. A total of 20,886 to 34,837 DEGs were screened in the four treatment groups, with 17,577, 16,249, 13,951, and 12,671 upregulated expression in the NM-AM, NM-NMP, AM-AMP, and NMP-AMP treatments, respectively. In addition, 10,294, 10,511, 20,886, and 17,522 DEGs were downregulated in NM-AM, NM-NMP, AM-AMP, and NMP-AMP, respectively, (Figure 5).
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FIGURE 5. Analysis of DEGs in common vetch in NM-AM (A); NM-NMP (B); AM-AMP (C); and NMP-AMP (D). NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NMP = NM inoculated with C. lentis, and AMP = AM inoculated with C. lentis. The x-axis represents the change in gene expression folds in different samples, the y-axis represents the statistical significance of the difference in gene expression changes in the sample; the red dot indicates the up-regulated gene with significant differential expression; the blue dot indicates the up-regulated gene with significant differential expression.




Differential Gene Statistics of Pathogenesis-Related Proteins

Pathogenesis-related (PR) protein transcripts accumulated in plants infected with C. lentis. Compared with the NM treatment, PR-1, PR-4, PR-5, PR-10, PR-bet VI, and PR-12 were significantly upregulated in the NMP treatment (Table 2). Furthermore, PR protein genes, including PR-1, PR-5, PR-10, PR-bet VI, and PR-12, were significantly upregulated in the AMP treatment compared with that of the NMP (Table 3).


TABLE 2. Genes regulating PR proteins in the NM vs NMP.
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TABLE 3. Genes regulating PR proteins in the NMP vs AMP.
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GO Analysis

In the NMP and AMP comparison, 3,213 GO categories were identified, of which 87 GO categories were significantly enriched (q-value ≤ 0.05). For the molecular function, cellular component, and biological process, 48, 8, and 31 GO terms were significantly enriched, respectively. In the NM and NMP comparison, the most significantly enriched DEGs in the three major functional categories, molecular function, cellular component, and biological process, were 24, 16, and 13, respectively. GO enrichment analysis identified 3,013 GO categories, of which 31 were significantly enriched in the NM-NMP treatment group (q-value ≤ 0.05). In addition, 18, 3, and 10 GO terms were significantly enriched in MF, CC, and BP, respectively.

Some GO categories that were significantly enriched (q-value ≤ 0.05) in the NM-NMP treatment group and NMP-AMP treatment group were selected (Figure 6). In the NM and NMP comparison, a total of 576, 163, 373, 103, 14, and 137 genes were enriched for plasma membrane (GO:0005886, q-value = 0.000565246), extracellular region (GO:0005576, q-value = 0.01765339), signal transduction (GO:0007165, q-value = 0.000113079), response to stress (GO:0006950, q-value = 0.000439065), ABA binding (GO:0010427, q-value = 0.03836736), and calmodulin binding (GO:0005516, q-value = 9.15E-06; Figure 6A). In the NMP and AMP comparison, a total of 7, 21, 13, 19, 40, 13, and 34 genes were enriched in the MCM complex (GO:0042555, q-value = 0.01763115), lignin catabolic process (GO:0046274, q-value = 0.002234576), chitin catabolic process (GO:0006032, q-value = 0.0125329), cellulose catabolic process (GO:0030245, q-value = 0.003835744), enzyme inhibitor activity (GO:0004857, q-value = 0.002680624), chitinase activity (GO:0004568, q-value = 0.01604237), and pectinesterase activity (GO:0030599, q-value = 0.022718), respectively. The expression of all the genes enriched in the MCM complex and lignin catabolic process were significantly upregulated (Figure 6B).
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FIGURE 6. GO enrichment analysis in NM-NMP (A) NMP-AMP (B). NM = uninoculated with S. tortuosa, NMP = NM inoculated with C. lentis.




KEGG Analysis

Using KEGG pathway annotation, all the metabolic pathways in each treatment were analyzed. In the NM and NMP comparison, 10,590 DEGs were annotated, accounting for 39.57% of the total number of DEGs. These DEGs were enriched in 133 metabolic pathways. The most significant metabolic pathways for the enrichment of DEGs were selected (q-value < 0.05; Figure 7A), namely, plant-pathogen interaction (ko04626), mitogen-activated protein kinase (MAPK) signaling pathway-plant (ko04016), phenylpropanoid biosynthesis (ko00940), flavonoid biosynthesis (ko00941), glycerophospholipid metabolism (ko00564), vitamin B6 metabolism (ko00750), glycerolipid metabolism (ko00561), isoflavonoid biosynthesis (ko00943), and riboflavin metabolism (ko00740). In the NMP and AMP comparison, 11,948 DEGs were annotated into 133 specific metabolic pathways, accounting for 39.57% of the total number of DEGs. The top 10 metabolic pathways with the most significant enrichment of DEGs were screened (Figure 7B; q-value < 0.05), resulting in phenylpropanoid biosynthesis (ko00940), MAPK signaling pathway – plant (ko04016), plant-pathogen interaction (ko04626), starch and sucrose metabolism (ko00500), glycolysis/gluconeogenesis (ko00010), plant hormone signal transduction (ko04075), alpha-Linolenic acid metabolism (ko00592), Pentose and glucuronate interconversions (ko00040), RNA polymerase (ko03020), and indole alkaloid biosynthesis (ko00901).
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FIGURE 7. KEGG pathway enrichment analyses in NM-NMP (A) NMP-AMP (B). NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NMP = NM inoculated with C. lentis, and AMP = AM inoculated with C. lentis.




Transcript Levels of the Genes Related to Phenylpropanoid Biosynthesis

Transcriptional expression profiles of the genes that control the phenylpropanoid biosynthetic pathway is illustrated in Figure 8. The results obtained in this study indicate that the levels of expression of CL5210.Contig32_All (phenylalanine ammonia-lyase-like protein), CL10957.Contig1_All (dirigent protein 22-like), CL5210.Contig27_All (phenylalanine ammonia-lyase-like protein), and CL5210.Contig6_All (hypothetical protein TSUD_337780) in the AMP treatment were higher than those in the other treatments during the process of phenylalanine synthesis of cinnamic acid. The levels of expression of CL6109.Contig4_All (CoA ligase-like protein) and CL112.Contig2_All (CoA ligase-like protein) in the AMP treatment were higher than other treatments during the process of cinnamic acid synthesis, cinnamoyl-CoA and p-coumaric acid, and the synthesis of p-cinnamoyl-CoA. During the process of cinnamic acid synthesis, p-coumaric acid, and p-cinnamoyl-CoA to flavonoid biosynthesis, the expression of Unigene31259_All (glycoside hydrolase family 1 protein) in the AMP treatment were higher than that in the other treatments.
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FIGURE 8. Regulating genes expression and graphical overview of the phenylpropane biosynthesis. NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NMP = NM inoculated with C. lentis, and AMP = AM inoculated with C. lentis.




qRT-PCR

Eight DEGs were randomly selected for qRT-PCR validation to verify the reliability of DEGs in transcriptome sequencing results (Supplementary Figure 2 and Supplementary Table 2). The results showed that there were Unigene10226_All, Unigene16284_All, CL672.Contig2_All, CL7746.Contig4_All, and CL9889.Contig3_All DEGs. These five DEGs were consistent with those of transcriptome (RNA-seq) sequencing. The expression levels of CL672.Contig2_All and CL7746.Contig4_All were the same in the RNA-seq and qRT-PCR experiment. The level of expression of Unigene10226_All and CL9889.Contig3_All in RNA-seq and qRT-PCR were the highest in the treatment inoculated with S. tortuosa and C. lentis. RNA-seq and qRT-PCR of Unigene16284_All were the highest in the treatment inoculated with S. tortuosa.

The remaining genes were inconsistent in both the RNA-seq and qRT-PCR analyses, which is because some genes have a particularly complex transcript format, whereas in RNA-seq, different transcripts are routinely combined into one transcript. In the qRT-PCR validation, if the primers were not designed in the transcript shared exon of the gene, only some specific transcripts were covered, resulting in a lack of sensitivity and discrimination in the primers and inaccurate expression of the qPCR. In this study, half of the DEGs were found to be very similar in the qRT-PCR and RNA-seq analyses, indicating that RNA-seq sequencing data were highly reliable.



DISCUSSION

In this study, transcriptome analysis (RNA-seq) was used to reveal the effects of AM fungus on anthracnose in common vetch caused by C. lentis. The colonization of AM fungus improved the growth of plant roots with changed morphology of the aboveground part of the plants. It further increased plant defense enzyme activity, such as chitinase and PPO, enhanced disease-related protein gene expression, and reduced the concentration of MDA, to improve the resistance of the plant to C. lentis. Relevant defense genes, such as those encoding chitinase, were upregulated in plants inoculated with S. tortuosa. Our hypothesis that the AM fungus improves plant growth and decreases the occurrence of common vetch anthracnose was confirmed.

Mycorrhizal structures were observed in the roots of AM treatments, but no mycorrhizal structures were observed in the non-inoculated roots, which indicated that the inoculation of AM fungus was successful. Pathogen infection significantly reduced the percentage of AM colonization and colonization intensity. A previous study showed that the disease can cause the blockage of the vascular system, resulting in xylem pressure that increases the hydraulic resistance of the vascular system and reduces the photosynthesis rate, thereby reducing the supply of photosynthetic products to the roots (Corriveau and Carroll, 1984). Disease can also reduce the expression of genes related to photosynthesis (Li et al., 2019), thus reducing the C provided to the AM fungus. The reasons described above may have caused the decline of AM fungus after infection with C. lentis. The colonization with AM fungus resulted in a delay in the onset of disease, and the incidence and disease index were reduced in plants during the experiment. This evidence indicated that there was competition between the AM fungus and pathogen at the beginning of infection. The inhibitory effects of the AM fungus to the pathogen were visible in the growth of the plant. The reduction in the disease incidence and disease index was consistent with previous studies on alfalfa leaf spot caused by P. medicaginis (Li et al., 2019). Treatment with the AM fungus can delay the occurrence of plant diseases and reduce the disease incidence and disease index. The AM fungus improved the root growth of plants, resulting in overall “healthier” plants (Table 1). This may be another reason why the AM fungus increased resistance to the pathogen (Gao et al., 2018). In addition, infection by the pathogen did not decrease the biomass of plant. The reason is that the disease primarily causes leaves to fall in the field during the later growth period, thus, causing the yield loss of biomass. However, fallen leaves were not observed owing to the short time in our greenhouse pots experiment. The plants were more sensitive to pathogen stress at the occurrence of early stages of the disease.

Chitinase can decompose chitin exposed to the tip of fungal hyphae and directly participates in plant disease resistance (Selitrennikoff, 2001). This study found that the chitinase activity of the plant was significantly increased after the plants were infected by the pathogen. The AM fungus significantly increased the amount of chitinase activity in the diseased plants. The results show that, when infected by the pathogen, the increase in chitinase activity is an important way for plants to resist pathogens. The AM fungus promotes the ability of plants to be resistant to pathogens by regulating chitinase activity. An increase in the content of proline was conducive to protecting the transformation and destruction of proteins, increasing the activity of proteases, and strengthening plant resistance to stress (Zhu et al., 2009). Our research found that the AM fungus significantly reduced the content of MDA of plants and increased the content of proline, thus reducing the degree of disease stress in common vetch. PPO covalently regulates nucleophilic amino acids through quinones to form an anti-nutritional mechanism, allowing plants to directly resist pathogens (Duffey and Felton, 1991). In this study, pathogens significantly increased PPO activity in all the plants, and the PPO activity of the AMP treatment was significantly higher than that of the NMP treatment, indicating that the AM fungus may enhance the resistance of plants to pathogens by increasing the activity of PPO in the plants. POD and SOD are plant antioxidant enzymes (Li et al., 2019). We found that pathogens significantly increased the activities of POD and SOD in plants, suggesting that plants may improve their defense to pathogens by enhancing the activities of these enzymes. However, the ability of antioxidant enzymes to scavenge active oxygen free radicals against disease is limited. It is not the only way for plants to resist pathogens; it can be combined with other ways to resist pathogen infection (Xia et al., 2015; Wang X. Y. et al., 2019). Several plant hormones are known to mediate plant defense responses against pathogens (Verma et al., 2016), of which the increase in concentration of SA and JA helps to enhance the activities of POD and PPO (Moosa et al., 2019). The results showed that inoculation with the AM fungus increased the concentrations of JA and SA in plants infected with pathogens. This supports the results that AM fungi increase PPO activity in diseased plants. In addition, both JA and SA can induce plant resistance and specific gene expression, synthesize related defense proteins, such as PAL and PR-1, and promote plants to produce defense-related substances, such as lignin, thereby improving plant disease resistance (Wang et al., 2000; Wasternack and Hause, 2002). Increasing the expression of genes related to disease resistance hormones in plants is a response of plants to a pathogen.

PR proteins usually accumulate when plants are exposed to pathogens (Liu and Ekramoddoullah, 2006). The production and accumulation of PR proteins play an important role in the resistance of plants to biological stress (Wen et al., 2008). The results of the transcriptome analysis showed that the AM fungus enhanced the expression of genes for PR proteins. PR proteins in diseased plants, including PR-1, PR-4, PR-5, PR-10, and PR-12, were significantly upregulated in the common vetch infected with C. lentis. PR-5 and PR-12 also have antifungal activity (Lay and Anderson, 2005; Misra et al., 2016). The biological activity of PR-1 is uncertain, but it may be induced by pathogens to enhance the plant’s defensive state (Loon and Strien, 1999). PR-4 and PR-10 are important in defense against pathogens (Park et al., 2003; Caporale et al., 2004). The expression of genes that regulate PR proteins was improved in the NMP and AMP treatments, indicating that pathogens may induce the defense system of a plant. Our results showed that the AM fungus improved the resistance of plants to pathogens by regulating PR proteins, since the expression of their genes was upregulated. It was worth noting that JA and SA can induce PR protein-related gene expression in plants (Irigoyen et al., 2020). The upregulation of the genes for PR proteins in AM plants is linked with the higher concentrations of JA and SA in the plant shoots.

The GO analysis found eight up-regulated DEGs that encoded chitinase activity in the NMP-AMP treatment. This resulted in the rich GO term “chitinase activity” (GO: 0004568), which was not found in the NM-NMP treatment. The activity of chitinase in common vetch infected with C. lentis or inoculated with S. tortuosa was greater, which was consistent with our transcriptome results. These findings indicated that the genes involved in chitinase activity were upregulated, and AM fungi play an important role in regulating the expression of chitinase-related genes and enhancing plant disease resistance. Signal transduction is a key process for plants to defend against pathogens by activating a multi-component defense response (Scheel, 1998). ABA can suppress the necrosis of plant tissue caused by pathogen infection (Ersek et al., 1991). Compared with healthy plants, common vetch infected with C. lentis exhibited an upregulation in the genes related to the GO terms “signal transduction” (GO: 0007165), response to pressure (GO: 0006950), and ABA binding (GO: 0010427). The AM fungus may regulate plant multi-component defense responses to enhance plant resistance to pathogens and reduce plant tissue necrosis. This provides additional evidence that the AM fungus reduces plant morbidity and disease index.

The MAPK cascade is an important defense signaling pathway for plants to defend themselves against pathogens (Yoshioka et al., 2009). Plants have a complex network of hormone signals to protect themselves against pathogens (Berens et al., 2017). According to the KEGG pathway analysis, AMP-NMP exhibited upregulation in the genes related to phenylpropanoid biosynthesis (ko00940), plant MAPK signaling pathway (ko04016), plant-pathogen interaction (ko04626), and plant hormone signaling (ko04075) compared with NM-NMP. The upregulation of these genes in AM plants indicates that the AM fungus plays an important role in the response of plants to pathogens. The phenylpropanoid biosynthetic pathway was shown to be involved in the synthesis of secondary metabolites and is a crucial step in plant defense responses (Dixon et al., 2002). The phenylpropanoid biosynthesis pathway occurs by the action of phenylalanine ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate: CoA ligase (4CL). PAL not only enhances the defense of plant cell walls but also promotes disease-related proteins such as chitinase (Singh et al., 2016). The products of the 4CL reaction can be used for the synthesis of flavonoids and lignin (Lee et al., 1995), and participate in the defense of plants against pathogens (Zuniga et al., 2019). The AM fungus increased the content of salicylic acid in diseased plants. which will upregulate gene expression in the phenylpropanoid biosynthetic pathway, thus promoting the synthesis of phenylalanine in plants (Zhou et al., 2018). Our results also showed that PAL and 4CL-related genes were more highly expressed in AMP treatments than other treatments, which supports the association between SA and the phenylpropanoid biosynthetic pathway.

In conclusion, this study first reports the transcriptomic characteristics of a new disease of common vetch infected with C. lentis and inoculated with S. tortuosa. The AM fungus promoted the root growth of common vetch with a changed morphology of plants. They increased the activity and concentrations of plant defensive enzymes, such as chitinase and PPO, increased the concentrations of jasmonic acid and proline, and regulated the expression of genes related to defense against pathogens which reduced the severity of anthracnose in common vetch. The RNA-seq results were consistent with molecular and physiological changes related to plant defense. This study expanded our knowledge of how AM fungi affect the responses of a green manure plant to a pathogen and provides a reference for future studies on common vetch.
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Light, water and healthy soil are three essential natural resources required for agricultural productivity. Industrialization of agriculture has resulted in intensification of cropping practices using enormous amounts of chemical pesticides and fertilizers that damage these natural resources. Therefore, there is a need to embrace agriculture practices that do not depend on greater use of fertilizers and water to meet the growing demand of global food requirements. Plants and soil harbor millions of microorganisms, which collectively form a microbial community known as the microbiome. An effective microbiome can offer benefits to its host, including plant growth promotion, nutrient use efficiency, and control of pests and phytopathogens. Therefore, there is an immediate need to bring functional potential of plant-associated microbiome and its innovation into crop production. In addition to that, new scientific methodologies that can track the nutrient flux through the plant, its resident microbiome and surrounding soil, will offer new opportunities for the design of more efficient microbial consortia design. It is now increasingly acknowledged that the diversity of a microbial inoculum is as important as its plant growth promoting ability. Not surprisingly, outcomes from such plant and soil microbiome studies have resulted in a paradigm shift away from single, specific soil microbes to a more holistic microbiome approach for enhancing crop productivity and the restoration of soil health. Herein, we have reviewed this paradigm shift and discussed various aspects of benign microbiome-based approaches for sustainable agriculture.
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INTRODUCTION

The health of soil plays an essential role in the ability of plants to produce food, fuel, and fiber for a growing world population. To keep pace, the total area of cultivated land worldwide has increased over 500% in the last five decades with a 700% increase in fertilizer use and a several-fold increase in pesticide use (Banerjee et al., 2019). In addition to being the world’s largest agricultural producers and exporters, the EU, Brazil, United States, and China also are some of the world’s largest pesticide users – each using 827 million, 831 million, 1.2 billion, and 3.9 billion pounds of pesticides, respectively, in 2016 (Donley, 2019). However, these numbers are not sustainable from either a supply-chain or environmental perspective. Thus, because natural resources are limited and their overuse pollutes the environment, the continued use of fertilizers and water to meet the demand of future global food requirements is not sustainable. Of relevance here is that agricultural intensification with high resource use and low crop diversity can negatively affect soil- and plant-associated microbiota (the so-called “phytobiome”) with subsequent impacts on critical ecosystem services (Matson et al., 1997).

There is growing evidence that aboveground plant diversity supports belowground microbial biodiversity, primarily through root exudation and rhizo-deposition (Bais et al., 2006; Eisenhauer et al., 2017; Morella et al., 2020). These more simple carbohydrates released into the soil primarily feed bacteria (Gunina and Kuzyakov, 2015) and are the most abundant near the root surface and diffuse along a gradient as distance from the root increases (Gao et al., 2011). The microbial composition is more abundant and complex in the rhizosphere, the narrow zone surrounding plant roots, with up to 109 cells per gram in typical rhizospheric soil, comprising up to 106 taxa (Lakshmanan et al., 2017). The more complex carbohydrates (e.g., lignin, cellulose) are largely degraded by decomposer fungi that break down these recalcitrant compounds into forms that can be used by other microbes. This conversion is largely decoupled from conventional agricultural practices, wherein the organic matter content is often lost to the system (Craven and Ray, 2019), and the carbon flux is at least partially unregulated in this regard. Again, defining nutrient fluxes with techniques like Stable Isotope Labeling (SIP) holds great potential to define and construct resilient, functioning and beneficial microbiomes that can contribute to future holistic agriculture. Thus, applying an efficient and diverse soil microbiome backed by these new technologies can facilitate and promote sustainable agriculture and can effectively contribute to meet the triple requirements of economic, social and environmental sustainability (Ray and Craven, 2016).

Historically, microorganisms that promote plant growth and nutrient acquisition have been used largely as single strains in agriculture to offset such fertilizer inputs as nitrogen and phosphorous. However, studies of natural populations suggest that groups of microbes with distinct function niches play pivotal roles in adhering and desorbing inorganic nutrients to physical surfaces, as well as breaking down organic residues and incorporating them into the soil (Lakshmanan et al., 2014; Finkel et al., 2017; Kumar and Dubey, 2020). Conceptually, such observations support the idea of the microbiome as a second genome or an extended genome of the plant (Vandenkoornhuyse et al., 2015). It is now evident that improving plant performance in a sustainable manner is beyond the binary interaction between a specific microbe or a consortium of beneficial microbes and a targeted host plant. This is a much more complex set of interactions than previously thought that requires modeling for improving predictable outcomes. In this review, we will highlight the current state of the art for the incorporation of specific plant growth-promoting microorganisms and discuss the principles and management practices for next-generation, microbiome-based approaches for sustainable agriculture.



APPLICATION OF BENEFICIAL MICROBES IN SUSTAINABLE AGRICULTURE: PAST, PRESENT AND FUTURE

Since the early 1800s, the United States Department of Agriculture has recommended the use of certain rhizobacteria to improve nitrogen fertility in leguminous crops (Schneider, 1892). Since that time, a great deal of research has been conducted on this relationship between legumes and these bacteria, now termed rhizobia, that inhabit unique structures, the nodules, that form on the roots. Rhizobia infecting these nodules are now capable of “biological nitrogen fixation,” whereby di-nitrogen is fixed into forms that can be used by the plant. Symbiotically, the bacteria trade these nitrogenous compounds to the host plant in exchange for photosynthetically derived carbon. Despite these limited applications, much remains to be learned regarding both the functional and taxonomic diversity of these symbiotic bacteria and their host plants, the role they play in the global nitrogen cycle, and ultimately, how they can best be harnessed for improving plant productivity. This is particularly true for marginal lands that are not suited for row crop production but will need to be incorporated into global food and forage production approaches moving forward. Further, such degraded lands must but regenerated with the goal of restoring soil health and productivity. Any successful endeavor in this regard must include a characterization of the soil microbiome, both taxonomically and functionally. Attempts currently are underway to fix nitrogen in such non-legumes as wheat, corn and other staple crops that produce the bulk of human food by engineering symbiotic relationships using synthetic biology approaches (Rogers and Oldroyd, 2014; Ryu et al., 2020). Such approaches would significantly impact global food supplies, and may function adequately to reduce the arable land required to meet productivity goals.

Plant growth-promoting microbes not only play critical and diverse roles in growth promotion per se, but also in improving various aspects of plant resilience against a wide array of biotic and abiotic stresses (Arnold et al., 2003; Sun et al., 2010; Agler et al., 2016; Azad and Kaminskyj, 2016; Singh, 2016; Oleńska et al., 2020; Rai et al., 2020). In this context, researchers globally have worked over the last several decades on plant growth-promoting microorganisms, such as root-associated mycorrhizal fungi, across a broad range of crops and encompassing a wide range of agro-climatic conditions. For perspective, Brundrett and Tedersoo (2018) recently reviewed 135 years of mycorrhizal research and reported that merely 8% of the vascular plants are non-mycorrhizal, suggesting that plant families associating with mycorrhizae have been very successful over the evolution of the plant kingdom.

Traditionally, agricultural application of beneficial microorganisms involves a few types of well-characterized microbes, such as mycorrhizal fungi or rhizobia bacteria, for which the mechanisms underlying the plant growth promotion effects are well understood. Further, most of these studies focused solely on the ability of the applied microorganisms to facilitate such specific plant growth-promoting traits as phosphate solubilization, nitrogen fixation, ACC deaminase production (Sarkar et al., 2018), siderophore production, biofilm formation, plant hormone production, biotic, and abiotic stress tolerance or resistance, among others (Weyens et al., 2009; Bhattacharyya and Jha, 2012; Singh et al., 2019). While these beneficial microorganisms can impart considerable benefits to plant growth and fitness, they are typically documented in simple, one-on-one studies, often conducted in sterile soils in greenhouse conditions. As a consequence, the effects found in such simplified conditions often fail to translate to more complex field situations (Chutia et al., 2007; Nicot et al., 2011; Parnell et al., 2016). Soil in field plots have more complex microbial environments that are presumably adapted to the local eco-environment.

In recent years, next-generation sequencing has revolutionized our understanding of microbial community composition and function, and together with improved culturing methodologies has greatly facilitated the use of biologicals in the field (Schweitzer et al., 2008; Panke-Buisse et al., 2014; Mueller and Sachs, 2015). Specifically, metagenomics-based approaches have uncovered vast, previously unrecognized populations of microbes that may have new or enhanced properties that could be used for agriculture, bioremediation, and human health. For example, comparative analyses of rhizosphere metagenomes from resistant and susceptible tomato plants enabled the identification and assembly of a flavobacterial genome that was far more abundant in the resistant plant rhizosphere microbiome than in that of the susceptible plants. Such findings certainly reveal a role for native microbiota in protecting plants from phytopathogens, and pave a way forward for the development of probiotics to ameliorate plant diseases akin to human health (Kwak et al., 2018). In another study, a 16S rRNA gene amplicon sequencing analysis of maize root microbiome led to the identification of bacteria that promote growth under low temperature conditions (Beirinckx et al., 2020). Additionally, principles of consortium design that rely on cross-talk, cross-feeding and/or substrate channeling between different microorganisms offer new opportunities for “intelligent” consortia design (Calvo et al., 2014; Vorholt et al., 2017; Paredes et al., 2018). We propose that the manipulation of the plant microbiome holds tremendous potential for agricultural improvement (Table 1). Through recent years of research, it is elucidated how microbes worked in nature before, and how decades of chemical fertilizer use have silenced their ability to improve plant fitness and soil health. Therefore, designing a microbial consortium that carefully weighs and evaluates the relationship between inoculants and the resident microbiome would substantially improve the plant growth-promoting potential and resilience of agricultural biologicals to boost plant growth. In this review, we will discuss the key considerations that would improve the likelihood of microbial products to improve crop yield, decrease disease severity and/or ameliorate abiotic stress response. Further, it is likely that such considerations would reduce the inconsistency between the performances of beneficial microbes from controlled greenhouse conditions and more natural environments.


TABLE 1. List of recent publications in plant and soil microbiome focusing on plant fitness and productivity.
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MICROBES FOR PLANT GROWTH PROMOTION: A REDUCTIONIST APPROACH

Sustainable agriculture primarily focuses on reducing the dependency of plants on chemical fertilizers and improving their ability to grow on marginal soil types. For such purposes, individual microorganisms for plant growth-promotion have largely focused on those that facilitate growth and development by enhancing acquisition of nutrient resources from the environment, including fixed nitrogen, iron and phosphate, or modulating growth by altering plant hormone levels (Figure 1) (Hayat et al., 2010). Another approach aimed at reducing yield losses to disease relies on microbes that decrease or prevent the deleterious effects of plant pathogens by several different mechanisms (Glick, 2012), i.e., by acting as a biocontrol agent. Microbe-based plant growth-promoting products, more popularly marketed as biofertilizer, has been commercially available in many countries since the 1950s (Timmusk et al., 2017). Application of such plant growth-promoting microbes in agricultural context and more specifically as inoculants has been nicely reviewed by Souza et al. (2015). However, under certain cases, the results obtained in the laboratory could not be reproduced in the field primarily due to the presence of many crop species and crop varieties, variable environmental conditions between fields, (Timmusk et al., 2017; Saad et al., 2020), occasionally due to the low quality of the inocula, and their inability to compete with the indigenous population. In that context, it is important to consider the fact that there is always greater likelihood of success by introducing mixed cultures of compatible microorganisms, rather than single, pure cultures. This is simply because each strain in the multi-strain consortium can compete effectively with the indigenous rhizosphere population and enhance plant growth with its partners. For example, sequential inoculation of nitrogen fixing bacterium Azotobacter vinelandii, followed by plant growth-promoting root-endophytic fungus Serendipita indica demonstrated better growth in rice (Dabral et al., 2020). Dual inoculation of S. indica and Mycolicibacterium strains boosted the beneficial effects in tomato (del Barrio-Duque et al., 2019) and that of arbuscular mycorrhizal fungus with plant growth-promoting bacteria Bacillus subtilis demonstrated better growth in wheat (Yadav et al., 2020) as compared to the singly inoculated plants. There also are numerous other reports that showed two strains used in a consortium promoted plant growth in a more effective manner (Nadeem et al., 2013; Fatnassi et al., 2015; Priyadharsini and Muthukumar, 2016). Nevertheless, to unlock the full potential of soil microbes for such nutrient cycling as nitrogen or phosphorus and providing plant protection against biotic and abiotic stress microbiomes, it is necessary to develop strategies to comprehend the functional capabilities of soil microbial communities. Irrespective of the approach, persistence is the first and foremost principle underlying the design of a successful microbial consortium for conferring plant growth promotion. This is not surprising, as the survival and activity of microbes in any soil system face a monumental task of competing with the myriad of microbes naturally adapted to that same soil. Thus, in addition to establishment of a compatible interaction with the host, a successful microbial inoculant has to subsequently compete and persist in the context of indigenous microbes as well as local abiotic conditions (Finkel et al., 2017). It has been reported that bacterial inoculations can persist in soil up to 7 weeks, but whether this inoculum also can provide plant growth benefits is not clear (Schreiter et al., 2014). While persistence or resilience of any microbial inoculum is more dependent on biotic components of a specific soil type, their persistence can be improved by inoculating crops with consortia rather than single strains (Verbruggen et al., 2012; Nemergut et al., 2013). Thus, it can arguably be stated that the diversity of a microbial inoculum, in addition to its plant growth-promoting traits, is critical for enhancing productivity and longevity (Cordero and Polz, 2014).
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FIGURE 1. A schematic comparison between individual microorganism-based reductionist approach and microbial community-based holistic approach.


To improve the likelihood of success for such a management strategy, a priori knowledge of indigenous microbial populations competing with the introduced plant growth-promoting agent(s) is critical. While a reductionist approach can define the currency of individual plant-microbe interactions, the concepts of microbial community survival and functioning require, a more holistic, microbiome-based approach empowered by next-generation sequencing technology to study plant-microbe interactions at the community level (Figure 2). Indeed, this will enable researchers to design more robust, synthetic microbial consortia capable of reliably enhancing agricultural productivity.
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FIGURE 2. Responsiveness as the% gain in plant fitness attribute in response to symbiosis over un-colonized cohorts. This figure illustrates a hypothetical situation wherein genotype A loses less biomass (–20%) in response to soil nutrient limitation than does genotype B (–40%). However, if genotype B for its inherently associated rhizosphere microbiome responds optimally to a mycorrhizal symbiont, then it may be that it loses the least biomass (–10%) due to soil nutrient limitation, if the symbiont is present.% denotes loss in biomass due to soil nutrient limitation.




MICROBIOMES FOR PLANT GROWTH PROMOTION: THE HOLISTIC APPROACH

Soil is a vastly heterogeneous growth medium, providing a wide spectrum of ecological niches for microorganisms that enable diverse strains to coexist and form complex microbial communities. When the earliest plants extended their roots into primordial soils, they encountered a habitat already teeming with bacterial and fungal life (Bulgarelli et al., 2013; Kemen, 2014). Since that early time, plants have interacted with rhizosphere microbes, evolving strategies to forge beneficial alliances with some while keeping others at bay. Such early associations certainly had consequences on plant growth and development. Therefore, a more holistic approach is needed to understand better these microbes and the roles they play in the overall health of plant and soil (Figure 1). Again, recent advances in next-generation sequencing technology and the decreasing costs associated with that technology now allow us to evaluate how microbial populations fluctuate in both space and time or to identify core microbiomes that appear conserved among host genotypes or species (Sergaki et al., 2018). Thus, although culture-independent methods have contributed tremendously to our understanding of plant-associated fungal and bacterial community structures, the study of microbiome functions remains challenging because of the inherent noise of plant-associated microbial communities. It is now well known that there are core sets of microbes that, depending on the host, are recognized as keystone taxa that consistently associate with healthy plants (Banerjee et al., 2018). Consequently, researchers working with specific plant-microbe interactions have increasingly acknowledged the mitigating impact these larger microbial communities have on individual plant-microbe outcomes for plant growth promotion or fitness. Now, plant-associated fungal and bacterial stains from various plant species are being isolated, which will provide in the near future an inestimable resource for assembling taxonomically defined microbial communities with increasing complexity. Therefore, it is now imperative to take advantage of this knowledge to design consortia of microbes to maintain a sustainable rhizosphere community, with key functional properties that include plant protection, nutrient acquisition, and alleviating biotic and abiotic stress responses. From that perspective, synthetic community (SynCom) approaches can provide functional and mechanistic insights into how plants regulate their microbiomes (Figure 1). Not surprisingly, recent culture-independent analyses thus have paved the way for developing SynComs more often (Bodenhausen et al., 2014; Armanhi et al., 2018; Carlström et al., 2019).

Mycorrhizal fungi, at least the arbuscular type, were early symbiotic partners of most land plant species, improving nutritional conditions through soil exploration and pathogen resistance of host plants (Klironomos et al., 2000). In reward for the essential physiological services, they receive ca. 20% of net photosynthetic products from plants (HoÈgberg et al., 2001). Other mycorrhizal systems may have different nutritional benefits and costs, as has been proposed for the serendipitous system (Craven and Ray, 2019). Additionally, third-party partners can modulate the outcome of the tripartite interaction, such as the case of mycorrhizal helper bacteria (Frey-Klett et al., 2007), fungal endobacteria (Bonfante and Desirò, 2017; Bonfante et al., 2019) like Candidatus Moeniiplasma glomeromycotorum within the spores and hyphae of Glomeromycotina (Naito et al., 2017), Rhizobium radiobacter within Serendipita indica (Guo et al., 2017), and N2-fixing endobacteria Pseudomonas stutzeri inside basidiomycetes yeast endophyte Rhodotorula mucilaginosa (Paul et al., 2020). Hence, it is imperative to consider the composition and functioning of these microbe–microbe interactions to understand plant–microbiome associations in a holistic manner.



PRINCIPLES AND MANAGEMENT OF RHIZOSPHERE MICROBIOMES FOR SUSTAINABLE AGRICULTURE


Competence and Resilience of the Rhizosphere Microbiome: Impact of Introduced Microbes on Native Microbiomes

In 1904, the German agronomist and plant physiologist Lorenz Hiltner coined the term rhizosphere (Hartmann et al., 2008) to describe the area around a plant root inhabited by a unique population of microorganisms. Since then, numerous studies have been undertaken to decipher the interplay between plants and rhizosphere microorganisms, encompassing a wide variety of plant growth-promoting bacteria, fungi, insects, protozoans, viruses, etc. (Marschner, 2012; McNear, 2013). The majority of these studies have traditionally followed a simple principle for maximizing successful host infection by pre-inoculation onto the targeted crop of choice to provide a competitive advantage for a desired microbe. Conceptually, this increases the relative abundance of a given beneficial microbe in the rhizosphere, at least temporarily, to achieve the desired benefit. Such studies typically take place in a controlled, artificial condition, such as a defined growth medium in a greenhouse, where competition from a native rhizosphere community is relatively low or non-existent. As mentioned above, this approach occasionally has failed once field application is attempted or the benefits are dramatically reduced in amplitude and/or endurance.

As an example, Lekberg and Helgason (2018) conducted a literature survey of research papers published on mycorrhizal functioning spanning a 30-year period (1987–2017). The most striking finding of this survey was that less than 5% of the work scientifically manipulated mycorrhizal abundance in the field. While we are not arguing the merit of greenhouse-based studies where the number of variables can be controlled and accounted for, yield gains in field conditions will continue to be modest with such an approach. Rhizosphere competence must be evaluated in a field situation if the true power of this approach is to be realized.

Over the last few decades, mycorrhiza-based bio-fertilizers containing one or several species of fungi were developed in forestry and agriculture (Jeffries and Rhodes, 1987; Baraza et al., 2016; Igiehon and Babalola, 2017). These inoculants are generally effective in plant growth promotion under controlled lab and greenhouse conditions. However, few targeted efforts have been made to measure interactions between the introduced microbe(s) and the native mycorrhizal community, let alone the more complex rhizosphere microbiome (Svenningsen et al., 2018; Turrini et al., 2018). To optimize outcomes from these interactions, targeted research must be undertaken to understand how such mycorrhiza-based biofertilizer integrate themselves within the context of the native microbiome.



Integration of Rhizosphere Microbiomes in Plant-Microbe-Nutrient Relationships

The soil microbial community often assists plants by weathering minerals from rock surfaces and degrading recalcitrant soil organic matter whereby soil microbes break down soluble and insoluble organic matter and convert it into inorganic, plant-available forms. Soil organic matter turnover is thus considered a net positive, as it liberates the nutrients locked up in organic matter. For this reason, conventional farming has always relied heavily on soil tillage, along with such other intensive agricultural practices as usage of inorganic fertilizers, herbicides and pesticides. However, it is already clear that such practices have negative consequences on the functional diversity of soil microbiomes. Long-term chemical fertilization has been shown to dramatically decrease the soil pH, which leads to a decrease in bacterial diversity and other changes in microbial community structure (Sun et al., 2015). This was well documented in the work of Kumar et al. (2017), who showed that long-term application of high doses of inorganic nitrogenous fertilizers severely reduces relative abundance, diversity and structure of diazotrophs, which play a key role in converting atmospheric N2 to plant-available ammonium.

As mentioned above, soil bacterial communities play a pivotal role in soil organic matter decomposition. In particular, soil carbon and nitrogen are critical factors for bacteria that rely on soil organic C and N decomposition to obtain energy (Chen et al., 2014; Wild et al., 2014; Tian et al., 2018). Further, different types of soil C selectively manipulate soil microbial community composition, resulting in changes in such belowground ecosystem functions as decomposition and nutrient transfer and creating feedbacks that may affect overall plant growth and productivity (Orwin et al., 2006). For example, bacteria belonging to the genera Chloroflexi, Nitrospirae, and Planctomycetes preferentially feed on recalcitrant organic C, whereas Proteobacteria and Bacteroidetes prefer labile organic C present in the soil (Nie et al., 2018). For this reason, amending the soil with such organic fertilizers as compost or manure contributes to higher microbial diversity and biomass compared to mineral-fertilized soils, which in turn positively impacts soil health (Schmid et al., 2018; Banerjee et al., 2019). Unfortunately, only a few agroecosystem experiments exist that compare organic and conventional management strategies over an extended period for evaluation of impact on soil health and restoration (Raupp et al., 2006; Khatoon et al., 2020). Hartmann et al. (2015) took a metagenomics approach to assess microbial diversity of soil in response to more than 20 years of continuous organic and conventional farming. Not surprisingly, they found that organic farming increased richness, decreased evenness, and shifted the structure of the soil microbiota when compared with conventionally managed soils under mineral fertilization (Hartman et al., 2018; Li et al., 2020b). There also are reports of significant alterations in the microbial community composition of both summer maize and winter wheat in response to increased nitrogen fertilization dose (Wang et al., 2018; Li et al., 2020a). Clearly, a better understanding of the interactions between the soil microbiome and conventional agricultural practices is crucial for the development of sustainable management of soil fertility and crop production.



Managing the Rhizosphere Microbiome to Induce Disease Suppression in Soil

Disease suppressive soils were originally defined by Baker and Cook (1974) as “soils in which the pathogen does not establish or persist, establishes but causes little or no damage, or establishes and causes disease for a while but thereafter the disease is less important, although the pathogen may persist in the soil.” Disease suppressive soils are the best examples of microbiome-mediated protection of plants against root infections by soil-borne pathogens. Such disease-suppressive soils have been described for various soil-borne pathogens, including fungi, bacteria, oomycetes, and nematodes (Mazzola, 2007; Kwak et al., 2018). To date, several microbial genera have been proposed as key players in disease suppressiveness of soils, but the complexity of the microbiome, as well as the underlying mechanisms and microbial traits, remain elusive for most disease suppressive soils (Toyota and Shirai, 2018).

Recently, Carrión et al. (2019) showed that upon pathogen invasion, members of the Chitinophagaceae and Flavobacteriaceae became enriched within the plant endosphere. They proposed that this bacterial population shift led to the induction of enzymatic activities associated with fungal cell-wall degradation, as well as secondary metabolite biosynthesis, all aimed at accelerating and augmenting the plant defense response(s). Although the disease suppressive abilities of certain soils can be at least partially attributed to their physico-chemical properties, the capacity of a soil to suppress disease progression is more often attributed to agri-management practices and crop rotation (Weller et al., 2002). In classic studies by Gerlagh (1968) and Shipton et al. (1973), the authors have shown soil to become disease suppressive after mono-culturing wheat over time. More recently, a comparative metatranscriptome analysis of wheat rhizosphere microbiome grown in fields suppressive and non-suppressive to the plant pathogen R. solani AG8 clearly revealed distinct dominant taxa in these two soil types. Additionally, suppressive samples showed greater expression of polyketide cyclase, terpenoid biosynthesis, and cold shock proteins (Hayden et al., 2018). While development of probiotics for the human gut microbiome has already been an established field of research, the use of probiotics that comprises naturally occurring bacterial antagonists and competitors that suppress pathogens has recently emerged as a promising strategy for disease suppression in soil. A study on application of probiotic consortia that comprised predefined Pseudomonas species reported suppression of the bacterial plant pathogen Ralstonia solanacearum in the tomato rhizosphere microbiome (Hu et al., 2016). In another study, amendment of Metarhizium, an insect-pathogenic fungus that is commonly employed as biological control agents against crop pests, in the rhizosphere of common bean (Phaseolus vulgaris) significantly increased the relative abundance of plant growth promoting such taxa as Bradyrhizobium, Flavobacterium, Chaetomium, and Trichoderma while suppressing the root rot disease symptoms Fusarium solani (Barelli et al., 2020). Soil suppressive properties are mostly derived from the biological functions of soils. Therefore, elucidation of microbial functions in suppressive soils by a next-generation sequencing approach will facilitate the development of effective, consistent and durable disease management tools.



Impact of Agriculture Management Practices on the Soil Microbiome

One important context for plant-microbe interactions is soil structure, as it can vary greatly depending on land-use history, plant species composition and successional stage (Erktan et al., 2016). Besides playing pivotal roles in soil organic matter decomposition, carbon cycling, nutrient mobilization, etc., saprotrophic fungi also are involved in creating soil structure through the secretion of extracellular compounds and physical binding of soil via hyphal networks (Bergmann et al., 2016). Interestingly, studies on the impact of tillage on the soil fungal communities have shown mixed results. Reports in no-till systems have varied from increased ratios of fungal to bacterial biomass (Acosta-Martínez et al., 2010) to decreased ratios (Mbuthia et al., 2015), as well as no change at all (Mathew et al., 2012). More recent studies have shown that soil fungal communities are negatively impacted by tillage, as they typically would be responsible for degrading crop residue left on the surface with no-till (Yin et al., 2017). More specifically, soil bacterial communities were primarily found to be structured by tillage, whereas soil fungal communities responded mainly to management type with additional effects by tillage (Hartman et al., 2018). Additionally, it is acknowledged that organically managed systems increased taxonomic and phylogenetic richness, diversity and heterogeneity of the soil microbiota when compared with conventional farming systems (Lupatini et al., 2017). In a simple definition, organic farming system consists of low-input agro-ecosystem farms in which plant productivity and ecosystem functionality are based on the natural availability of plant nutrients (Lammerts van Bueren et al., 2002). A study aimed at comparing the soil microbiome in conventional and organic farming systems in central Europe revealed no major differences among the main phyla of bacteria between the two farming styles (Armalytë et al., 2019), whereas another study that investigated the effects of 12 years of organic farming on soil microbiomes in northern China reported shifting of the community composition of dominant phyla and significant alterations of functional groups associated with ammonia oxidation, denitrification and phosphorus recycling when compared to conventional farming systems (Ding et al., 2019).

In addition to tillage, crop rotation also plays a pivotal role in increasing belowground microbial diversity compared to intensive mono-cropping practices. Although the United States Department of Agriculture has advocated [via the Conservation Reserve Program (CRP)] crop rotation to improve eroded land as early as 1985 (Allen and Vandever, 2005), its benefit on soil health has only been recognized recently. Several studies reported increases in such soil quality parameters as organic matter content, microbial biomass and respiration under crop rotation management when compared with a mono-cropping system (Campbell et al., 1991; Luce et al., 2013). A meta-analysis of 122 studies that examined crop rotation revealed similar findings, namely that adding one or more crops in rotation to a monoculture substantially increased the soil microbial biomass along with increases in total soil C and N, respectively (McDaniel et al., 2014). In another study, soil microbial communities of corn and switchgrass in mono-cropping systems when compared with mixed prairie grasses demonstrated that bacterial and fungal biomass, especially arbuscular mycorrhizal fungi, were higher in plots with mixed prairie grasses (Jesus et al., 2016). A 16S amplicon-based metagenomic analysis of an almost 20-year-old field trial in Bernburg, Germany revealed a significant effect of tillage practice and the preceding crop on prokaryotic community structures (Babin et al., 2019)

Cover crops are typically unharvested crops planted between cash crops that augment C provisioning to the soil system not only via unharvested residues, but also as root exudates that can support many rhizosphere microbes during the active growing season of the cover crop. Other benefits attributed to cover cropping include improved N fertility by incorporating legumes as a cover crop, reduced soil compaction via deep-rooted plants, and reduced erosion by keeping a plant and its root system in the field year round (Fernandez et al., 2016). Of various crop rotation management practices, those that include cover crops sustain soil quality and productivity by enhancing soil C, N and microbial biomass (Kim et al., 2020), making them a cornerstone for sustainable agroecosystems. Nonetheless, very few studies have assessed the relationship between cover crop stands and their associated belowground microbial communities. Early research in unfertilized grasslands demonstrated that fungal communities respond positively to plant-derived C inputs, suggesting that inclusion of cover crops in a rotation may promote fungal community development (Denef et al., 2009). More recently, a field study tested this hypothesis by specifically examining the impact on soil microbial communities of eight fall-sown cover crop species grown singly and in multispecies mixtures following a spring oats (Avena sativa L.) cropping season and found that certain cover crops selectively favored particular microbial functional groups. Arbuscular mycorrhizal fungi were more abundant beneath oat and cereal rye (Secale cereale L.) cover crops, while non-AM fungi were positively associated with hairy vetch (Vicia villosa L.) (Finney et al., 2017). Beyond positively affecting soil C and increasing the diversity of such beneficial fungi as arbuscular mycorrhiza, clover as a cover crop is often reported to suppress the relative abundance of pathogenic fungi (Benitez et al., 2016). Contrarily, in a 2-year field study, cover crops reportedly increased overall phylogenetic diversity of fungi but did not change the relative abundance of saprophytes, symbionts or pathogens, implying that cover cropping does not always appear to contribute to functional changes in the fungal community (Schmidt et al., 2019).



Reassessment of Plant Responsiveness to Symbiosis

It is now increasingly evident that plants employ fine-tuned mechanisms to shape the structure and function of their microbiome, with different genotypes of the same plant species growing in the same soil yet associating with distinct microbial communities (Berendsen et al., 2012). This is demonstrated in the findings of Bazghaleh et al. (2015), who clearly demonstrated the importance of intraspecific host variation in the association of chickpea cultivars with AM and non-AM fungi. Therefore, specific traits of a plant that modulate its microbiome should be considered as a trait for plant breeding (Wallenstein, 2017).

Despite the obvious importance of beneficial microorganisms for plant growth and fitness, and the impact of plant genotype on shaping their microbiome composition, plant germplasm is typically screened in the absence of microbes, and the selection of best breeding lines made solely based on the interaction between plant genotype and performance under various abiotic factors. We propose that an a priori examination of the interaction between a plant genotype(s) and the symbiotic microbes upon which it likely depends is an important factor in the selection of plant breeding lines. It seems very likely that a subset of rejected germplasm could outperform others, but only when coupled with a beneficial microbe or microbiome (Figure 2). Arguably, current breeding and selection efforts most likely result in decoupling of the soil microbiome from plant fitness. As a result, modern varieties may have lost their ability to support diverse microbiomes and thus, fail to gain the most from these interactions (Wallenstein, 2017).

It is now acknowledged that transitioning from a highly intensive mono-cropping system to a more diversified cropping system consisting of multiple host genotypes leads to increased bacterial and fungal diversity (Calderon et al., 2016). Hence, future plant breeding efforts should incorporate plant characteristics that are related to microbiome diversity. For example, efforts focusing on manipulating plant root exudates likely play a critical role in selective recruitment of the rhizosphere microbiome (Bakker et al., 2012). In support of this notion, it has been shown that plants can select which microbial populations receive the lion’s share of root exudates, demonstrating a capacity by the host to refine its microbial composition. Hence, an unbiased screening of plant genotypes for responsiveness in the presence of a beneficial microbe or microbiome can set forth a new and potentially transformative paradigm in selecting microbes for plant growth promotion (Figure 2).



SIGNIFICANCE OF MYCORRHIZAS: A CRITICAL COMPONENT OF HEALTHY SOIL RHIZOSPHERES

Mycorrhizae are mutualistic associations between soil fungi and plant roots that gradually evolved to be reciprocally beneficial to both partners (Brundrett, 2002). The benefits are generally assumed to involve an exchange of photosynthetically derived carbon from the host plant in exchange for soil nutrients provided by the foraging mycorrhiza. While likely true of arum-type arbuscular types of mycorrhizae, there are other types that can derive carbon from organic matter in the soil, or even “steal” it from one host plant to supply to another (Allen and Allen, 1991). A recent study has reported that in contrast to Arum maculatum, in which carbon is entirely derived from photo-assimilation, the green leaves of Paris quadrifolia contain a striking 50% carbon of fungal origin. Such partial mycoheterotrophy could thus potentially be widespread among the roughly 100,000 plant species that are known to develop a Paris-type AM, with far-reaching implications for our understanding of C trading in plant-microbe communities (Giesemann et al., 2019). Exactly what the mycorrhiza gains from this interaction is still under debate, but benefits may involve a safe haven from the open, more competitive soil space and a second, more reliable carbon source (Sapp, 2004).

Mycorrhizae not only shape plant communities, but they also affect the functional diversity of their cohabitants in the rhizospheric microbiome. The mycelium of mycorrhizal fungi transports plant-derived carbon into the soil in the form of sugars, amino acids and polyols to help sustain the microbiome (Tarkka et al., 2018). More recent studies focusing on soil microbial ecology revealed that mycorrhizal fungi mediate many diverse interactions within the soil “mycorrhizosphere,” including pathogens and mutualists that fix atmospheric nitrogen, take up phosphorus, produce vitamins, and/or protect against antagonists (Buée et al., 2009; Tedersoo et al., 2020). The “ectomycorrhizosphere,” which forms a very specific interface between soil and many trees, hosts a large and diverse community of microorganisms that likely play roles in mineral weathering and solubilization processes (Uroz et al., 2007). This carbon-rich mycorrhizosphere also supports large communities of root-associated microorganisms that further accelerate weathering of minerals by excreting organic acids, phenolic compounds, protons, and siderophores (Drever and Vance, 1994; Illmer et al., 1995).

Similarly, the extraradical hyphae of arbuscular mycorrhiza provide a direct pathway for the translocation of photosynthetically derived carbon to the soil, leading to the development of nutrient-rich niches for other soil microorganisms, particularly bacteria. A quantitative real-time PCR method detected significantly higher 16S rDNA abundance in both the bulk and the rhizosphere soils of zucchini (Cucurbita pepo L.) inoculated with Acaulospora laevis and Glomus mosseae (Qin et al., 2014). Additionally, arbuscular mycorrhizae have been reported to increase the relative abundance of Firmicutes, Streptomycetes, Comamonadaceae, and Oxalobacteraceae inhabiting the mycorrhizosphere (Offre et al., 2007; Nuccio et al., 2013). While there is clear evidence that microbial communities in the rhizosphere function cohesively with their mycorrhizal partner in nutrient mobilization from soil minerals, nitrogen cycling and protection of plants against root pathogens, such bidirectional synergy is not always universal. There are reports that indicate suppressive effects of bacterial communities on mycorrhizal functioning and vice versa. While one study reported (Svenningsen et al., 2018) that soil with a higher abundance of Acidobacteria suppresses the normal functioning of extra-radical mycelium in arbuscular mycorrhizae, another study found that Glomus intraradices and Glomus mosseae suppressed most of the associated soil microbial community (Welc et al., 2010).



A NOVEL TYPE OF ENDOPHYTIC SYMBIONT: THE SERENDIPITACEAE

A diverse group of fungi in the Basidiomycota, the Serendipitaceae (formerly Sebacinales Group B) (Oberwinkler et al., 2014) encompasses endophytes and lineages that repeatedly evolved ericoid, orchid and ectomycorrhizal types. Accordingly, in many natural ecosystems these fungi form mycorrhizal symbioses with an astounding variety of host plants – every mycorrhizal type, in fact, except for arbuscular. Previous research performed in our lab with a strain of this group, Serendipita vermifera, demonstrated plant growth-promoting properties in a variety of plants (Ghimire and Craven, 2011; Ray et al., 2015; Ray and Craven, 2016; Ray et al., 2020). Unfortunately, the agronomic utility of these fungi is hampered by the paucity of strains available, the large majority isolated from Australian orchids. We have begun to address this constraint by isolating the first North American strain of Serendipita, named Serendipita vermifera subsp. bescii NFPB0129, from the roots of a switchgrass plant in Ardmore, Oklahoma (Craven and Ray, 2017; Ray et al., 2018).

As mentioned above, soil organic matter has a tremendous influence on the biological, chemical, and physical properties of soils, making it a vital component of healthy agricultural systems. Whether a natural soil or an agricultural one, the release of the nutrients locked within SOM requires decomposers, primarily insects, fungi, and bacteria, to secrete organic acids and enzymes that can loosen and break down the cellulose and the recalcitrant lignin into nutritive forms that can be used by other microbes and plants. Unlike arbuscular mycorrhizae, which exchange inorganic, mineralized nutrients mined from the soil for carbon derived from host photosynthesis, members of the Serendipitaceae studied thus far have a complete arsenal of carbohydrate-active enzymes (CAZymes), representing approximately 4% of the entire gene set and rivaling the more well-studied saprophytic white and brown wood rotters, and much more than other symbiotic fungi. Additionally, genome analysis of S. bescii and S. vermifera suggests that Serendipitaceae fungi have the metabolic capacity to assimilate N from organic forms of N-containing compounds (Ray et al., 2019). We hypothesize that this carbohydrate-degrading enzyme complement endows these Serendipitaceae fungi with saprotrophic abilities (Craven and Ray, 2019). Unlike free-living decomposers that maintain a solitary lifestyle, seeking only dead or dying plant tissues as their source of subsistence, Serendipitaceae fungi seem to maintain a largely symbiotic lifestyle with the roots of living host plants. It currently is unclear whether there is expression of CAZymes while strains of Serendipita are in symbiosis with host plants, and if so, whether there is spatial or temporal separation from more mutualistic traits. Still, the capacity of some strains to form mycorrhizal relationships with orchids, where the seeds require carbon from the fungus for germination and often well into the plant’s lifespan, suggests that these Serendipitaceae symbionts may be less of a carbon cost to their host plant. Presumably, this saved carbon could potentially be used for other symbiotic relationships or developmental processes. In any case, these intriguing fungi and their seemingly unlimited host range provide a novel symbiosis that could be used in a broad variety of cropping systems.



CONCLUSION

Soil-dwelling microorganisms are critical components of soil health, itself a determinant of plant productivity and stress tolerance. Deploying microbes to improve agriculture productivity is an extremely attractive approach that is non-transgenic and can be viewed collectively as the extended plant genome. Because these same microbes can contribute to restoring soil health and productivity, they have a bright future in low-input, sustainable agriculture that extends beyond more classically defined plant-microbe symbioses.
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Rock phosphate (RP) is a natural source of phosphorus for agriculture, with the advantage of lower cost and less impact on the environment when compared to synthetic fertilizers. However, the release of phosphorus (P) from RP occurs slowly, which may limit its short-term availability to crops. Hence, the use of P-solubilizing microorganisms to improve the availability of P from this P source is an interesting approach, as microorganisms often perform other functions that assist plant growth, besides solubilizing P. Here, we describe the characterization of 101 bacterial isolates obtained from the rhizosphere and endosphere of maize plants for their P solubilizing activity in vitro, their growth-promoting activity on millet plants cultivated in soil amended with RP, and their gene content especially associated with phosphate solubilization. For the in vitro solubilization assays, two mineral P sources were used: rock phosphate from Araxá (Brazil) mine (AP) and iron phosphate (Fe-P). The amounts of P released from Fe–P in the solubilization assays were lower than those released from AP, and the endophytic bacteria outperformed the rhizospheric ones in the solubilization of both P sources. Six selected strains were evaluated for their ability to promote the growth of millet in soil fertilized with a commercial rock phosphate (cRP). Two of them, namely Bacillus megaterium UFMG50 and Ochrobactrum pseudogrignonense CNPMS2088, performed better than the others in the cRP assays, improving at least six physiological traits of millet or P content in the soil. Genomic analysis of these bacteria revealed the presence of genes related to P uptake and metabolism, and to organic acid synthesis. Using this approach, we identified six potential candidates as bioinoculants, which are promising for use under field conditions, as they have both the genetic potential and the experimentally demonstrated in vivo ability to improve rock phosphate solubilization and promote plant growth.

Keywords: bacteria, phosphate, solubilization, maize, plant growth promotion


INTRODUCTION

Phosphorus (P) is an important macronutrient for plant development due to its structural role in the synthesis of nucleic acids and membranes. Furthermore, it plays an essential role in practically all processes involving energy transfer, such as photosynthesis; hence, an adequate P supply is required for plant growth, and its bioavailability in soil can influence crop productivity (Bisson et al., 2017). In maize, P is required from early development (i.e., from germination to 35–40 days), through the flowering and grain-filling stages, which are the most dependent on this nutrient (Coelho and Alves, 2003). However, when P is added to soil in the form of soluble fertilizers, it rapidly forms insoluble complexes with calcium in alkaline soils, and with iron, aluminum and silicates in tropical acidic soils (Novais and Smyth, 1999). This process makes soil P less available to plants, thereby affecting their productivity (Devau et al., 2009).

The search for technologies to improve phosphorus use efficiency has been continuously encouraged. In this context, the use of rock phosphate (RP) is a promising alternative, due to its residual effect in the soil, which increases the P content over time. RPs also have lower cost and generate less environmental impact when compared to more soluble fertilizers, as they contribute much less to the eutrophication of surface waters (Carpenter et al., 1998). Yet, these phosphates have lower reactivity when compared to the highly soluble synthetic fertilizers. In order to compensate for this drawback, several authors have evaluated the simultaneous application of RP and solubilizing microorganisms to the soil, as a way to increase the availability of P from this less soluble source (Ribeiro et al., 2018; Yagi et al., 2020).

Phosphorus-solubilizing microorganisms include both bacteria and fungi (Silva et al., 2014; Mendes et al., 2015; Abreu et al., 2017; Satyaprakash et al., 2017). The main mechanism associated with P solubilization is the release of organic acids during growth (Mendes et al., 2013). The hydroxyl and carboxyl groups of organic acids acidify the surrounding medium, form complexes and chelate cations present on the RP structure, releasing soluble P (Sagoe et al., 1998). In media with high Al and Fe content, organic acids form organometallic complexes, which decrease the toxicity of these elements (Jarosz-Wilkolazka and Gadd, 2003). Moreover, the release of H+ ions during NH4+ assimilation or through other metabolic reactions that trigger proton excretion, such as respiration, could also result in P solubilization (Illmer and Schinner, 1995). Thus, the synthesis of organic acids gives competitive advantages to the producer microorganism on P acquisition at the same time as it benefits other biotic components of the system, including plants.

P solubilization is among the main mechanisms through which microorganisms can promote plant growth, even though microbes are also acknowledged for assisting plant growth and development in multiple ways. Some of them are nutrient (e.g., nitrogen and iron) acquisition, the production of phytohormones and volatile organic compounds (VOCs) and, more indirectly, the control of phytopathogens and the induction of plant resistance (Silva et al., 2016). Research on plant growth-promoting bacteria (PGPB) has been encouraged in view of their use as bioinoculants for agriculture. In addition to stimulating plant growth, it is desirable for the bioinoculants to be good competitors and to be well adapted to the rhizospheric and/or endophytic environment. Some P-solubilizing bacteria have been launched as commercial inoculants, such as QuickRoots® by AcceleronSAS (Saint Louis, United States), and BiomaPhos®, the first Brazilian biological product in this line, which was released by Embrapa Maize and Sorghum (EMS, Brazil) in partnership with Bioma (Paraná, Brazil). The BiomaPhos® bioinoculant contains a consortium of two Bacillus strains selected by EMS, namely B. megaterium CNPMS119 and B. subtilis CNPMS2084, both efficient in phosphate solubilization (Abreu et al., 2017; Ribeiro et al., 2018; de Sousa et al., 2020).

The selection of candidate bioinoculant bacteria with diverse plant growth promoting phenotypes has been carried out using in vitro tests under laboratory conditions. Although several studies have verified the effectiveness of the inoculation of microorganisms obtained by this approach on the growth and productivity of plants, including maize (de Sousa et al., 2020; Pereira et al., 2020), the poor reproducibility of laboratory assays in plant-soil systems in field scale is still a difficulty that needs to be overcome. It has been suggested that the efficiency of inoculation varies according to the type of soil, cultivar and environmental factors, and microbial characteristics (Silva et al., 2016). In this context, metagenomic and genomic analyses can shed light on the modulation of microbial communities under different cultivation conditions and help to predict the nature of the phenotypic features regarded as important for plant growth, as well as the possible pathways involved.

In a previous study, metagenomics allowed us to check the enriched groups in an area with a long-term history of maize cultivation in soil fertilized with RP in comparison to those cultivated in soils fertilized with Triple Superphosphate (TSP) or in unfertilized soils of the EMS farm (Silva et al., 2017). The differentially abundant taxa in RP-fertilized sites were Klebsiella (Enterobacteriaceae), Massilia and Herbaspirillum (Oxalobacteraceae), Burkholderia sp. (Burkholderiaceae) and Bacillus sp. (Bacillaceae). We hypothesize that these microorganisms contribute to an increase in P availability in RP-fertilized soil, which promoted plant growth, as maize plants grown in this site showed similar growth to those cultivated in TSP-added soil. Therefore, we believe that this site could be a good source of RP-solubilizing bacteria. Many of the enriched bacterial groups were isolated through traditional approaches in studies conducted in the area (Abreu et al., 2017; Ribeiro et al., 2018), and were deposited in cultures of EMS and UFMG. Among these are the bacteria included in the commercial product BiomaPhos®.

Thus, in this study we aimed to: (1) obtain bacterial isolates from the rhizosphere of maize plants in soil fertilized with RP and soil without P fertilization; (2) determine the in vitro potential of these isolates, together with that of other rhizospheric and endophytic bacteria previously isolated from maize plants of the same EMS farm, for the solubilization of P; (3) evaluate their ability to stimulate millet growth in non-sterile soil fertilized with RP in a greenhouse environment; and (4) investigate the gene pool related to phosphorus solubilization and uptake of six selected strains, in order to better understand the relation between genotype, phenotype and fitness.



MATERIALS AND METHODS


Bacteria Origin and Cultivation Conditions

In this study, 101 bacteria were used, 32 of which were isolated from maize rhizosphere by enrichment technique using the Araxá Phosphate (AP) as P source, described in this study, 2 were also isolated from maize rhizosphere and obtained from the Multifunctional Microorganisms Collection from Embrapa Maize and Sorghum, Brazil (CMMF-EMS), 57 endophytes were previously isolated from maize and belong to the UFMG Applied Microbiology Laboratory (LMA-UFMG) culture collection, and 10 endophytes were also isolated from maize and kindly provided by CMMF-EMS (Supplementary Table S1).

All endophytic isolates evaluated in this study were selected for their potential to solubilize calcium phosphate, which was previously demonstrated in studies conducted by our research group (Vieira et al., 2015; Abreu et al., 2017). The isolates belong to the genus Bacillus (15%), Pantoea (13.5%), Serratia (12%), Enterobacter (12%), Klebsiella (9%) and Acinetobacter (6%). The other genera (i.e., Arthrobacter, Brevibacillus, Curtobacterium, Erwinia, Flavobacterium, Lactococcus, Microbacterium, Obesumbacterium, Ochrobactrum, Pseudomonas, Raoultella, Rhizobium, Serratia, and Staphylococcus) represent each less than 5% of the total.



Isolation of Potentially P-Solubilizing Bacteria

For the isolation of potentially P-solubilizing bacteria using the enrichment technique, samples from rhizospheric soil of maize plants cultivated in soil without the addition of P (1) and soil fertilized with AP (2) were inoculated into 125 mL Erlenmeyer flasks containing 50 mL of NBRIP (National Botanical Research Institute) medium (Nautiyal, 1999) plus AP (5 g/L). AP is an apatitic phosphate of igneous origin from a deposit located in the state of Minas Gerais in Brazil. It exhibits a high crystallization level with a small degree of isomorphic substitution of PO4–3 by CO3–2 in the apatite crystal that results in low 2% citric acid solubility (Lehr and McLellan, 1972). The physical and chemical characteristics of these P sources are shown in Table 1.


TABLE 1. Physical and chemical characteristics of the P sources used in this work.

[image: Table 1]The flasks were incubated at 28°C, with rotary shaking at 180 rpm for 48 h. After this period, 10 mL of the cultures were transferred to fresh NBRIP medium containing AP (5 g/L) and incubated once more for 48 h under the same conditions. This procedure was repeated a third time and the culture was centrifuged and resuspended in sterile saline solution (0.85% NaCl). Serial dilutions were made, and 100 μL aliquots of the 10–1 to 10–7 dilutions were inoculated by spreading onto NBRIP + tricalcium phosphate solid medium (selective medium/indicator of P solubilizing bacteria). After 48 h incubation at 37°C, colonies presenting a solubilization halo were considered positive and were stored at −80°C in Tryptone Soy Broth (TSB, Himedia, Mumbai, India) with 15% (v/v) glycerol.



Molecular Identification of Bacteria Isolated From Maize Rhizosphere Samples by the Enrichment Technique


Extraction of Bacterial DNA

The genomic DNA of the bacteria isolated from the enrichment culture was extracted using a protocol defined by Pitcher et al. (1989), with modifications. Bacterial cells were reactivated by striking Soybean Agar Tryptone medium (TSA, Himedia, Mumbai, India) and plates incubated for 24 h at 27°C. Then, individual colonies were grown in TSB liquid medium for 24 h at 37°C. After this period, they were transferred to 2 ml microtubes, centrifuged and washed with 1 mL of saline solution (0.85% NaCl). The pellet was resuspended in 250 μL of TE buffer (Tris-EDTA – Tris-HCl 10 mmol/L, EDTA 1 mmol/L, pH 7.5), added with glass beads and vortexed for 2 min. Four μL of the extraction buffer containing 5.0 mol/L guanidine thiocyanate solution, 100 mmol/L EDTA (pH 8.0) and 0.5% sarcosyl were added. The microtubes were homogenized by inversion and incubated at room temperature for 10 min. After adding 200 μl of cold 7.5 mol/L ammonium acetate, the tubes were shaken by inversion and incubated on ice for 10 min. After this period, 600 μL of chloroform-isoamyl alcohol (24: 1, v/v) were added and the tubes were shaken again by inversion. After centrifugation at 12,000 g for 10 min, the aqueous phase was transferred to new microtubes, in which the same volume of chilled isopropanol was added. Then, the microtubes were kept at room temperature for 1 h and centrifuged at 4,000 g for 20 min. The supernatant was discarded and the pellet washed with 70% (v/v) ethanol. Then, the samples were centrifuged for DNA precipitation. The tubes were kept open at room temperature until all the ethanol evaporated. At the end, the DNA was diluted in 50 μL of sterile deionized water and stored at −20°C. The product was quantified in NanoDrop ND 1000 (NanoDrop Technologies).



Amplification and Sequencing the 16S rRNA Gene Region

Genomic DNA was extracted from the isolates and the V1–V5 or V1–V4 regions of the 16S rRNA gene were amplified using the standard universal primer pairs 8F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 907R (5′-CCGTCAATTCCTTTRAGTTT-3′) or 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), respectively. The PCR reaction contained the following: buffer 1X (20 mmol/L Tris-HCl pH 8.4, 50 mmol/L KCl); 1.5 mmol/L MgCl2; 200 μmol/L of each of the deoxyribonucleotides (dATP, dCTP, dGTP, dTTP); 0.5 μmol/L of each primer; 1.5 U of Taq DNA polymerase (Synapse Biotechnology); 50 ng of template DNA in a final volume of 25 μl.

PCR was carried out using a Veriti thermal cycler (Applied Biosystems) under the following conditions: initial denaturation at 94°C for 4 min, 30 cycles of denaturation at 94°C for 1 min, annealing at 57°C for 1 min for the 8F-907R primers or at 52°C for 1 min for the 27F-806R primers, followed by extension at 72°C for 1 min and 30 s; with a final extension of 72°C for 10 min. The amplified products were analyzed by electrophoresis on a 1% agarose gel stained with ethidium bromide to assess their integrity and size, and then quantified in a NanoDrop ND 1000 spectrophotometer (NanoDrop Technologies).

Next, the PCR products were purified using 11.25 μL of EDTA (125 mmol/L) and 135 μL of absolute ethanol (Merck), incubated for 15 min at room temperature and centrifuged at 4,000 g for 60 min. The supernatant was discarded, and the pellet was washed with 120 μL of 70% (v/v) ethanol. After ethanol evaporation, the purified DNA was resuspended in 20 μL of sterile deionized water, and quantified in NanoDrop ND 1000. For sequencing, the BigDye® Terminator v3.1 kit (Applied Biosystems®) was used, following the manufacturer’s recommendations for the ABI 3700 automatic sequencer.

The sequences were trimmed for quality using the software Bioedit Version 7.2.5 (Hall, 1999) and Asparargin1. After removing low quality regions (Phred score < 20), the sequences were compared with the databases, GenBank, SILVA, RDP (Ribosomal Database Project) and Greengenes.



Evaluation of Potential of Araxá and Iron Phosphates Solubilization by Bacterial Isolates by in vitro Tests Under Agitation

Bacterial isolates were grown in 125 mL Erlenmeyer flasks containing 50 mL of liquid NBRIP medium supplemented with AP (5 g/L) or Fe–P (1 g/L). The flasks were inoculated with 1 ml of bacterial suspension adjusted to OD600 equal to 1 and incubated at 28°C, 180 rpm for 3 days. After the incubation period, aliquots were removed to assess the concentration of solubilized P by the molybdenum blue colorimetric method at 880 nm (Murphy and Riley, 1962) and the final pH of the culture medium. The final concentration of P was estimated based on the comparison with the standard curve made with KH2PO4 at concentrations ranging from 0 to 6 mg/L.



Evaluation of Araxá Phosphate Solubilization Potential by Bacteria in Sessile State

In this test, the bacteria showing the greatest activities in the AP and Fe–P solubilization tests (35 endophytic and 21 rhizospheric bacteria) were used. To prepare the inoculum, the bacterial isolates were activated on the plates containing TSA medium (Soy Triptone Agar) at 28°C for 24 h and resuspended in the NBRIP medium without adding phosphate to a cellular concentration of 0.44 optical density units measured at 600 nm. The tests were performed in 96-well polystyrene plates containing 100 μL of the bacterial inoculum and 100 μL of the NBRIP medium with AP (10 g/L) that was pipetted under constant agitation to avoid phosphate precipitation. The plates were incubated statically at 28°C for 3 days. After the incubation period, the supernatant was transferred to a new plate for the determination of the soluble phosphorus, this culture supernatant was centrifuged at 1,000 g for 5 min. Hundred and eighty μL of the supernatant was transferred to a new plate and 40 μL of the reagent mixture was added to measure the solubilized phosphorus, using the molybdenum blue method (Murphy and Riley, 1962). For the determination of soluble phosphorus, after 20 min of incubation the soluble P was quantified colorimetrically at 880 nm.



Evaluation of Millet Growth in Soil Fertilized With Commercial Rock Phosphate or Triple Superphosphate and Inoculated With Pre-selected Bacteria

For the greenhouse tests, six bacteria were selected from in vitro tests. The choice was made in order to have isolates of different genera and from different groups according to the K-means clustering based on P-solubilization. Microbacterium sp. UFMG61, K. variicola UFMG51 and Pseudomonas sp. UFMG81 were chosen due to their greater capacity of solubilize P in the treatments with AP; P. ananatis UFMG54 was selected for having a high P-solubilization capacity of both AP and FeP; B. megaterium UFMG50 was chosen due to the relevance of this genus for the promotion of plant growth (Zhou et al., 2016; Nascimento et al., 2020); and O. pseudogrignonense CNPMS2088 was selected in order to increase the diversity of evaluated genera and because this strain has the ability to increase maize growth parameters in field conditions (data not yet published).

These bacteria were grown in TSB broth for 24 h, centrifuged at 4,000 g for 20 min, and the pellet resuspended in sterile 0.85% NaCl solution. The suspensions were adjusted to an optical density of 1.0 at 550 nm, corresponding to 108 cells/mL.

Millet (Pennisetum glaucum), variety BRS 1501, was used as a model plant and was cultivated in pots containing 4 kg of typical dystrophic Red Latosol, pH 5.2, 0.4 cmolc/dm3 Al, 2.5 cmolc/dm3 Ca, 0.2 cmolc/dm3 Mg and 30 mg/dm3 K, 2.2 mg/dm3 P, cation exchange capacity of 11.8 cmolc/dm3, base saturation of 23.2% and clay content of 74 dag/Kg.

Approximately 15 days before planting, the soil was limed to correct acidity and a nutrient solution containing macronutrients and micronutrients was added: For 1 L, 22.8 g NH4NO3, 9.9 g (NH4)2SO4, 30.58 g KCl, 0.23 g H3BO3, 0.63 g CuSO4. 5 H2O, 0.74 g MnSO4. H2O, 0.67 g ZnCl2, 0.4 g (NH4)6Mo7O24.4H2O. The experiment consisted of a factorial of two P treatments and six bacteria strains, as well as an uninoculated control treatment and a control without phosphorus fertilization and inoculation, arranged in a completely randomized design with four replicates.

Two different phosphorus sources were evaluated independently: (1) Triple superphosphate (TSP) and (2) commercial rock phosphate (cRP) of sedimentary origin, which is more soluble source than AP and commercialized in Brazil as reactive natural phosphate (>28% total P205 and 9% P205 soluble 2% citric acid) (BRASIL, 1997) (Table 1).

Both P sources were used at a final concentration of 300 mg P/dm3 soil. Prior to all experiments, the millet seeds were prepared with a vehicle aimed at promoting microorganism-seed adhesion, which contained cassava starch and charcoal, as follows: 500 g of seeds were mixed with 500 mL of a cassava starch solution at a concentration of 10% (w/v) and 12.5 g of charcoal. About 20 seeds were sown in pots containing 4 kg of soil at a depth of 3 cm, and then 10 mL of each bacterial suspension were added to each pot. Excess seedlings were removed soon after germination, and 8 plants were maintained in each pot.

During cultivation, the pots were watered daily with distilled water to maintain approximately 80% water field capacity of the soils and 45 days from planting, at the beginning of flowering, the plants were collected. To estimate plant growth based on P sources, we evaluated the dry biomass of both shoot and roots, the average plant height per pot, the average leaf area of plants per pot, the photosynthetic activity on collection day, the content of P in the soil and the accumulation of P in the root and shoot of plants.



Genomic Analysis of Selected Bacteria

The genomic DNA of the six bacteria selected based on their performance on in vitro tests was extracted using the Promega Genomic DNA Purification kit (Madison, United States), following the manufacturer’s recommendations. Then it was sequenced on an Illumina MiSeq platform using the paired-end method with the Nextera XT DNA Library Preparation kit (Illumina, San Diego, CA, United States). The obtained sequences were analyzed for quality and assembled using the A5 protocol (Coil et al., 2014). The resulting contigs were analyzed for completeness using BUSCO v.4.1.2 (Seppey et al., 2019), run on genome mode, setting lineage to the Order level (except for Microbacterium sp., to which the lineage was set to Class level) and default parameters. Annotation was done with Prokaryotic Genome Annotation System (PROKKA) (Seemann, 2014) and a modular and extensible implementation of the RAST algorithm (RAST-TK) on the PATRIC platform (Aziz et al., 2008; Brettin et al., 2015). Then, through a textual search, the relationship of coding sequences (CDS) belonging to the P metabolism pathways, production of organic acids and phytohormones was investigated in each genome.

For taxonomic analysis, the genome sequence data were uploaded to the Type (Strain) Genome Server (TYGS2), for a whole genome-based taxonomic analysis (Meier-Kolthoff and Göker, 2019). The protein profile of bacterial cultures was analyzed via matrix-assisted laser desorption ionization- time of flight mass spectrometry (MALDI-TOF/MS). A small portion of bacterial biomass cultured in TSA medium was smeared directly onto a stainless steel MALDI sample plate (Bruker, Germany) and covered with 1 μL of formic acid (P.A). After drying at room temperature, the smear was covered with 1 μL of the HCCA matrix (a-cyano-4-hydroxycinnamic acid, Sigma-Aldrich, Poland). After the matrix was dried at room temperature, the plate was inserted into the spectrometer for automated measurement and data interpretation. The mass spectra were processed with the Bruker Daltonik MALDI Biotype software package (Bruker, Germany). The results were obtained from the 20 best identification matches, along with confidence values ranging from 0.00 to 3.00. Values below 1.70 do not allow reliable identification; values between 1.70 and 1.99 allow identification at the gender level; between 2.00 and 2.29 means highly likely identification at the genus level and probable identification at the species level; and a value greater than 2.30 (2.30–3.00) indicates highly likely identification at the species level.



Statistical Analysis

Phosphate solubilization in vitro experiments and the greenhouse tests were arranged in a completely randomized design, with four replications. The averages of the results of the AP and FeP solubilization tests by planktonic cells and AP solubilization tests by sessile cells were grouped by the K-means method using Past (Hammer et al., 2001). The results of P solubilization tests, as well as the parameters for evaluating millet growth were subjected to analysis of variance and the Scott-Knott means comparison test at 5% probability using Sisvar (Ferreira, 2011). Linear correlation analyzes were also performed for the variables P solubilized and final pH of the medium using the R program (R Development Core Team, 2008).



RESULTS


Taxonomic Profile of Rhizospheric Bacteria Isolated From Soils With Different Phosphate Contents

Thirty-two bacterial isolates able to solubilize P, as evidenced by the presence of large clear zones around colonies formed in the indicator medium, were selected from two enrichment cultures. The isolates were identified by sequencing a region of approximately 600 bp of the 16S rRNA gene. The isolates obtained from the enrichment culture using rhizosphere soil of maize plants cultivated in soil fertilized with AP (AP-enrichment) belong to the Firmicutes (three isolates) and to the Proteobacteria (Gamma subdivision, 13 isolates), while those from an enrichment using maize rhizosphere soil without any P (control enrichment) are representatives of the Proteobacteria (Beta subdivision, one isolate; Gamma subdivision, 14 isolates) and Actinobacteria (one isolate) (Table 2). Klebsiella (10 isolates) was the most frequently recovered genus from the AP-enrichment, corresponding to 62.5%, followed by Pantoea (four isolates), Enterobacter (one isolate) and Lysinibacillus (one isolate). In the control enrichment, Enterobacter (seven isolates) was the most frequently recovered genus, followed by Klebsiella (five isolates), Erwinia (one isolate), Pantoea (one isolate), Burkholderia (one isolate) and Curtobacterium (one isolate). These 32 isolates selected for their P solubilization ability, together with other 69 endophyte and rhizosphere obtained from the LMA (UFMG) and the CMMF-EMS culture collections (Table 2), were further characterized using quantitative assays.


TABLE 2. Taxonomic classification of bacterial isolates in the study.
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Quantitative Estimation of Inorganic Phosphate Solubilization by Bacteria in the Sessile and Planktonic States

We explored the potential of 101 endophyte and rhizosphere isolates (Table 2) to solubilize two different inorganic P sources, namely AP and Fe–P, using an in vitro quantitative approach (Figure 1). The highest values of soluble P from AP were observed in tests with the endophytic bacteria (p < 0.05), which ranged from 0 to 258 mg/L, when compared to the rhizospheric ones that ranged from 0 to 76.1 mg/L (Figure 1A). The soluble phosphorus variation factor was used to group the isolates according to their P- solubilization levels by the K-means method; then, the genus distribution in each group was made (Figures 1B,D,F and Supplementary Tables S2–S4). The endophytic bacteria cultivated with AP under agitation (Supplementary Table S2) were classified as follows: Group 1, with 10 isolates, P-solubilization varying from 140.7 to 258 and average of 189 mg/L; Group 2, with 19 isolates, P-solubilization varying from 47 to 125.7 and average of 83.5 mg/L; and Group 3, with 38 isolates, showing P-solubilization lower than 39 mg/L and an average value of 13 mg/L. The group with the best solubilizers included Serratia (3 isolates), Pantoea (2 isolates), Klebsiella (1 isolate), Pseudomonas (1 isolate), Raoutella (1 isolate), Microbacterium (1 isolate) and Acinetobacter (1 isolate) The best endophytic P-solubilizer was Microbacterium sp. UFMG61. Rhizosphere bacteria were classified as follows: Group 1, with 11 isolates and P solubilization varying from 43.7 to 76.1 mg/L and average of 56.7 mg/L; Group 2, with 7 isolates, P solubilization values varying from 21.1 to 35.5 mg/L and average of 28.9 mg/L; Group 3, with 17 isolates, P solubilization lower than 15.9 mg/L and average corresponding to 6.5 mg/L (Figure 1A). The group of best solubilizers also included the genera Pantoea (1 isolate) and Klebsiella (7 isolates), besides isolates of Enterobacter (1 isolate), Bacillus (1 isolate) and Erwinia (1 isolate). The best of all were Pantoea sp. UFMG38 and Klebsiella UFMG20, with P solubilization values of 76.1 and 68.9 mg/L, respectively.
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FIGURE 1. P solubilization from Araxá Phosphate (AP) (A), and Iron Phosphate (Fe–P) (C) by planktonic cells and from AP by sessile cells (E) of the endophyte and rhizosphere bacteria. The bacteria were clustered into three groups according to their P solubilization efficiency, as follows: Group 1- high P solubilization; 2- medium P solubilization; and 3- low P solubilization. The average soluble P-values recorded as well as the best solubilizer in each group are indicated. The graphs to the right show the endophyte and rhizosphere bacterial genera distribution in each group in assays with AP (B) and Fe–P (D) under agitation and AP with sessile cells (F). The identification of other isolates of each group obtained by K-means analysis is shown in the Supplementary Tables S2–S4.


Because acidification is a major mechanism involved in P-solubilization, we also monitored pH variation and found lower values of pH in the culture media from treatments with endophyte and rhizospheric bacteria belonging to group 1 (Figure 2). The variables P solubilization and pH showed a negative correlation (r: −0.47, p = 6.2 × 10−7), as expected.
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FIGURE 2. Relationship between soluble P-values and final pH in the assays of Araxá Phosphate solubilization under agitation for the endophyte and rhizosphere bacteria studied. The data show negative and significant correlation based on Pearson’s correlation coefficient for the endophytic and rhizospheric bacteria belonging to Group 1 (high solubilization) (r: –0.47; p = 6.2 × 10–7).


The amount of P solubilized from FeP in the solubilization tests were generally lower than those released from AP (Figure 1C). The clustering profile also changed, mainly regarding the components of group 1 of endophytic and rhizospheric isolates. The group 1 of endophytic bacteria is composed of two Pantoea isolates, UFMG54 and UFMG83, which were associated with the release of 51 mg/L and 41 mg/L of P, respectively. The 24 isolates of the group 2 promoted the release of 6.6 to 20.9 mg/L (average 11.34 mg/L) of P; and the 20 isolates in the group 3 promoted the release of P amounts lower than 5.8 mg/L from Fe–P, with an average of 1.14 mg/L. The distribution of bacterial genera per group is summarized in Supplementary Table S3.

As for the rhizospheric bacteria, an effect of the type of soil used in enrichment on the solubilization profile of Fe–P was observed (p < 0.05), and the isolates obtained from the enrichment with maize rhizospheric soil cultured with AP were more efficient than those obtained from the rhizosphere soil without the addition of P (p < 0.05). Group 1 included 8 isolates, identified as Pantoea sp. (1 isolate), Klebsiella sp. (6 isolates) and Erwinia sp. (1 isolate), which were associated with the release of 7.9 to 11.1 mg/L P, and an average of 11.57 mg/L P. Among them, six strains, namely UFMG14, UFMG16, UFMG20, UFMG21, UFMG29, and UFMG38, were isolated from the soil with AP. Group 2 includes 4 isolates able to promote the release of 1.9 mg/L to 7.1 mg/L P, with an average of 3.57 mg/L P; while group 3 has 3 isolates for which the measured P solubilization activity was lower than 1.4 mg/L P. In this assay, 20 isolates did not present Fe–P solubilization activity. The distribution of bacterial genera in each of these groups is summarized in Supplementary Table S4.

In the solubilization tests using Fe–P for both endophytic and rhizospheric bacteria, the pH values of the medium showed a very low correlation with the soluble P released in the medium, although there was significance (r: −0.25, p = 0.04, data not shown).

A group formed by 56 bacteria that stood out in the tests using agitation (i.e., planktonic cells) were evaluated for their AP solubilization ability in a static condition (i.e., sessile cells) (Figures 1E,F and Supplementary Table S3). As done previously, the bacteria were grouped based on their solubilization ability, as measured by the amount of phosphorus released in the medium. Group 1 (11 isolates) showed the highest levels of solubilization, with an average of 90.5 mg L–1 of P released in the medium. The group with an intermediate profile (group 2) released an average of 36.1 mg/L of P, while group 3, the one with the lowest potential for P-solubilization, showed an average of 8.3 mg/L of P released. Two endophytic strains of Serratia marcescens (UFMG44 and UFMG43) showed the highest P solubilization performance- (p < 0.05), with 124 and 122 mg/L of P released, respectively (Figure 1E).



Influence of Bacterial Inoculation on the Growth of Millet Cultivated in Soils With Different Phosphate Sources

Six of the 101 bacteria showing P-solubilization ability in vitro were selected for testing in greenhouse conditions, to evaluate whether they can increase the millet growth properties when cultivated in soil added with cRP or TSP (Table 3). Overall, the averages of plant growth parameters were higher in soil added of P soluble source (TSP) than in the soil with cRP. However, the positive responses of bacterial inoculation on parameters of millet growth (foliar area, plant height, root and shoot dry weight, plant dry weight) and P absorption (root P, shoot P and pant P) was more frequent in the seedlings that grew in soil fertilized with cRP than in those that grew in soil fertilized with TSP.


TABLE 3. Effect of bacterial inoculations on level of phosphorus in the soil and physiological traits of millet seedlings cultivated in soil fertilized with triple superphosphate (TSP) or commercial rock phosphate (cRP) in greenhouse conditions.

[image: Table 3]In treatments with cRP, B. megaterium UFMG50 and O. pseudogrignonense CNPMS2088 significantly (P < 0.05) outperformed the other treatments, inoculated and not inoculated, in at least six physiological traits of millet or P content in the soil. UFMG50 showed the best performance, increasing all the parameters evaluated when compared to the uninoculated treatment: increasing foliar area (16.5%), plant height (9.9%) and root (47.45), shoot (16.5%) and plant biomass (21.4%), and P content in the shoot (14.9%), root (54.6%) and plant (21.3%), while O. pseudogrignonense CNPMS2088 promoted greater increase in plant height (6.7%), root (31.6%), shoot (30.3%) and plant biomass (30.6%) and P in the shoot (19.3%) and plant (19.1%). Strains UFMG50 and CNPMS2088, together with Pantoea ananatis UFMG54 and Pseudomonas sp. UFMG81, significantly increased soil P content in nearly 44.1, 23.3, 22.4, and 18.8%, respectively, when compared with soil without inoculation. Finally, the inoculation of seedlings with UFMG81 led to an increase in plant height and foliar area, reaching 92 cm and 327.3 g/pot.

In the treatment with TSP, K. variicola UFMG51 had the best performance, significantly increasing the root biomass in 28.9% and P content in the shoot, root and plant in 51.4, 11.4, and 14.9, respectively (p < 0.05), when compared to the non-inoculated control. UFMG54 inoculation promoted an increment of P in shoot and plant to values similar to UFMG 51, besides promoting an increase in foliar area (48.3%) in relation to non-inoculated pots. For these parameters, UFMG 81 promoted gains in root dry weight and root P content of 20.7 and 20.6%, respectively. However, no single isolate managed to significantly increase (p < 0.05) plant height, shoot and plant dry weight and soil P content simultaneously.



Genome Analysis of Selected Bacteria

After confirming the ability of the six selected bacteria to improve P-solubilization in vitro and/or in vivo, we proceeded to sequencing and assembling their genomes. Though none of the genomes was closed (the number of contigs was between 22 and 73), we checked the assemblies for the presence of single copy orthologs (BUSCOs) at the level of order or class. The number of BUSCOs searched ranged between 292 and 782, depending on the taxon, and between 98 and 100% of the searched BUSCOs were found in all genomes only once, indicating the assemblies were of high quality.

For an improved taxonomic assignment of the six bacteria studied under greenhouse conditions we performed a genome-scale phylogeny and taxonomy analysis using the Type (Strain) Genome Server – TYGS (Meier-Kolthoff and Göker, 2019), and a MALDI-TOF mass spectrometry analysis based on the ribosomal protein profile (Table 4). The spectrometric analysis allowed the genus-level identification of four bacteria, UFMG50 (Bacillus sp.), UFMG51 (Klebsiella sp.), UFMG54 (Pantoea sp.) and UFMG81 (Pseudomonas sp.) since the scores for these bacteria were equal to or greater than 2.0 (Table 4). UFMG61 was identified as probable genus (Microbacterium sp.) according to the MALDI-TOF score, but no correspondence at the genus level was found for CNPMS2088 in the MALDI-TOF spectral library (Table 4). UFMG50, UFMG51, UFMG54 and CNPMS2088 were identified by TYGS as B. megaterium, K. variicola, P. ananatis, and O. pseudogrignonense, respectively (Table 4).


TABLE 4. Taxonomy of the six bacteria selected in the in vitro tests according to the Type (Strain) Genome Server (TYGS) and the protein profile analysis using matrix-assisted desorption ionization flight time mass spectrometry (MALDI-TOF/MS).

[image: Table 4]Given their interesting properties, we checked these strains’ genomes for the presence of genes possibly involved in plant growth promotion, especially those related to P metabolism and to organic acids synthesis (Figure 3 and Supplementary Table S5). Importantly, we detected the full pst operon in the genomes of all strains, except for the gene pstA in the genome of Microbacterium sp. UFMG61. In addition, all strains have the gene pitA, which codes for the low affinity inorganic phosphate transporter, except O. pseudogrignonense CNPMS2088. We also searched for other components of the bacterial P signaling pathway, that includes the two-component regulatory proteins PhoB/PhoR, and the key negative regulator of phosphate transport, PhoU. All strains have a copy of the full Pho regulon, except strain UFMG61 (Microbacterium sp.), in which genome we did not find the two main regulatory components of the Pho system (phoB and phoR). In addition, the transcriptional regulatory protein PhoP seems to be especially important in strain UFMG50 (B. megaterium), as the phoP gene was found in multiple copies in the genome. On the other hand, the gene for the phosphate transport regulator PhoU is present in the genomes of all strains, except in that of strain UFMG50 (B. megaterium). For pathways related to the catabolism of phosphonates and phosphites, the phnGHIJK C-P lyase gene were found only in the genomes of strains UFMG51 (K. variicola), UFMG54 (P. ananatis), and O. pseudogrignonense CNPMS2088. The phnXW gene (phosphonatase) was found only in the genomes of strains UFMG50 (B. megaterium) and UFMG81 (Pseudomonas sp.). Genes coding for alkylphosphonate transport and utilization (PhnA phosphonoacetate hydrolase and PhnB permease) were found exclusively in the genomes of strains UFMG50 (B. megaterium) and UFMG51 (K. variicola). Moreover, genes for the synthesis of exopolyphosphatase (ppx) and polyphosphate kinase (ppk) are present in the genomes of all six strains selected in this study, except that ppx was not found in the genome of O. pseudogrignonense CNPMS2088. Except Microbacterium sp. UFMG51, all other strains genomes have an alkaline phosphatase gene; and UFMG50 has many copies of this gene and of its transcriptional regulator.
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FIGURE 3. Presence or absence of genes related to the synthesis of organic acids: (A) Gluconic, (B) ketogluconic, (C) Formic, (D) Acetic, (E) Glyoxylic, (F) Lactic, and (G) Glycolic in the six bacterial genomes (B. megaterium UFMG50, K. variicola UFMG51, P. ananatis UFMG54, Microbacterium sp. UFMG61, Pseudomonas sp. UFMG81 and O. pseudogrignonense CNPMS2088). Pyrroloquinoline quinone biosynthesis protein B (pqqB), pyrroloquinoline-quinone synthase (pqqC), pyrroloquinoline quinone biosynthesis protein D (pqqD), PqqA peptide cyclase (pqqE), quinoprotein glucose dehydrogenase (gcd), glucose 1-dehydrogenase (gdh), gluconolactonase (gnl), 2-dehydro-3-deoxygluconokinase (kdgK), 6-phosphogluconate dehydrogenase (gnd), 2-dehydro-3-deoxy-D-gluconate 5-dehydrogenase (kduD), gluconate:H+ symporter (gntP), gluconate operon transcriptional repressor (gntR), aldose sugar dehydrogenase (yliI), gluconate 2-dehydrogenase alpha chain (gadα), gluconate 2-dehydrogenase gamma chain (gadγ), 2-keto-D-gluconate reductase-gluconate 2-dehydrogenase (ghrB), oxalate decarboxylase (oxdD), pyruvate dehydrogenase (poxB), aldehyde dehydrogenase (aldB), acetyl-CoA synthetase (acs), propionyl-CoA carboxylase alpha chain (pccA), Isocitrate lyase (aceA), aconitate hydratase A (acnA), aconitate hydratase B (acnB), citrate synthase (gltA), malate synthase (glcB), malate dehydrogenase (mdh1), L-lactate dehydrogenase complex protein (lldE), L-lactate dehydrogenase complex protein (lldF), L-lactate dehydrogenase complex protein (lldG), L-lactate dehydrogenase operon regulator (lldR), lactate permease (lctP), L-lactate dehydrogenase (ldh), Na+:H+ antiporter NhaA family (nhaA), Na+:H+ antiporter NhaB family (nhaB), malate-2H(+)/Na(+)-lactate antiporter (nhaC), glyoxylate/hydroxypyruvate/2-ketogluconate reductase (ghrB), glyoxylate/hydroxypyruvate reductase (ghrA), glycerate dehydrogenase (hpra), glyoxylate reductase (gyaR). A list with KO and GOG numbers can be accessed in Supplementary Table S6.


We also analyzed the gene content related to the synthesis of organic acids (Figure 3), which is a major mechanism of phosphate solubilization by bacteria. Several genes related to the metabolism of gluconic, ketogluconic, lactic, formic, acetic, glyoxylic, and glycolic acids were detected in all genomes (Figure 3). Strains UFMG51 (K. variicola) and UFMG54 (P. ananatis) have the highest diversity of genes, especially those for the synthesis of gluconic, acetic and glycolic acids (Figures 3A,D,G); CNPMS2088 (O. pseudogrignonense) has all genes necessary for the synthesis of glyoxylic and acetic acids, and some of these enzymes are also key to the production of succinic and citric acid. UFMG50 (B. megaterium) has the highest diversity of genes for the synthesis of lactic acid. The genome of strain UFMG54 (P. ananatis) has all genes detected for the synthesis of ketogluconic, formic and acetic acids.



DISCUSSION


Enrichment of Bacterial Taxa From Soil Rhizospheric Cultivated With RP

In this study, we found changes in heterotrophic bacterial groups selected during acclimation in medium with AP promoted by enrichment technique using two sources of bacteria, rhizosphere soil of plants of maize cultivated with AP and maize rhizosphere soil without P (Table 2). In general, most bacteria isolated belong to the Gammaproteobacteria class and to the Enterobacteriaceae family. They were represented mainly by the genera Klebsiella sp. (62.5%) and Pantoea sp. (25%), when soil added with AP was used as inoculum for enrichment, and by Enterobacter sp. (50%) and Klebsiella sp. (25%) when soil without the addition of P was used. A similar profile, with the enrichment of taxa of Enterobacteriaceae family, was also observed in a previous study conducted by our group using metataxonomic approach (Silva et al., 2017). The Enterobacteriaceae are ubiquitously distributed, being reported in diverse environments, such as soils, water, plants and clinical samples (Podschun et al., 2001; Abreu et al., 2017; Silva et al., 2017). Members of this family are described as inorganic P solubilizers and/or adapted to environments with low levels of soluble phosphorus (Silva et al., 2017), as in the selective medium used for the enrichment and isolation of these bacteria (Ikeda et al., 2013).



Bacterial Potential of P Solubilization Depends on the Source, Strain and Availability of Oxygen in the Medium

In the assays to evaluate the P-solubilization capacity of bacteria, we used the Fe–P, because P is typically associated with Fe in most tropical soils, and Araxá Phosphate (AP), as P–Ca source of low water solubility. The evaluated bacteria performed better on the AP source, as evidenced by higher amount of P detected in the solubilization tests when compared to that measured in tests using FeP (Figure 1). In fact, calcium-bound phosphate, as in the case of AP, has greater solubility than phosphate bound to Fe or Al (Viégas et al., 2010). This pattern of greater solubilization of calcium phosphate mediated by microorganisms in vitro assays has been observed previously (Silva et al., 2014; Spagnoletti et al., 2017; Matter et al., 2020).

Microbacterium sp. UFMG61 was the bacterium that best solubilized AP (p < 0.05), reaching 258 mg/L of P after 48 h (Figure 1A). These results are promising when we consider previous study by our research group (Gomes et al., 2014) in which the incubation period of AP solubilization for bacteria was 10 days and reached a maximum of 100.7 mg/L, a value 2.5 times lower than that found in this study. Also, in the most recent study by Hongyang et al. (2020) lower values of P released were observed (90.2 mg/L) from the rock phosphate of Khouribga after 7 days of bacterial incubation. However, many factors may be acting for this better result of the group 1 – endophytes bacteria (Figure 1B), such as, for example, the ability to tolerate the impurities present in the rock phosphate that are also released during the P solubilization process. Mendes et al. (2013) observed that the fluoride release from AP reduced, in 55%, the P solubilization efficiency of Aspergillus niger.

Moreover, generally, lowering the pH correlates with increasing levels of solubilized P from calcium-bound phosphate, as observed for the best solubilizers of AP under study (Figure 2). The acidification of the medium may occur due the production of organic acids, H+ ions release during the assimilation of NH4+ or through other metabolic reactions that trigger the extrusion of protons, such as respiration, these are the main mechanisms reported as responsible for making P available from insoluble sources, such as rock phosphates (Illmer and Schinner, 1995). Furthermore, the efficiency of organic acids in the solubilization of P is related to the formation of complexes that act in the chelation of the ions that are P linked, then making the P soluble (Mendes et al., 2015). Another observation in this study is that the bacterial community showed a variable P solubilization pattern with genera, i.e., independent-genera, once that different isolates of the same genera were observed in the three groups generated by K-means analysis (Figure 1). There was also a greater potential for solubilization of AP by endophytic bacteria compared to rhizosphere bacteria (Figure 1A, p < 0.05). This effect of the origin site of bacteria of maize microbiome on P solubilization still needs to be further investigated, since numerous studies report this potential for bacteria isolated both from internal maize tissues (Matos et al., 2017; de Sousa et al., 2020) and the plant rhizosphere (Gomes et al., 2014; Li et al., 2017). It was expected that this greater potential was more related to rhizospheric bacteria that live in soil containing P insoluble forms. But, an aspect to be considered is that plant endosphere bacteria include facultative and obligatory endophytes. The facultative ones can have a stage outside the host plants (Hardoim et al., 2008) and originate from the soil. Therefore, the endophytic community likely represents a subset of the wider microbial population of the rhizosphere and it would reflect differences induced by agronomic practices (Miliute et al., 2015).

In the experiments in polystyrene plates (sessile cells), it was also observed high capacity of AP solubilization by the S. marcescens UFMG44 and S. marcescens UFMG43 reaching levels of 124 and 122 mg/L of P released, respectively (Figure 1E). These values are higher than those found in other studies under agitation conditions that also prospected bacteria through analysis of the capacity for P solubilization (Gomes et al., 2014; Motamedi et al., 2016). Probably, in this work, the experimental conditions produced anaerobic or microaerobic environments that led the bacteria to alter their metabolism and perform P solubilization, even in conditions of oxygen limitation. S. marcescens is a facultative anaerobe, being able to grow both in the presence and in the absence of oxygen, using for example the fermentative pathways (Jung et al., 2007).



Bacterial Inoculation Has Major Benefit in the Millet-cRP Assays

From the analysis of the promotion of millet growth by the six selected isolates (Table 3) it was observed as expected, the results of millet growth are higher in the soil added with P soluble (TSP) than with cRP. However, when analyzing the effect of inoculation of each P source, the bacterial inoculation on millet growth was more beneficial to seedlings that grew in soil fertilized with cRP than to those that grew in soil fertilized with TSP. This suggests that combining cRP with P-solubilizing bacteria to increase the P supply to the plant is an efficient approach, especially in the management systems that recommend not using chemical fertilizers such as TSP.

In fact, cRP is a slow release fertilizer and this is an advantage feature that can minimize P loss, contributing to the better use of this important element in tropical soils. Previous studies by our group using field cultivation of maize plants in RP-fertilized soil for 3 years showed biomass production and grain yield comparable to that of the plants cultivated in the TSP-added soil (Silva et al., 2017). Based on metataxonomic data, the authors hypothesized that the long-term cRP-fertilization promoted a greater relative abundance of microbial taxa related to P solubilization/acquisition in this soil and consequently helped its release and availability to plants.

A similar process may have occurred in the experiment with millet, where the P levels in the soil at the end of the experiment were higher in treatments with cRP than TSP, and this content of P in the soil was further increased with the inoculation of some of the bacteria in this study (i.e., B. megaterium UFMG50, P. ananatis UFMG54, Pseudomonas sp. UFMG81 and O. pseudogrignonense CNPMS2088). The largest increments were observed with B. megaterium UFMG50, which also improved all growth parameters of millet cultivated with cRP compared to those cultivated in uninoculated soil (Table 3). This may be a strong indication that this increase in P occurred through processes carried out by this strain, resulting in more P available to support plant growth. The potential of B. megaterium in releasing P from RP is well known and has been correlated with the production of organic acids (Do Carmo et al., 2019). A positive effect of the inoculation on the growth parameters of plants cultured in soil fertilized with RP was reported in other studies (Ribeiro et al., 2018; Hasan et al., 2019). Another important characteristic of the Bacillus genus is their high potential for resistance to a range of stress conditions in the soil due to their ability to form spores. This characteristic contributes to the good performance of B. megaterium and to its survival in soil, and consequently increases the chance that this bacterium promotes plant growth (Nascimento et al., 2020).

O. pseudogrignonense produced the largest increase in P content in soil and in all parameters related to millet growth promotion, but leaf area. This bacterium seems to be an important biostimulant of plant growth, as previously reported by Mishra et al. (2017). These authors reported an increase in the biomass of roots, aerial part and number of leaves of maize plants after treatment of maize seeds with an Ochrobactrum strain that was also tolerant to abiotic stresses, such as temperature, salinity and drought. Indeed, the plant growth promotion ability of Ochrobactrum spp. has been linked to ACC deaminase activity, nitrogen fixation, P solubilization, siderophore and indole acetic acid (IAA) production and biocontrol agent (Zhang et al., 2017; Singh et al., 2018; Navarro-Torre et al., 2019; Zang et al., 2019).

Although bacterial inoculation had an overall smaller effect on plant growth in soil added with TSP, when compared to other treatments, strains K. variicola UFMG51 and P. ananatis UFMG54 improved three and two parameters of millet growth, respectively (Table 3). The mechanisms used by Klebsiella spp. to promote plant growth include N2 fixation, ammonia production, phosphate solubilization and IAA production (Mazumdar et al., 2018). As TSP is a soluble P source, P solubilization is expected to occur readily, and this may have influenced bacterial growth. In the case of P. ananatis, it is interesting to observe the versatility of this species, since some strains have proven effective as plant-growth promoters (Da Silva et al., 2015), as we also found in this study.

Another interesting observation is that some bacteria perform best in promoting the growth of millet in soil added with cRP (B. megaterium UFMG50 and O. pseudogrignonense CNPMS2088), while no effect is observed in soil added with TSP. We believe cRP may be acting as a selective factor for the activity of some inoculated bacteria similarly to what we observed in a previous study (Silva et al., 2017).



Genomic Features Support the Bacterial Potential for Rock Phosphate Solubilizing and Promotion Plant Growth

To verify whether the P solubilization ability observed in vitro and in vivo is supported by genetic characteristics, we sequenced the genome of the six bacteria evaluated for millet growth promotion under greenhouse conditions. While this does not allow us to infer strain efficiency, we observe that all strains have the genetic potential to synthesize at least one of the organic acids known to promote phosphate solubilization, such as gluconic, 2-keto gluconic, acetic, lactic, glyoxylic, glycolic and formic acids (Figure 3). These acids are produced either as metabolic products or as intermediates of the carbon metabolic pathways. Gluconic acid and 2-keto gluconic acid are synthesized by the peripheral oxidation of glucose by pyrroloquinoline quinone-linked glucose dehydrogenase (PQQ-GDH) and gluconate dehydrogenase (GADH), respectively (Ramachandran et al., 2006). Acetic acid can be produced from pyruvate in a single-step oxidation reaction catalyzed by enzyme pyruvate oxidase B (POXB) or in multistep reactions involving the pyruvate dehydrogenase complex (PDC) and acetyl-CoA. Lactic acid can be produced from pyruvate due the action of lactate dehydrogenase, while citrate and succinate are key intermediates of the citrate cycle. Glyoxylic acid is produced in the glyoxylate in a reaction catalyzed by isocitrate lyase (ICL), which can be transformed to oxalic acid by glyoxylate oxidase action or reduced to glycolate by glyoxylate, hydroxypyruvate or 2-ketogluconate reductases. Finally, formic acid can be produced from oxalic acid by the action of oxalate decarboxylase (oxdD). We observed that the profile of genes related to the synthesis of organic acids alone do not fully explain the potential for AP solubilization of some microorganisms, as observed for Microbacterium sp. UFMG61 (Figure 3 and Supplementary Table S2), which showed a high in vitro P solubilization ability together with a low diversity of genes for organic acids synthesis. We hypothesize that other characteristics of this strain may be contributing to its ability to solubilize P. For instance, proton extrusion mechanisms or the regulation of gene expression may influence the phenotype, making it difficult to make a correlation at the genomic level. On the other hand, UFMG51 (K. variicola), UFMG81 (Pseudomonas sp.) and UFMG54 (P. ananatis) showed a high potential for AP solubilization, and classified as the highest P solubilization efficiency group among the endophytic bacteria evaluated in vitro. These strains also showed the highest number and diversity of genes for the biosynthesis of the major organic acids investigated, except for lactic acid (Figure 3). These are strong indicators of the possible mechanisms related to medium acidification or ion chelation promoted by acids (Mendes et al., 2015) in the assays with these bacteria acting for the solubilization of P. Besides having genes for the synthesis of GDH and its cofactor (pqq – pqqBCDE operon), the strains have the ylil gene encoding a PQQ cofactor-dependent soluble aldose sugar dehydrogenase, which is able to oxidase glucose to gluconolactone with subsequent hydrolysis to gluconic acid, a function similar to that of the gdh gene product.

Interestingly, B. megaterium UFMG50, the strain with best results in the in vivo experiment of millet growth promotion in soil added with cRP has genes related to the production of gluconic, lactic and formic acids (Figure 3). OxdD, besides to contributing to P solubilization by catalyzing the formic acid synthesis, confers the ability to cope with the acidity conditions generated during the P solubilization process. This was verified in studies with B. subtilis, suggesting that this enzyme protects cells against low pH stress by consuming protons via oxalic acid decarboxylation (Tanner et al., 2001; MacLellan et al., 2009).

The production of phytohormones such as auxins (IAA) and cytokinins by bacteria is also another beneficial effect for plants (Marchant et al., 2002; Jang et al., 2015). Thus, looking for these genes in the genomes of the six bacteria evaluated with the millet experiment, we observed that B. megaterium UFMG50 stood out for presenting the largest number of genes related to production of IAA (five genes) and cytokinins (four genes) (unpublished data). Thus, we suggest that this bacterium was able to solubilize P from cRP in the rhizosphere of millet in a greenhouse, most likely through the release of organic acids, but may also have used other characteristics that favored the development of the plant such as stimulating the plant tissues through the production of IAA and cytokinins.

Regarding the high-affinity and high-velocity inorganic P acquisition system (PstSCAB), it was observed that all six genomes have genes for this system (Supplementary Table S5). The PstSCAB system has high phosphate specificity and is not sensitive to inhibition by phosphonates (Yuan et al., 2006). This may contribute to the adaptation of the bacterial bioinoculants under P deprivation conditions, such as those they may encounter when first inoculated in poor soils or in soils amended with less soluble P sources, such as RP. Moreover, all strains have a copy of the full Pho regulon, except strain UFMG61 (Microbacterium sp.), which seems to lack the two main regulatory components of the Pho system (phoB and phoR). The gene for the phosphate transport regulator PhoU is present in the genomes of all strains, except in that of strain UFMG50 (B. megaterium). Whether the absence of some genes represents an assembly artifact or a genuine biological event remains to be determined, but the confirmed presence of either phoU or phoBR has some important implications, as discussed by Vuppada et al. (2018). According to these authors, when P levels are low, PhoR phosphorylates the transcriptional regulator PhoB, which activates the expression of several genes involved in phosphate transport. On the other hand, when P levels are high, the PhoU protein modulates the Pst system transport rate. This rapid adaptation to high phosphate concentrations may be key to the survival of bioinoculant strains, as an excess Pi uptake could be toxic for the cell. Only one genome (K. variicola UFMG51) has a copy of a Pi-starvation response (PSR) gene, psiF, which is inducible under conditions of Pi starvation, and responsible for the activation of proteins that aid in the transport of inorganic phosphate, such as the phosphate (Pho) regulon and the phosphate-specific transporters (PstSCAB).

With regard to the catabolism of phosphonates and phosphites, the two strains that likely lack the Pho system (Microbacterium sp. UFMG61 and O. pseudogrignonense CNPMS2088) contain the full phnCDE operon (Supplementary Table S5), which was recently demonstrated to be a genuine phosphate transport system, as it supports growth with Pi in the absence of canonical Pi-transport systems (Stasi et al., 2019). Among the six strains, only two (B. megaterium UFMG50 and Pseudomonas sp. UFMG81) contain the genes phnW and phnX, which encode a transaminase and a phosphonatase, respectively. The ptx and htx operons, involved in the uptake and oxidation of the inorganic reduced phosphorus (P) compounds phosphite and hypophosphite, respectively, were not located in any of the genomes of the strains we studied. However, the genomes of all strains, except that of Microbacterium sp. UFMG61, do contain the gene phoA (alkaline phosphatase), which was reported to be involved in the oxidation of phosphites to P (Achary et al., 2017). Another interesting feature in the studied genomes is the ability to synthesize and mobilize inorganic polyphosphates (polyP). These molecules are known to fulfill a number of different functions in bacteria, such as resistance to stress, biofilm formation, quorum sensing and virulence (Xie and Jakob, 2019). In addition, as discussed by Albi and Serrano (2016) polyP also serve as a reservoir of inorganic P that can be mobilized when needed. This is a desirable genetic feature in bacterial bioinoculants, and genes for the synthesis of exopolyphosphatase (ppx) and polyphosphate kinase (ppk) are present in the genomes of all six strains selected in this study, except ppx, which is missing in the genome of O. pseudogrignonense CNPMS2088.



CONCLUSION

In this study, we found that the bacterial efficiency for P solubilization varies widely at strain level. By screening 101 different bacteria, it was possible to observe that the site of origin can influence the phenotypic traits of isolates. Endophytic bacteria were more efficient in AP solubilization than bacteria isolated from rhizospheric soil. We observed that treatments based in a combination of bacterial inoculation and cRP-fertilization promoted millet growth to certain levels, though lower than those observed for TSP fertilization alone. Together with that, we observed that several isolates increased P both in soil and in plant tissues, suggesting that the increase in residual P in soil over time can supply the demand for this nutrient by plants. Of the six bacteria selected from P solubilization tests in vitro, all contributed to the improvement of at least one of the parameters of millet growth, indicating that the method used in this work was suitable for the selection of good candidates for bioinoculants for plant growth promotion. Furthermore, according to the analysis and detection of PCP genes in the studied genomes, we suggest that the production of organic acids and production of phytohormones are among the mechanisms that contribute to the promotion of millet growth. Hence, we propose that RP and the isolates described herein are used as adjuvants to a P-fertilization strategy in tropical soils. This strategy is important to alleviate the harmful effects of chemical P fertilizers by gradually solubilizing less soluble forms of P, such as RP, and making them available in soil for plant uptake.
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The structure and function of rhizosphere microbial communities are affected by the plant health status. In this study, we investigated the effect of root rot on the avocado rhizosphere microbiome, using 16S rDNA and ITS sequencing. Furthermore, we isolated potential fungal pathogens associated with root rot symptoms and assessed their pathogenic activity on avocado. We found that root rot did not affect species richness, diversity or community structure, but induced changes in the relative abundance of several microbial taxa. Root rot increased the proportion of Pseudomonadales and Burkholderiales in the rhizosphere but reduced that of Actinobacteria, Bacillus spp. and Rhizobiales. An increase in putative opportunistic fungal pathogens was also detected in the roots of symptomatic trees; the potential pathogenicity of Mortierella sp., Fusarium spp., Lasiodiplodia sp. and Scytalidium sp., is reported for the first time for the State of Veracruz, Mexico. Root rot also potentially modified the predicted functions carried out by rhizobacteria, reducing the proportion of categories linked with the lipid and amino-acid metabolisms whilst promoting those associated with quorum sensing, virulence, and antibiotic resistance. Altogether, our results could help identifying microbial taxa associated to the disease causal agents and direct the selection of plant growth-promoting bacteria for the development of biocontrol microbial consortia.
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INTRODUCTION

The rhizosphere is a densely populated area influenced by the plant root exudates, where complex interactions occur between microbial communities and the radicular system (Yadav et al., 2015; Ahkami et al., 2017). The rhizosphere microbiota plays a fundamental role in plant growth, health, productivity, and in soil quality, as it may increase plant nutrient availability and uptake, abiotic stress tolerance, produce phytohormones and protect the plant against the attack of soil-borne pathogens (Bulgarelli et al., 2013; Mendes et al., 2013; Báez-Vallejo et al., 2020). Therefore, any shift in the composition of the rhizosphere microbiome could potentially affect its ecological functions, the physiological state of the plant and the plant productivity (Trivedi et al., 2012; Wei et al., 2018).

The structure and function of the rhizosphere microbial community are determined by the plant species, cultivar, the plant growth stage and the surrounding bulk soil (Berendsen et al., 2012; Nadarajah, 2016). Furthermore, the rhizosphere microbial composition is influenced by other abiotic and biotic factors that include soil physicochemical properties, climatic factors, agricultural practices, and the infection of the plant by a pathogen (Philippot et al., 2013; Lareen et al., 2016; Compant et al., 2019). An increasing number of studies have recently focused on the effects of disease on the composition of plant-associated microbial communities in economically important crops such as cotton, citrus, ginseng or tomato (Zhang et al., 2011; Trivedi et al., 2012; Wu et al., 2016; Kwak et al., 2018; Wei et al., 2018), reporting contrasting findings. Soil-borne pathogens, for example, can either induce an increase (Wu et al., 2016) or a decrease (Zhao et al., 2017) in microbial abundance in the rhizosphere. In the particular case of avocado (Persea americana Mill.), PCR-DGGE analysis showed that roots infected with Phytophthora cinnamomi were colonized by more diverse bacterial communities compared with those of healthy roots, which were colonized by a few predominant taxa (Yang et al., 2001). More recently, Shu et al. (2019) confirmed, using metagenomics, that avocado rhizosphere microbial communities were altered by root rot infection, as changes in relative abundance were observed within the top ten microbial taxa and several metabolic pathways were affected in bacteria and fungi. These results thus call for an in-depth analysis of the differences in the rhizosphere microbial community structure and composition caused by root-rot in avocado.

Avocado root rot represents the most devastating disease of the crop worldwide and the major limiting factor of avocado production in Australia, South Africa, California, and in some regions of Mexico where the disease has affected 50–90% of the orchards (Fernández-Pavía et al., 2013; Pagliaccia et al., 2013). The disease is primarily caused by the oomycete Phytophthora cinnamomi, although different microorganisms have also been reported as root rot causative agents in avocado trees, inducing the same symptomatology: necrosis of the feeder root system, occasional trunk cankers and ultimately, branch dieback (Zentmyer, 1980; Dann et al., 2012; Ploetz, 2013). Other identified root rot causal agents include several species of Phytophthora (Menge and Ploetz, 2003; Ploetz, 2013), as well as oomycetes and fungi such as Cylindrocarpon spp., Fusarium spp., Nectria liriodendra, Ilyonectria macrodidyma and Pythium sp. amazonianum, among others (Dann et al., 2011; Vitale et al., 2012; Carranza-Rojas et al., 2015; Ochoa et al., 2018). Such diversity of potential causal agents of root rot in avocado frequently hinders a correct diagnosis and an adequate management of the disease.

Mexico contributes to approximately 30% of the avocado global production, being the principal producer and exporter worldwide with an annual production of about 2.2 million tons (FAO., 2018). Although approximately 70% of the Mexican national production is concentrated in the temperate mountains of Michoacán State, in the Central-West part of the country, the cultivated area has rapidly expanded in the last few years throughout the whole territory (SIAP (Servicio de Información Agroalimentaria y Pesquera)., 2016). Avocado orchards are now being established under highly diverse environmental conditions, which enhances the risk of a high incidence of soil-borne necrotizing pathogens, especially in areas with high relative humidity and abundant rainfall. Therefore, it is important to study how root rot in avocado may perturb the rhizosphere microbial community and the functions it performs, as this would provide a better understanding of the complex microbial interactions existing in the rhizosphere. Studying the effect of avocado root rot on the rhizosphere microbiota is especially relevant in newly cultivated areas with high risk of soil-borne disease incidence.

Our previous studies have allowed us to identify microorganisms associated with root rot symptomatic and asymptomatic avocado trees with beneficial functions, such as pathogen-antagonistic and plant growth-promoting activities (Méndez-Bravo et al., 2018; Guevara-Avendaño et al., 2020). We have previously isolated and characterized bacterial strains with the ability to antagonize several avocado pathogens (Guevara-Avendaño et al., 2020) and to promote plant growth in vitro (Méndez-Bravo et al., 2018) by sampling an orchard with a high relative humidity in Veracruz State, Mexico. The objective of the present study was thus to characterize the impact of avocado root rot on the assembly of rhizosphere microbial community and predict shifts in their potential functions, using 16S ribosomal DNA (rDNA) and internal transcribed spacer (ITS) amplicon sequencing. Furthermore, we also used a culture-dependent approach to isolate potential fungal pathogens associated with root rot and assess their pathogenic activity on avocado. We hypothesized that root rot would modify the structure and diversity of rhizosphere microbial communities, and that avocado rotten roots could further attract opportunistic fungal pathogens, which would be reflected in the taxonomic composition of the fungal community.



MATERIALS AND METHODS


Soil Sampling

Samples of rhizosphere soil of avocado were collected from the orchard San Carlos in Huatusco, Veracruz, as described in our previous studies (Méndez-Bravo et al., 2018; Guevara-Avendaño et al., 2020). A map of the orchard was provided in Méndez-Bravo et al. (2018). In the orchard, eight root rot asymptomatic avocado trees and eight root rot symptomatic avocado trees were selected, based on visual symptoms from root and leaf samples such as small, necrotic and brittle roots, chlorotic leaves and defoliation. The percentage of defoliated and wilted branches per tree, visually assessed as an indicator of the disease severity, ranged from 45 to 90%. All trees were planted at the same time and were therefore at the same growth stage (approximately 9 years old at the time of sampling). Root rot symptomatic trees were situated within an area susceptible to flooding, while asymptomatic trees were located on top of a hill, at a distance of approximately 200 m from the root-rot affected area. Trees within each sampling area were 5–20 m apart. For each tree, four rhizosphere soil samples of approximately 5 g were collected, according to the cardinal points, at 15–50 cm of the trunk and a depth of 5–10 cm, where the feeder roots were found, using a disinfected spade with 70% ethanol; samples were then homogenized into a single rhizosphere soil sample per tree (n = 8 per tree condition). Each rhizosphere soil sample consisted of fine roots and the soil around the roots. The soil samples were placed into Ziploc® bags, labeled and maintained on ice, and immediately transported to the laboratory to be processed for DNA extraction or for isolation of culturable fungi.



Soil DNA Extraction and Sequencing

Genomic DNA was extracted from 0.3 g of each rhizosphere soil sample using the DNeasy® PowerSoil Kit (Qiagen, Germany), according to the manufacturer’s protocol. The DNA quantity and quality were checked on an Eppendorf BioSpectrometer® (Eppendorf, Germany); DNA from one sample of the rhizosphere of a root rot symptomatic tree was degraded and therefore discarded.

For characterizing the bacterial communities, primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) were used to amplify the V3 and V4 region of 16S rDNA gene (Herlemann et al., 2011; Qiu et al., 2020). 25 μL PCR reactions were performed with 40 ng μL–1 template DNA, 12.5 μL Multiplex Master Mix (Qiagen, Mexico), 1.25 μL each primer, 6 μL MilliQ water. PCR cycling parameters were as follows: 95°C for 15 min; 25 cycles at 95°C for 30 s, 50°C for 30 s, and 72°C for 30 s; and a final extension step at 72°C for 5 min. The amplicons were purified using the AMPure XP beads (Beckman Coulter, United States). Sequencing libraries were generated using the Nextera XT Index Kit (Illumina). Eight and seven libraries from the 16S rDNA amplicons were made for root rot asymptomatic and symptomatic avocado trees respectively (one per sampled tree). The libraries were sequenced in duplicate on the Illumina MiSeq platform 2 × 300 bp paired-end.

For fungal communities, genomic DNA was bulked in order to obtain one composite sample per tree condition (symptomatic vs. asymptomatic). Amplification of the ITS region was carried out with primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′). Amplification consisted of a first step at 95°C for 2 min; 25 cycles at 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a final extension step at 72°C for 5 min. Two sequencing libraries per tree condition were generated from the amplicons of the ITS region, as described above. The four libraries were sequenced on four different lines on the Illumina NextSeq platform 2 × 150 bp paired-end. Data derived from bacterial and fungal sequencing were deposited in the Sequence Read Archive of NCBI under accession number PRJNA637654.



Isolation of Culturable Fungi From Symptomatic Avocado Roots

In order to retrieve the potential fungal pathogens associated with root rot, fungal isolation was carried out from fine root samples collected from symptomatic avocado trees. Roots were washed and shaken in sterile water three times to eliminate soil particles. Surface disinfection of the roots was done by washing in 70% (v/v) ethanol for 1 min and rinsing with sterile water. After air-drying the surface of the roots under sterile conditions, the roots were cut into approximately 0.5–1 cm segments and placed onto Petri dishes with potato dextrose agar (PDA, Sigma-Aldrich), V8 juice agar media supplemented with chloramphenicol (150 mg L–1, Sigma-Aldrich) and peptone-agar amended with PCNB (100 μg mL–1), in triplicate. Plates were incubated in the dark at 24°C until fungal growth was observed.

Pure fungal cultures were obtained by transferring hyphal tips from the border of the actively growing colony onto fresh PDA or by single spore cultures as described in Choi et al. (1999). Fungal isolates were then grouped into morphotypes according to criteria such as macroscopic colony characteristics and microscopic hyphae, conidia and spore analyses by trypan blue staining. Conidial shape, color and size characterization was performed with 25 conidia from each representative isolate.



DNA Extraction of Culturable Fungi and Sequencing

DNA extraction was carried out from one fungal isolate per morphotype (n = 10), following the CTAB protocol originally described by Wagner et al. (1987), which consists in grinding a sample of mycelium with a micro-pestle and treating it with proteinase K and extraction buffer. DNA amplification was performed with primers ITS1 and ITS4 following the parameters described in Tapia-Tussell et al. (2008). PCR amplicons were purified with the Wizard® SV Gel and PCR Clean-Up System kit (Promega, United States) and sent to Macrogen Inc. (Seoul, South Korea) for Sanger sequencing. Sequences were edited in BioEdit 7.2.5 (Hall, 1999) and compared with the GenBank1 and Unite2 databases. The sequences and their best matches were aligned with MUSCLE in MEGA 7 (Kumar et al., 2016), and deposited in GenBank (accession numbers MT571538 to MT571547).



Pathogenicity Tests

The pathogenic potential of the identified fungal isolates was assessed as described previously by Mayorquin et al. (2016), by conducting pathogenicity tests on healthy 2-year-old avocado plants (cv. Hass) acquired in a commercial nursery. The necrotizing ability of each isolate was tested in detached stems that were rinsed in distilled water and soaked in 10% sodium hypochlorite for 10 min. Leaves were removed and stems were cut into segments of approximately 30 cm long; the ends of the segments were generously covered with petroleum jelly to prevent desiccation. Each stem segment was wound-inoculated using a 4 mm-diameter cork borer to remove bark tissue in the middle part of the stem and introduce a mycelial plug from a 5-day-old culture. Sterile agar plugs were used as controls. Controls and inoculated wounds were covered with petroleum jelly, wrapped with cellophane, and subsequently placed in plastic containers with moistened paper towel at the bottom that were incubated at 24 °C. Necrotic progression was visually monitored every 7 days and after 4 weeks, stems were destructively sampled by removing bark and measuring the internal vascular necrosis. The disease incidence, expressed as percentage of symptomatic stems, was recorded and the necrotic damage (expressed as necrosis severity) was classified in a scale from 0 to 3, modified from Zentmyer, 1984; where: 0 = no symptoms except discoloration at the wound site; 1 = moderate vascular damage (necrotic lesions surrounding the site of inoculation); 2 = advanced damage (external necrosis, wilting and extended necrotic lesion through vascular tissue); and 3 = severe damage (generalized necrosis through the whole stem tissues). Five repetitions were carried out for each tested fungal isolate. Finally, necrotic tissue from the edge of lesions was sampled and cultured in PDA to morphologically identify the growing colonies and fulfill Koch’s postulates.



Bioinformatic Analyses

For bacteria, sequences were quality-filtered using PRINSEQ v.0.20.40 (Schmieder and Edwards, 2011). Sequences with average quality scores < 20 and lengths < 100 bp were eliminated, no ambiguous bases (N) were conserved, and the reads were trimmed by 15 bases at the 5’-end and 3’-end (Jovel et al., 2016). In the quality filtering step, almost all reverse sequences were eliminated so only forward sequences were retained for the analysis. Chimeric sequences were removed using ChimeraSlayer (Haas et al., 2011). The obtained sequences were clustered into Operational Taxonomic Units (OTUs) by open-reference OTU picking (Caporaso et al., 2010b) at 97% sequence similarity using UCLUST (Edgar, 2010) and taxonomically assigned with a 0.8 confidence threshold using Greengenes database 13_8 (DeSantis et al., 2006; Kong et al., 2016). Chloroplast, mitochondria, archaea, singletons, unassigned sequences, low abundance OTUs (< 0.01%) and OTUs represented by 10 or fewer sequences in all samples were removed before further analysis (Lamelas et al., 2020). To construct the phylogenetic tree, reads were aligned using PyNAST (Caporaso et al., 2010a) and the Greengenes database, then the tree was made with FastTree (Price et al., 2010). For downstream analyses, the OTU sequence counts were normalized with two approaches, a relative abundance normalization, where the sequencing reads in a given sample were divided by the total number of sequencing reads in that sample (Fitzpatrick et al., 2018) and the normalization by rarefaction, where the sequences were randomly subsampled at the same sequence depth (19,784 sequences per sample) (Caporaso et al., 2010b). The OTU table normalized by relative abundance was used for the determination of shared OTUs using R (R Core Team, 2019) and the Venn diagram was constructed with SmartDraw.

The prediction of bacterial functional composition was made following the PICRUST pipeline v.1.1.4 (Langille et al., 2013), removing de novo OTUs in order to keep only those OTUs compatible with Greengene IDs (Caporaso et al., 2010a). The predicted functions table was classified into KEGG pathways at level 3.

For rhizosphere soil fungal communities, forward and reverse primers were removed and the paired-end sequences were merged when possible; typically, the forward reads were retained when the sequences did not merge. Reads with a minimum length of 100 pb were removed and the reads with a maximum length of 300 pb were trimmed, using the pre-processing script of AMPtk (Palmer et al., 2018). Quality filtering was performed after the merging of paired reads, with a maximum expected error of 2 using VSEARCH v2.7.1 (Edgar and Flyvbjerg, 2015; Rognes et al., 2016). The sequences were re-labeled by unique sample tags, joined into a single file and unique sequences were detected with the USEARCH algorithm v11.0.667 (Edgar, 2010). All the reads were clustered in OTUs at 97% sequence similarity, the chimeric sequences were removed, and the singletons were excluded from the dataset, using the UPARSE-OTU algorithm (Edgar, 2013). Taxonomic assignment was implemented using the hybrid taxonomy algorithm of AMPtk against the UNITE database v8.0 (Nilsson et al., 2019), which consists in calculating a consensus last common ancestor based on two successive alignments: 1) a global alignment and 2) an alignment to Bayesian Classifiers. The Amptk default threshold values were used for taxonomic assignment, as recommended in Palmer et al. (2018). Following taxonomic assignment, unassigned sequences and taxonomic levels not corresponding to fungi were removed. Using the same criteria as for bacteria, fungal OTUs with less than 0.01% relative abundance and represented by 10 or fewer sequences in all samples were removed. Shared OTUs between symptomatic and asymptomatic trees were obtained using R and were visualized with a Venn diagram that was designed in SmartDraw. The FUNGuild v1.0 database (Nguyen et al., 2016) was used to assign the trophic categories and ecological guild to each OTU, only the categories with probable and highly probable confidence rank were retained.



Bacterial Community Diversity and Statistical Analyses

Rarefaction curves for bacterial and fungal data were created using the phyloseq, ranacapa, vegan and ggplot2 packages in R v.3.5.2 software. For bacterial communities, statistical analyses were computed in R v.3.5.2 software, using a significance value of P < 0.05. Bacterial richness and alpha diversity metrics (observed species richness, Shannon index and Simpson index) were calculated using the phyloseq package (McMurdie and Holmes, 2013) in R from the OTU table normalized by rarefaction, to minimize the influence of sequencing depth on the results (Weiss et al., 2017). Means and standard errors of richness and alpha diversity metrics were calculated with the package psych and the differences were tested with the Mann-Whitney-Wilcoxon test with a continuity correction. For beta diversity analyses, the OTU table normalized by relative abundance (Fitzpatrick et al., 2018) was log2-transformed and Unifrac weighted and unweighted dissimilarity matrices were computed using the phyloseq and vegan packages (Oksanen et al., 2018). Non-metric multidimensional scaling (NMDS) based on Unifrac weighted and unweighted distances were computed using the same packages. A permutational multivariate analysis of variance (PERMANOVA) was used to compare the structure of the bacterial rhizosphere community of root rot asymptomatic and symptomatic trees, using the vegan package with the Unifrac weighted and unweighted distance matrix with 999 permutations. Significant differences in bacterial taxa relative abundance between root rot asymptomatic and symptomatic trees were evaluated using a Mann-Whitney-Wilcoxon test with an FDR correction.

Statistical analysis of the bacterial metabolic profiles was performed with a White’s non-parametric t-test (White et al., 2009) and a multiple testing correction with the Benjamini-Hochberg method, using the software STAMP (Parks and Beiko, 2010).

For fungal communities, a Generalized Fold Change (GFOLD) analysis was carried out in order to assess differences in the abundance of fungal OTUs between asymptomatic and symptomatic trees. The GFOLD algorithm generates rankings of differentially abundant taxa from samples without biological replicates (Feng et al., 2012; Ibarra-Juárez et al., 2018) and thus allowed us to compare data from our composite samples. Read counts at each taxonomic level were normalized by the library size of each sample and the data was used to estimate the log2 fold change (log2fdc), considering values of log2fdc ≠ 0 and GFOLD(0.01) ≠ 0 as differentially abundant (Ibarra-Juárez et al., 2018).




RESULTS


Diversity of Rhizosphere Bacterial and Fungal Communities

A total of 2,557,554 and 4,185,892 raw sequences were obtained from bacteria and fungi, respectively. After quality filtering, 1,163,164 high-quality reads from bacteria and 293,499 from fungi were obtained. These reads were clustered into 3,424 bacterial OTUs and 1,184 fungal OTUs at a 97% sequence similarity (Supplementary Table S1). Rarefaction curves showed that all rhizosphere soil samples from root rot asymptomatic and symptomatic avocado trees reached a plateau (Supplementary Figure S1), indicating that most OTUs from the rhizosphere bacterial and fungal communities were detected.

The numbers of OTUs were rarefied based on the library with the lowest number of reads, resulting in 3,411 bacterial OTUs and 1,184 fungal OTUs. For both bacterial and fungal communities, richness and alpha diversity values in the rhizosphere of root rot symptomatic trees were similar to those observed in the rhizosphere of asymptomatic trees (Table 1). Simpson’s indices presented large values for both bacteria and fungi, indicating the presence of dominant OTUs in the avocado rhizosphere microbial community.


TABLE 1. Richness and alpha diversity of rhizosphere bacterial and fungal communities associated with root rot asymptomatic and symptomatic avocado trees.
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The beta diversity of the bacterial community was represented in a NMDS plot based on weighted UniFrac distances (stress value = 0.10, Figure 1). Although phylogenetic dissimilarities between samples showed that the rhizosphere bacterial community of asymptomatic trees was separately clustered from that of symptomatic trees, the PERMANOVA analysis revealed that the structure of the bacterial community between the two groups of trees was not significantly different (Supplementary Table S2, F = 1.10, P = 0.33). A similar pattern of clustering was observed in a NMDS plot using unweighted UniFrac distances (stress value = 0.15, Supplementary Figure S2).
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FIGURE 1. Non-metric multidimensional scaling (NMDS) plot based on UniFrac weighted distance of the bacterial community structure associated with the roots of root rot asymptomatic and symptomatic avocado trees (stress value = 0.10).




Composition of Rhizosphere Bacterial and Fungal Communities

Of the total 3,424 bacterial OTUs that were detected in the avocado rhizosphere, 27% were exclusively found in root rot asymptomatic trees whilst 32% were only associated with root rot symptomatic trees (Figure 2). The avocado rhizosphere fungal community was represented by a total of 1,184 OTUs, of which 33% were exclusively detected in root rot asymptomatic trees whilst 44% were only found in root rot symptomatic trees. The Venn diagrams also showed that 41% of bacterial and 22% of fungal OTUs were shared between the two groups of trees (Figure 2).


[image: image]

FIGURE 2. Venn diagrams of the number of unique and shared operational taxonomic units (OTUs) of the (A) bacterial and (B) fungal community associated with the rhizosphere of root rot asymptomatic (purple) and symptomatic (blue) avocado trees.


The rhizosphere bacterial communities associated with root rot asymptomatic and symptomatic trees were dominated by phyla Proteobacteria, Acidobacteria, Verrucomicrobia, Actinobacteria, and Chloroflexi (Figure 3A). However, differences were observed in the relative abundance of various bacterial phyla between root rot symptomatic and asymptomatic trees (Supplementary Table S3). Phyla Verrucomicrobia (W = 209, P ≤ 0.05), Actinobacteria (W = 180, P ≤ 0.05), Firmicutes (W = 224, P ≤ 0.05) and Planctomycetes (W = 178, P ≤ 0.05) were significantly more abundant in the rhizosphere of root rot asymptomatic trees, whilst the relative abundance of Bacteroidetes (W = 35, P ≤ 0.05) was larger in that of symptomatic trees. The composition of the avocado rhizosphere bacterial community at lower taxonomic levels is shown in Supplementary Figure S3. Bacterial taxa such as Rhizobiales (W = 209, P ≤ 0.05) and Bacillales (W = 224, P ≤ 0.05) were more enriched in the bacterial community of root rot asymptomatic trees than in that of symptomatic trees. Conversely, the abundance of Pseudomonadales (W = 8, P ≤ 0.05) and Burkholderiales (W = 9, P ≤ 0.05) populations increased in the bacterial community of root rot symptomatic trees (Supplementary Tables S4, S5).
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FIGURE 3. Phylum composition of the (A) bacterial and class composition of the (B) fungal community associated with the rhizosphere of root rot asymptomatic and symptomatic avocado trees. Low abundance taxonomic groups (relative abundance < 1%) were reported as Others. NA means not assigned. The asterisk indicates significant difference in taxa relative abundance between root rot asymptomatic and symptomatic trees (For bacteria: P < 0.05, Mann-Whitney-Wilcoxon test; for fungi: log2fdc ≠ 0 and GFOLD(0.01) ≠ 0, GFOLD algorithm).


The rhizosphere fungal communities associated with root rot asymptomatic and symptomatic trees showed significant differences in the abundance of several taxa, according to the GFOLD algorithm (Supplementary Tables S6–S8). Phyla Ascomycota and Mortierellomycota were the most dominant in the rhizosphere of both root rot asymptomatic and symptomatic trees (Supplementary Figure S4A and Supplementary Table S6). At the class level, Eurotiomycetes, Agaricomycetes, Pezizomycetes and Tremellomycetes populations showed a differentially higher relative abundance in the rhizosphere of root rot asymptomatic trees, whilst Leotiomycetes, Mortierellomycetes, Dothideomycetes, Sordariomycetes and Glomeromycetes populations dominated the rhizosphere of root rot symptomatic trees (Figure 3B and Supplementary Table S7). Analyses at the order level showed that taxa such as Helotiales, Mortierellales, Venturiales and Pleosporales were significantly enriched in the rhizosphere of root rot symptomatic trees (Supplementary Figure S4B and Supplementary Table S8).



Potential Functions of the Rhizosphere Bacterial and Fungal Community

The predicted functional analysis of the bacterial community was made from 1,919 (56%) OTUs. The predicted bacterial functional profiling revealed a higher abundance of sequences associated with metabolism in the rhizosphere of root rot asymptomatic avocado trees than in that of symptomatic trees, at the level 1 KEGG Orthology (KO) (q = 0.002). Furthermore, the functional category “cellular processes” was significantly more abundant in bacterial communities associated with root rot symptomatic avocado trees (q = 0.008) (Supplementary Figure S5). Based on the profiling data at level 2 KO, 17 principal functional gene categories were identified for bacteria in the rhizosphere of avocado trees (Figure 4). Some of the most represented categories in the rhizosphere of symptomatic avocado trees included signal transduction (q = 0.016) and cell motility (q = 0.032). These functional gene categories appear to be involved in various functions such as bacterial secretion system (q = 0.017), two-component system (q = 0.009), bacterial motility proteins (q = 0.008) and bacterial chemotaxis (q = 0.023) (Supplementary Figure S6). In the bacterial functional profile of the rhizosphere of asymptomatic trees, the amino acid metabolism (q = 0.021) and the metabolism of terpenoids and polyketides (q = 0.005) were some of the most enhanced functional gene categories (Figure 4).
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FIGURE 4. Potential functional gene categories of the rhizosphere bacterial community associated with root rot asymptomatic and symptomatic trees. Differences in the mean abundance of each category, at level 2 KEGG orthology (KO), are showed. The q-values were derived from a White’s non-parametric t-test with Benjamini-Hochberg correction.


Fungal taxa were classified in different functional groups based on their uses of environmental resources with FUNGuild. All fungal OTUs were used in the predicted function analysis. Of the total 1,184 fungal OTUs, 539 (46%) were assigned to ecological categories, but only 391 (33%) OTUs had an assignment with probable and highly probable confidence ranks. The fungal trophic modes symbiotroph, saprotroph, and pathotroph seemed to be enriched in the rhizosphere of root rot symptomatic trees (Supplementary Figure S7). According to the ecological guilds, the saprotrophic fungi and plant pathogen fungi were represented by a larger number of OTUs in the rhizosphere of root rot symptomatic trees (Figure 5).
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FIGURE 5. Ecological guilds of the rhizosphere fungal community of root rot asymptomatic and symptomatic avocado trees.




Isolation and Pathogenicity Potential of Culturable Fungi Associated With Root Rot Symptomatic Trees

From 90 plates containing the three different culture media, 46 fungal isolates were recovered. These isolates were further classified into 10 morphotypes according to their morphological characteristics. Complementation with molecular identification based on the ITS1 and ITS4 sequences classified the isolates into four genera, being Fusarium the dominant genus with 7 isolates (A11, A12, A17, A19, B1, B4 and B5), 4 of them (A11, A12, B4 and B5) phylogenetically close to F. solani (Table 2). The additional genera represented by one single isolate were Lasiodiplodia, Mortierella, and Scytalidium (Table 2). The upper surface of the mycelial growth of fungal isolates was visually registered (Figure 6A).


TABLE 2. rDNA-ITS molecular identification of fungal isolates associated with root rot symptomatic avocado trees and necrosis severity on avocado stems as assessed in pathogenicity tests.
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FIGURE 6. Morphology of fungal isolates from avocado root rot symptomatic trees (A) and representative necrotic lesions observed after 4 weeks in wound-inoculated stem segments (B). The frontal side of colonies growing on PDA Petri dishes was visually registered (A) and the ID of each isolate is indicated. A10: Lasiodiplodia pseudotheobromae; A11: Fusarium sp.; A12: Fusarium sp.; A14: Mortierella sp.; A17: F. equiseti; A18: Scytalidium sp.; A19: Fusarium sp.; B1: Fusarium sp.; B4: F. solani; B5: F. solani. Frontal view of the internal lesions caused by each isolate (B) was also complemented with visual analysis of cross sections and the necrosis level is indicated in Table 2.


The functional prediction results obtained from the fungal community suggested that the pathotropy guild was enriched in the rhizosphere of symptomatic trees; we thus complemented the obtention of fungal isolates with the evaluation of their pathogenic potential, by testing their ability to necrotize vascular tissue of asymptomatic stems of c.v. Hass avocado. One representative isolate per fungal morphotype was tested (10 isolates). At 4 weeks after inoculation (wai), all the stems showed external necrotizing signs. Visual examination of internal damage corroborated the necrotic ability of all the screened isolates, as compared with mock inoculated stems (Figure 6B). The most severe damage was registered for isolates B1 and B5, tentatively identified as Fusarium sp. and F. solani respectively, which produced generalized necrosis and visible mycelial growth along and through the whole stem tissues (Figure 6B and Table 2). Isolates A11 and A17, tentatively identified as Fusarium sp. and F. equiseti, scored a value of 2 in the scale of necrosis severity (Figure 6B and Table 2). Although causing less generalized damage, the other tested isolates also showed an important necrotizing ability, scoring a value of 1 in the scale of necrosis severity (Figure 6B and Table 2).




DISCUSSION

We characterized the bacterial and fungal communities associated with the rhizosphere of root-rot asymptomatic and symptomatic avocado trees in an orchard located in the State of Veracruz, Mexico, and predicted their potential functions. Our results confirmed that root-rot infection modified the composition of microbial rhizosphere assemblages and the relative abundance of some bacterial and fungal taxa within the community, although, contrary to our hypothesis, no change in rhizosphere bacterial diversity was detected between root-rot asymptomatic and symptomatic avocado trees. Future research should aim at evaluating the impact of root rot on the avocado rhizosphere microbiome under controlled conditions, and control for factors such as time since infection or level of infection, in order to confirm the lack of influence of this disease on the rhizosphere microbial diversity.

The enrichment in specific taxonomic groups in the rhizosphere of symptomatic trees may be due to possible shifts in the ecological niche of the microbial community caused by root rot. Root necrosis induces the leakage of carbon-rich exudates, providing favorable niches for the proliferation of certain microbial populations due to their distinct substrate preferences (Zhalnina et al., 2018) or to their resistance to antimicrobial compounds released by the plant to inhibit the growth of the pathogen (Pascale et al., 2020). The higher relative abundance of Pseudomonadales, Burkholderiales and other Beta- and Gamma-Proteobacteria in the rhizosphere of root-rot symptomatic trees is consistent with this hypothesis, as these fast-growing bacteria are known for rapidly colonizing the rhizosphere in response to the liberation of labile sources of carbon in root exudates (Eilers et al., 2010; Trivedi et al., 2012). Moreover, these taxa have been associated with soil suppressiveness and plant protection against fungal diseases (Mendes et al., 2011), for example through the production of antifungal 2,4-diacetylphloroglucinol (DAPG; Bergsma-Vlami et al., 2005), the emission of antifungal and anti-oomycete volatile organic compounds such as dimethyl disulfide or 1-undecene (Hunziker et al., 2015; Báez-Vallejo et al., 2020) or through the production of siderophores (Paulsen et al., 2005). Furthermore, the genus Pseudomonas has been reported to be able to evade or reduce plant defenses in order to colonize the rhizosphere (Liu et al., 2018; Yu et al., 2019). It is also noteworthy that the bacterial taxa that were associated with the asymptomatic status in the present study, namely Acidobacteria, Actinobacteria and Firmicutes, were found to be indicators of the disease in the rhizosphere of Huanglongbing-affected citrus trees (Trivedi et al., 2012). Trivedi et al. (2012) attributed the enriched abundance of these taxa in the roots of diseased trees to their oligotrophic nature and their slow response to changes in root exudation patterns, which is likely why they were principally associated to intact roots in our study. Actinobacteria, Bacillus spp. and Rhizobiales, a bacterial taxon also found to be associated with the asymptomatic condition, are known to comprise plant growth promoting bacteria and have been reported to suppress or antagonize P. cinnamomi (You et al., 1996; Guevara-Avendaño et al., 2018; Vida et al., 2020); a decrease in their abundance may thus have further impact on the health of root-rot symptomatic trees.

Fungal taxa Leotiomycetes (in particular Helotiales) and Mortierellomycetes were amongst the most abundant fungi associated with the rhizosphere of root rot symptomatic avocado trees. Both taxa have been described as abundant in bulk and rhizosphere soils and as potentially important actors in the cycling of phosphorus (Tedersoo et al., 2009; Curlevski et al., 2010; Almario et al., 2017). The genus Mortierella, in particular, was reported by Shu et al. (2019) to be more abundant in the rhizosphere of root rot symptomatic avocado trees than in that of healthy trees in China, which was confirmed in our study. Mortierella spp. have been hypothesized to act as plant protective microbes, suppressing soil-borne pathogens through competition or enhanced plant nutrient uptake (Miao et al., 2016); however, a recent study from Mexico confirmed Mortierella elongata as an avocado pathogen, which suggests that Mortierella species may act as opportunistic phytopathogens in root-rot affected orchards (Hernández Pérez et al., 2018). Interestingly, isolate Mortierella sp. A14 was also retrieved in our culture-dependent approach as a fungal pathogen associated to root rot symptoms.

The predicted functional analysis of the rhizosphere bacterial communities showed that categories associated with the lipid and amino-acid metabolisms were promoted in the asymptomatic tree rhizospheres. To our knowledge, no previous reports have systematically characterized the lipid profile of avocado roots; however, evidence of highly expressed genes related to lipid metabolism have been found in healthy avocado roots (Ibarra-Laclette et al., 2015), which could explain the enrichment in the lipid metabolism category that was detected in the rhizosphere bacterial community of asymptomatic trees (Figure 4). On the other hand, the amino acid profile of avocado genotypes susceptible to root rot have been shown to be enriched in acidic and basic amino acids attractant to P. cinnamomi (Zentmyer, 1961; Botha and Kotzé, 1989); carbohydrates, however, were not a significant component of the chemoattractant root extracts (Botha and Kotzé, 1989). The incidence of root rot in the orchard sampled in this study corroborates the susceptibility of its avocado rootstock, thereby suggesting that an enrichment in amino acids could occur at the root level of these trees. Our results, nevertheless, contrasts with the results obtained by Shu et al. (2019), who suggested that the observed variations in microbial metabolism between root rot symptomatic and asymptomatic trees may affect the selection pressure that root rot causal agents exerted on the rhizosphere microbiome. These contrasting findings may due to the fact that our predictions of bacterial functions were based on 56% of the total OTUs detected in the rhizosphere bacterial community. Furthermore, future analyses with a functional genomic approach could clarify these opposite results in the predictive functions of the avocado rhizosphere microbiome.

Interestingly, sequences potentially related to chemotaxis and motility were more abundant in bacterial communities associated with the root rot symptomatic condition, which putatively emphasizes the importance of chemical signals for rhizosphere colonization by certain bacterial taxa. These predictions are consistent with the enrichment of Pseudomonas and Burkholderia species in the rhizosphere of root-rot symptomatic trees, as these Proteobacterial taxa are known producers of quorum sensing signals (Venturi and Keel, 2016). The categories of bacterial secretion system and two-component system also showed an increment in the bacterial community of symptomatic trees; these systems regulate important biological processes such as respiration, biofilm formation, motility, virulence, and antibiotic resistance (Tiwari et al., 2017; Schmidl et al., 2019). Fungal ecological guilds, assessed from 33% of fungal OTUs, were also marked by a clear difference between the asymptomatic and symptomatic avocado trees. As hypothesized, our results predict that the rhizosphere fungal community of root-rot symptomatic trees could be enriched in potential pathogens and saprotrophs, which is consistent with the larger proportion of Mortierellales, Pleosporales (Zhang et al., 2012) or Venturiales (Shen et al., 2020) detected in the rhizosphere of symptomatic trees. Opportunistic fungal pathogens may take advantage of root rot to colonize the roots of the susceptible host, whilst the release of root exudates following root rot is likely to attract saprotrophs to the rhizosphere. However, further studies should aim at confirming these findings with transcriptomic analyses to determine shifts in the functional diversity of the avocado rhizosphere microbiome due to root rot.

Culture-dependent assessment of fungi associated with root rot symptoms and subsequent pathogenicity tests allowed us to retrieve 10 fungal isolates with pathogenic activity on avocado tissues. These isolates mostly belonged to the genus Fusarium, which confirms the findings by Carranza-Rojas et al. (2015) who found several Fusarium species (Hypocreales), among which F. solani and F. sambucinum, to be associated with avocado root rot. Other fungal genera such as Lasiodiplodia (Botryosphaeriales), Scytalidium (Helotiales) and Mortierella (Mortierellales) have been previously reported as avocado pathogens in Peru, Spain, South Africa and Mexico (Alama et al., 2006; Coertzen and Fourie, 2017; Hernández Pérez et al., 2018; Arjona-Girona et al., 2019). Sequencing of the fungal microbiome confirmed that Helotiales and Mortierellales were dominant taxa in the rhizosphere of root rot symptomatic trees, which suggests that these taxa could act as opportunistic fungal pathogens following root rot infection. The potential pathogenicity of Mortierella sp., Fusarium spp., Lasiodiplodia sp. and Scytalidium sp., is reported for the first time for the State of Veracruz, Mexico, where avocado orchards are quickly expanding.

Plant microbiome studies offer a great area of opportunity to design innovative management strategies for the control of plant pathogens (Massart et al., 2015). Understanding the shifts in the avocado rhizosphere microbiome due to root rot could help developing diagnostic tools, including identifying microbial taxa associated to the disease causal agents, and direct the selection of plant growth-promoting bacteria that could be used in consortia for biofertilization. Further studies should be directed at elucidating the functional traits of microorganisms exclusively associated with the healthy or the sick conditions, as this could help us identify disease-suppressive microorganisms that could act as a first barrier against Phytophthora infection (Mendes et al., 2011; Trivedi et al., 2020). Such knowledge could be used as a basis to develop microbial consortia for the biocontrol of avocado root rot.



CONCLUSION

The analysis of microbial communities in the avocado rhizosphere showed that root rot did not affect species richness, diversity or community structure. However, root rot induced changes in the proportion of several bacterial taxa within the community, increasing the relative abundance of Pseudomonadales and Burkholderiales whilst reducing that of Actinobacteria, Bacillus spp. and Rhizobiales. These shifts are likely to be mediated by the liberation of carbohydrates through necrotized roots and by changes in root exudate patterns as a response to pathogen infection. The rhizosphere of root rot symptomatic trees was also enriched in Mortierella spp., which are, together with Fusarium spp., Lasiodiplodia sp. and Scytalidium sp., probable opportunistic phytopathogens. Their potential pathogenicity in avocado is reported here for the first time for the State of Veracruz, Mexico. These results confirmed the predicted enrichment in potential fungal pathogens and saprotrophs in the rhizosphere of root-rot symptomatic trees, as determined by the analysis of fungal ecological guilds. Finally, root rot also potentially modified the predicted functions carried out by rhizobacteria, reducing the number of sequences related to the lipid and amino-acid metabolism categories whilst tentatively promoting categories associated with quorum sensing, virulence, and antibiotic resistance. Altogether, these results show the potential of the plant microbiome for the development of diagnostic and disease management tools, and call for a better understanding of the shifts in rhizosphere microbial functional traits due to root rot, as these are key to develop microbial consortia for the biocontrol of the disease.
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Supplementary Figure 1 | Rarefaction curves of the number of observed OTUs of the bacterial (A) and fungal (B) community associated with root rot asymptomatic and symptomatic avocado trees.

Supplementary Figure 2 | Non-metric multidimensional scaling (NMDS) plot based on UniFrac unweighted distance of the bacterial community structure associated with the roots of root rot asymptomatic and symptomatic avocado trees (stress value = 0.15).

Supplementary Figure 3 | Taxonomic composition of the rhizosphere bacterial community at the level of class (A) and order (B) associated with root rot asymptomatic and symptomatic avocado trees. Low abundance taxonomic groups (relative abundance < 1%) were reported as Others. NA means not assigned. The asterisk indicates significant difference in taxa relative abundance between root rot asymptomatic and symptomatic trees (For bacteria: P < 0.05, Mann-Whitney-Wilcoxon test; for fungi: log2fdc ≠ 0 and Gfold(0.01) ≠ 0, Gfold algorithm).

Supplementary Figure 4 | Taxonomic composition of the rhizosphere fungal community at the level of phylum (A) and order (B) of root rot asymptomatic and symptomatic avocado trees. Low abundance taxonomic groups (relative abundance < 1%) were reported as Others. NA means not assigned. The asterisk indicates significant difference in taxa relative abundance between root rot asymptomatic and symptomatic trees (For bacteria: P < 0.05, Mann-Whitney-Wilcoxon test; for fungi: log2fdc ≠ 0 and Gfold(0.01) ≠ 0, Gfold algorithm).

Supplementary Figure 5 | Difference in the mean abundance of each categorized gene function, at level 1 KEGG orthology (KO), of the rhizosphere bacterial community of root rot asymptomatic and symptomatic trees. The q-values were derived from a White’s non-parametric t-test with Benjamini-Hochberg correction.

Supplementary Figure 6 | Differential functions of the avocado rhizosphere bacterial community between root rot asymptomatic and symptomatic trees. The sequences were associated to bacterial chemotaxis (A), bacterial motility proteins (B), bacterial secretion system (C) and two- component system (D). The q-values were derived from a White’s non-parametric t-test with Benjamini-Hochberg correction.

Supplementary Figure 7 | Fungal trophic modes detected in the rhizosphere of root rot asymptomatic and symptomatic trees. The trophic mode was assigned using the FUNGuild database and based on 33% of fungal OTUs (OTUs with probable and highly probable confidence ranks).
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One of the fundamental tenets of biology is that the phenotype of an organism (Y) is determined by its genotype (G), the environment (E), and their interaction (GE). Quantitative phenotypes can then be modeled as Y = G + E + GE + e, where e is the biological variance. This simple and tractable model has long served as the basis for studies investigating the heritability of traits and decomposing the variability in fitness. The importance and contribution of microbe interactions to a given host phenotype is largely unclear, nor how this relates to the traditional GE model. Here we address this fundamental question and propose an expansion of the original model, referred to as GEM, which explicitly incorporates the contribution of the microbiome (M) to the host phenotype, while maintaining the simplicity and tractability of the original GE model. We show that by keeping host, environment, and microbiome as separate but interacting variables, the GEM model can capture the nuanced ecological interactions between these variables. Finally, we demonstrate with an in vitro experiment how the GEM model can be used to statistically disentangle the relative contributions of each component on specific host phenotypes.

Keywords: microbiome, plant–microbe interactions, microbiome associated phenotype, microbial ecology, microbiome engineering, GEM


THE GENETIC BASIS OF ECOLOGICAL INTERACTIONS

Leveraging the beneficial interactions between plant hosts and their microbiomes represents a new direction in sustainable crop production. In particular, the emergence of microbiome-associated phenotypes (MAPs), such as growth promotion and disease suppression, is expected to reduce our dependency on energy-intensive and environmentally disturbing management practices. This may either be achieved through the addition of probiotics and prebiotics, or through breeding programs targeting MAPs to develop a next generation of “microbiome-activated” or “microbe-assisted” crop production systems (Busby et al., 2017; Oyserman et al., 2018). Hence, a major challenge is to identify the genotypic underpinning of emergent MAPs and understanding the pivotal role of the environment. The interaction between genotype (G) and environment (E) has long been recognized as an important factor both in evolutionary biology (Via and Lande, 1985; Anderson et al., 2013) and breeding programs (Allard and Bradshaw, 1964). While a significant body of literature exists on quantitative investigations of GE interactions (El-Soda et al., 2014), the bulk of this work has focused on abiotic parameters and has largely overlooked the microbiome. Nevertheless, the interactions between hosts, microbiomes, and their environments are coming into increasing focus and scrutiny (Dal Grande et al., 2018; Wallace et al., 2018; Beilsmith et al., 2019; Bonito et al., 2019). Indeed, researchers investigating pathogens often refer to the ‘disease triangle’ (Sandermann, 1996), whereas researchers investigating mycorrhizal–plant interactions often refer to the “context dependency” of inoculation success (Hoeksema et al., 2010), demonstrating a long history of investigations on GEM interactions. Consequently, as the prominence and importance of host-associated microbiome in modern biotechnology increases, it is important to explicitly integrate this variable into the widely accepted GE conceptual framework.

One current opinion is that rather than viewing host plants and animals as individuals, they should be viewed together with their microbiomes as single cohesive unit of selection termed a “holobiont” with a “hologenome” (Bordenstein and Theis, 2015; Moran and Sloan, 2015; Douglas and Werren, 2016). Under this view, the microbiome (M) could be integrated into the G term of the GE model of host phenotypes. However, others have pointed out that treating hosts and their microbiomes as a single unit does not capture the broad range of interactions and fidelity between host and microbe (Douglas and Werren, 2016). Another popular opinion is that, as the environment is classically defined to include “physical, chemical, and biotic factors (such as climate, soil, and living things) that act upon an organism” (Definition of Environment, 2019), M should be integrated into the E term of the GE model. However, an important distinction exists between E and M components; M is dynamic (i.e., have many interdependencies and may adapt or evolve through time), while E is driven through external processes. Here, we address these two viewpoints and propose that it is useful to introduce microbiomes and MAPs as a discrete unit within the GE model. In doing so, we put forth an updated GEM model that explicitly incorporates the microbiome (M) and its respective interactions with the genotype (G) and environment (E). Using these mathematical representations, we conceptually emphasize interesting cases that emerge from this framework (Figure 1). Next, we present a simple “one-microbe-at-a-time” experiment to highlight key features and challenges of unearthing GEM interactions, and to statistically disentangle the relative contributions of each of the GEM model components (Figure 2). Finally, we highlight the key challenges for moving forward in operationalizing such models effectively in complex natural systems.
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FIGURE 1. Conceptualizing the GEM model: Here we graphically explore how the interactions between genotypes, environment, and microbiome may impact a host phenotype (Y). The two genotypes are indicated by G1 and G2, and the presence of a microbiome is indicated by solid circles (as shown in A). The different environments are indicated as Env 1 and Env 2 on the X-axis. In each case (A–O), the corresponding equation is depicted over the figure itself. In cases when we treat the microbiome as a phenotype of the host, the relative abundance of a particular taxon, or other features of a microbiome, may be considered as the sum of G and E interactions (A–E). In simple cases, the relative abundance is independent of genotype (B) or environment (C). More likely, both genotype and environment, and their interactions will contribute to relative abundance/function (D and E, respectively). (A–E) are special cases of the GEM model, indicating situations in which the microbiome does not contribute to a particular host phenotype. Building complexity, each of G, E, and M may contribute to host phenotypes individually or in combination, but without interaction (A–D,F–I). Finally, the highest level of complexity occurs once interactions between G, E, and M occur (E,J–O). A salient feature of this representation is that when no interaction between variables exists, the slope is equal between treatments. This model may also provide practical insights, such as identifying optimal prebiotics which may be expected to have a broad host range (no G interaction) and be conditionally neutral (L). Additionally, this model may serve to characterize complex interactions, such as conditional symbiosis where a host fitness is reduced to zero without a microbiome (taxon or function) in a particular environment (O).
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FIGURE 2. Extracting the GEMs from the simplified GEM experiment: (A) In this in vitro experiment, the contribution of G, E, M, and their interactions were investigated in a fully factorial design. (B) In total, two tomato genotypes, two environments, and one microbe treatment were investigated. Various plant phenotypes were measured, but for clarity, only the average dry root mass of each treatment are visualized here. (C) The GEM model shows that G, E, M, GM, and GEM all contribute significantly to root mass. The ANOVA table displays the reported Df (Degrees of freedom), Sum sq (Sum-of-squares), Mean sq (Mean some-of-squares), the F-value (the test statistic of an ANOVA), Pr(> F) (the p-value), and Signif. (a visual indication of the level of significance). (D) Here we present the ANOVA outcome showing the percent of the total sum of squares for dry shoot mass, dry root mass, and root length. For shoot mass, plant genotype explained the greatest portion of variance. In contrast, both E and M explained a greater amount of variation than plant genotype for root length. Importantly, for each of the three plant phenotypic parameters measured, GM explained a greater amount of variation than GE.




THE MICROBIOME AS A PHENOTYPE OR MICROBIOME-ASSOCIATED PHENOTYPES?

The relationship between the host and its microbiome may be generally defined and viewed in two ways. First, microbiome community structure may be considered a phenotype of the host (Y), henceforth “microbiome as a phenotype” (Belheouane et al., 2017; Rothschild et al., 2018; Walters et al., 2018). Under this view, taxonomic/functional features of the microbiome are treated as the phenotype of the host (Y). In this manner, Y (e.g., the abundance of a taxon or functional gene) may be represented based on the contribution and interaction between the genotype (G), the environment (E), and the remaining variance (e) (Eq. 1). In extension, microbiome (M) components may also be included as predictive variables. For example, the successful establishment of rhizobia inoculants is often dependent on the abundance of indigenous rhizobia (Thilakarathna and Raizada, 2017), and the establishment of fungal pathogens may be dependent on the presence of arbuscular mycorrhizal fungi (AMF) (Berdeni et al., 2018). In these two examples, the abundance of beneficial inoculants or fungal pathogens may be treated as the phenotype of the host (Y) and modeled through the interactions of GE and M, where M is represented by the abundance of indigenous rhizobia and AMF, respectively.

Second, a microbiome may be quantified by their impact on the host phenotypes (Kopac and Klassen, 2016; Oyserman et al., 2018). In this view, MAPs such as plant growth promotion or plant tolerance to (a)biotic stress factors are treated as the phenotype (Y) (Zeevi et al., 2019). Here, we again suggest explicitly disentangling the environmental parameter of the traditional GE model (Eq. 1), such that host genotype (G), environmental factors (E), and microbiome structure and function (M) and their interactions all contribute to the observed host phenotype (Eq. 2). Thus, measurements of the microbiome structure and function are used in conjunction with genotypic and environmental data to explain a MAP, an emergent phenotype of the host–microbe interaction. Additional components may be added to the GEM model to accommodate additional complexity. For example, M may be split into i components, where Mi represents the ith taxonomical or functional feature. In this way, the GEM model is amenable for investigating the role of microbe–microbe interactions within natural or synthetic communities, the interactions between multiple environmental factors, or any complex arrangements (see Supplementary Material for discussion on an expanded GEM model).

In Figure 1, we exhibit some basic features of the GEM model. In Figures 1A–E, quantitative microbiome features may be treated as a host phenotype (Y). Observed values of Y may be independent of changes in G and E (Figure 1A), dependent on E but not G (Figure 1B), dependent on G but not E (Figure 1C), dependent on G and E but not the interaction between GE (Figure 1D; the lack of an interaction is indicated by the equal slope of the two lines). Furthermore, Y may be dependent on both G and E and GE interactions. In Figures 1F–O, M may be integrated into the “microbiome as a phenotype” model (as in the examples with rhizobia and AMF above), or as a predictive variable of MAPs. In simple cases, M may not interact with either G or E (Figures 1F–J), but interactions between the various components of the GEM may also be observed (Figures 1K–O). By exploring this model, practical insights may be gleaned. For example, an optimal prebiotic would be conditionally neutral and have a broad host range (Figure 1L). Finally, the GEM model may be used to characterize complex interactions such as conditional symbiosis (Figure 1O), and in this manner captures a broad range of interactions and fidelity between host and microbe (Douglas and Werren, 2016).

As noted earlier, an important distinction between E and M is the dynamic nature of M. In other words, microbial populations may evolve to adapt to G, E, or GE interactions. Two simple illustrations of M adaptations to G were recently shown through the experimental evolution of Aeromonas for zebrafish colonization, and Pseudomonas protegens to Arabidopsis thaliana (Robinson et al., 2018; Li et al., 2020). In a reciprocal manner, M may precipitate adaptation in host G, as recently demonstrated in Drosophila melanogaster populations (Rudman et al., 2019). In this regard, the GEM model may be used to formulate and test hypotheses on how interactions drive evolutionary changes. From the “microbiome as a phenotype” perspective, Y would be considered the frequency of single nucleotide variants (SNV) or other marker of microbial population structure (Garud and Pollard, 2020; Yan et al., 2020). By using population genomics, the changes in SNV frequencies of natural microbial populations adapted to different host genotypes, and under specific conditions, may be reconstructed. Combining microbial population genetics with sufficiently large and genetically diverse host populations amenable to genome wide association studies (GWAS), it will be possible for future studies to map the reciprocal adaptions between host and microbe.

From the MAPs perspective, GEM interactions that result in the emergence of beneficial traits such as stress tolerance may lead to interesting eco-evolutionary dynamics. On the one hand, if the environmental conditions persist, directional selection may drive concerted fixation of host and microbe variants leading to coevolution (O’Brien et al., 2019). On the other hand, fluctuating selection driven by sufficient temporal or spatial heterogeneity may hamper the fixation of MAPs in a population, or over multiple generations. It also important to understand the mechanisms that maintain cooperation between host and microbiome and prevent the emergence of cheating phenotypes (Figueiredo and Kramer, 2020). For example, it has been shown that AMF and host use reciprocal rewards to stabilize beneficial interactions (Kiers et al., 2011). Thus, the rate (e.g., number of generations) at which host and microbiome may establish beneficial interactions (αholo), and the stability of these interactions (σholo) within a host population or over subsequent generations are important parameters when investigating GEM interactions (Oyserman et al., 2018).



EXTRACTING THE GEMS

To demonstrate how the GEM model may be used to disentangle the relative influence of various factors on a particular host phenotype, we investigated GEM interactions in a simplified in vitro assay with one bacterial strain (Bacillus sp., accession number MN512243) interacting with two plant genotypes, a modern domesticated tomato cultivar (Solanum lycopersicum var moneymaker) and a wild tomato relative (Solanum pimpinellifolium) under two environmental conditions. In this model system, all genotype, environmental, and microbial parameters are controlled and therefore can be systematically explored in a fully factorial design (details are in the Supplementary Material). For each tomato genotype, seedlings were grown in two environments, i.e., Murashige and Skoog agar medium (MS0) and MS agar medium supplemented with 10 g/L of sucrose (MS10). After germination, the root tips were inoculated with the Bacillus strain, which was originally isolated from the wild tomato rhizosphere. Control seedlings were inoculated with buffer only (Figure 2A). The plant phenotypes monitored were root length (using WinRhizoTM) and root and shoot dry mass (Figure 2B). An ANOVA was done to test the significance of each variable in the GEM model (Figure 2C). Together, the microbiome (M) and all interacting variables (GM, EM, and GEM) explained 22% of root dry mass variance, 8% of shoot dry mass variance, and 26% of root length total variance. Furthermore, in all cases, the interacting parameters, GM, EM, and GEM interactions explained greater variance than GE interactions (Figure 2D).
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EQUATION 1. The traditional model for GE interactions: In the canonical model of quantitative phenotypes, the host phenotype (Y) is explained by the sum of G, E, their interactions (G:E), and e the residual error. This model may be used to calculate the proportion of variance explained by the host genome and the environment on a host associated microbiome community. In other words, the microbiome may be treated as Y, the phenotype of the host (e.g., “the microbiome as a phenotype”). When E has no contribution to Y, only G determines the abundance or function of the microbiome (Figure 1C). On the other side of the spectrum, only E determines to the abundance or function of the microbiome (Figure 1B).
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EQUATION 2. The new GEM model: When a microbiome has a quantitative impact on host phenotype, the traditional GE model may be expanded to incorporate M and all respective interactions (GM, EM, and GEM). Unlike the GE model, which may be used to explain the microbiome, the expanded GEM model may be used to disentangle the contribution of G, E, and M and their various interactions to changes in host phenotype. When M has no impact, this variable and those associated with it fall out of the equation giving the GE model. These and other special cases are conceptually explored further in Figure 2. Thus, this model is capable of capturing the nuanced dynamics of host–microbiome interactions, such as host–microbe interactions that are environment-specific, or otherwise have lower fidelity than strict symbiosis (Douglas and Werren, 2016).
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EQUATION 3. A GEMM model: The basic GEM model may be expanded to include any number of complex interactions. Here we expand the GEM model to include microbe–microbe interactions. This results in the addition of one-way, two-way, three-way, and four-way interaction terms, which are shown on separate lines for clarity.


A clear consensus is forming that microbiomes impact host phenotypes, but its relative contribution to that host phenotype is, in most cases, not known. The GEM model provides a simple, tractable, and testable model demonstrating that the interactions of the microbiome and other model terms (GM, EM, and GEM) are also essential determinants of host phenotypes. It is important to highlight that, in this case, GM interactions actually explain more variability than canonical GE interactions. Furthermore, the expanded GEM model captures other important features that may otherwise be easily overlooked, such as the genotype-independent interaction between EM. This states that microbe and environment may interact to alter host fitness independent of the genotype. For example, pre-conditioning soil microbial populations to drought has been shown to select for microbial communities which promote host drought tolerance when compared with un-conditioned naive soils (Lau and Lennon, 2012). Additionally, auxin is a plant hormone that promotes growth that is also produced by bacteria. Many bacterial cultures have differential auxin production dependent on their environment (Tsavkelova et al., 2005); therefore, it is likely that EM interactions can promote auxin production and thus plant growth independent on genotype. In practice, identifying EM may have important implications for synbiotics (mixtures of probiotics and prebiotics) and the development of self-assembled microbiomes (Gutierrez et al., 2020). In this manner, the GEM model not only provides a model to disentangle the contribution of G, E, and M, but also serves as a powerful tool for conceptualization and experimental design.



THE GEM MODEL PARAMETERIZES COMPLEX INTERACTIONS

As described above, genotype, environment, and microbiome may influence organismal phenotype directly, but also through their interactions. This dynamic is captured by the various terms that make up the GEM model, providing a simple means to parameterize an otherwise complex system. In its most basic form (Eq. 2), the GEM model has eight terms in total. An example of a term with a single variable is “G,” a two-variable term would be “GM,” and three variable term would be “GEM.” While the basic GEM model contains terms related to inter-class interactions (GE, GM, etc.), it lacks terms representative of intra-class interactions (M:M, E:E, etc.). By simply adding additional variables to the GEM model, M:M and other ecologically relevant interactions may be introduced as additional terms. The number of terms in a model is dependent on the number of variables (n) that can be mathematically represented by Supplementary Equation 1. In addition, the number of terms with r variables may be mathematically represented by Supplementary Equation 2, where n is the total number of variables and r is the number of variables in the term. From this basis, a model of organismal phenotype which takes into account ecosystem-level processes may be constructed. To this end, we developed a simple Python script to generate a GEM model based on user input for any number of G, E, and M variables1.

To model the interactions between multiple microbiome members, such as those found in natural or synthetic communities, we provide a simple expansion in Eq. 3. The result is a four-variable (GEM1M2) model that includes all r-way interactions terms necessary to model the impact of a two-member community on any number of plant genotypes or environments. For clarity, Eq. 3 is presented with all r-way interactions on separate lines. To show the versatility of the GEM model, we provide another expansion in which multiple hosts are interacting in a particular ecosystem (G1G2EM). In this case, the fitness of one plant genotype (G1) is influenced through interactions with a neighboring plant genotype (G2) and their associated microbiomes. A prominent example of this in literature are intercropping systems in which nitrogen fixation through legume–microbiome interactions benefit other non-leguminous plants in a nitrogen limited soil ecosystem (Peoples et al., 1995). Indeed, the literature is filled with examples that fit the GEM model, including interactions involving mycorrhizal fungi (Hoeksema et al., 2010), rhizobia (Lau et al., 2012), endophytes (Zhou et al., 2019), and concerning a variety of emergent phenotypes from diverse interactions (DeMilto et al., 2017).

While the GEM model provides a simple conceptual framework for understanding the microbiome contribution to host phenotype, a key challenge will be incorporating complex natural microbiomes containing hundreds of species and thousands of interactions in natural settings. In addition, it is likely that observational studies on GEM interactions may be further hampered by covariance between microbiomes, host genotype, and the environment. Altogether, a proper statistical approach to handle GEM model should account for: (i) the different data characteristics and sources; (ii) the co-dependence structure between and within groups of variables; (iii) the specific effect of each component (genes, microbes, and environment) on the plant phenotype. To date, few methods can capture this complexity. A promising approach is via generalized joint attribute modeling (GJAM) (Clark et al., 2017; Leite and Kuramae, 2020). GJAM allow us to infer and interpret relationship between different groups of variables (e.g., continuous such as plant biomass, or compositional as the DNA copy number) on the observation scale and to avoid distorted correlations. For example, GJAM was recently applied to identify 12 AMF associated with less foliar damage in seedlings from different plant species in mid- and late-successional subtropical montane forests in Puerto Rico (Bachelot et al., 2018). Therefore, GJAM combines environmental factors and microbiome data with the plant phenotype into a single framework. However, through careful experimental design and reductionist approaches, it is likely that the coming years will see rapid headway identifying genes responsible for recruiting microbes (i.e., the microbiome as a phenotype), and identifying the genes underlying the emergent phenotypes from plant–microbe interactions (i.e., microbiome associated phenotypes).



CONCLUSION

A fundamental tenet of biology is that genotype and environment interact and impact the fitness and phenotype of an organism. The GE model of organismal phenotype has been the cornerstone of modern breeding programs. Part of the power of the GE model is its simplicity and interpretability. However, the important role of host-associated microbiomes has recently come into focus. Here, we investigated how microbiomes (M) fit into the GE model, suggest an explicit expansion to include M, and argue that, because of its dynamic and evolving nature, that M should not be collapsed within E. We use a conceptual figure to show that the updated GEM model captures the diverse possible outcomes of between G, E, and M. To support our model, we present an in vitro experiment with one microbe demonstrating not only how to use the GEM model, but also showing that GM interactions may explain more variability than GE interactions. Finally, additional examples of expanded GEM models which take into account M:M and G2:E:M interactions are presented to demonstrate the ecological versatility of the GEM model. Taken together, we propose that the GEM model provides a simple and interpretable expansion of the GE model. Furthermore, given the important role of the microbiome, any investigations into GE interactions must also account or control for M.
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Diazotrophic Bacteria Pantoea dispersa and Enterobacter asburiae Promote Sugarcane Growth by Inducing Nitrogen Uptake and Defense-Related Gene Expression
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Sugarcane is a major crop in tropical and subtropical regions of the world. In China, the application of large amounts of nitrogen (N) fertilizer to boost sugarcane yield is commonplace, but it causes substantial environmental damages, particularly soil, and water pollution. Certain rhizosphere microbes are known to be beneficial for sugarcane production, but much of the sugarcane rhizosphere microflora remains unknown. We have isolated several sugarcane rhizosphere bacteria, and 27 of them were examined for N-fixation, plant growth promotion, and antifungal activity. 16S rRNA gene sequencing was used to identify these strains. Among the isolates, several strains were found to have a relatively high activity of nitrogenase and ACC deaminase, the enzyme that reduces ethylene production in plants. These strains were found to possess nifH and acdS genes associated with N-fixation and ethylene production, respectively. Two of these strains, Pantoea dispersa-AA7 and Enterobacter asburiae-BY4 showed maximum plant growth promotion (PGP) and nitrogenase activity, and thus they were selected for detailed analysis. The results show that they colonize different sugarcane tissues, use various growth substrates (carbon and nitrogen), and tolerate various stress conditions (pH and osmotic stress). The positive effect of AA7 and BY4 strains on nifH and stress-related gene (SuCAT, SuSOD, SuPAL, SuCHI, and SuGLU) expression and the induction of defense-related processes in two sugarcane varieties, GT11 and GXB9, showed their potential for stress amelioration and PGP. Both bacterial strains increased several sugarcane physiological parameters. i.e., plant height, shoot weight, root weight, leaf area, chlorophyll content, and photosynthesis, in plants grown under greenhouse conditions. The ability of rhizobacteria on N-fixing in sugarcane was also confirmed by a 15N isotope-dilution study, and the estimate indicates a contribution of 21–35% of plant nitrogen by rhizobacterial biological N fixation (BNF). This is the first report of sugarcane growth promotion by N-fixing rhizobacteria P. dispersa and E. asburiae strains. Both strains could be used as biofertilizer for sugarcane to minimize nitrogen fertilizer use and better disease management.

Keywords: antagonism, colonization, defense-related genes expression, nitrogen fixation, 15N isotope, PGPR, sugarcane


INTRODUCTION

Sustainable production of food to feed the growing population remains a major challenge. This may be achieved by expanding the area of agriculture, pest and disease management, increasing soil fertility, agriculture intensification, and improving crop varieties. Sugarcane is an important bioenergy and sugar crop globally and is also a source of raw materials for various industrial products. China is the third-largest sugarcane-producing country in the world with Guangxi province producing ∼60% of the sugar produced in the country (Li et al., 2016; FAOSTAT, 2020). Sugarcane, a long-duration high-biomass crop, has a relatively high demand for nitrogen (N) to sustain its high productivity. In China, the rate of nitrogen (N) fertilizer application in commercial sugarcane production, though showing a decreasing trend, is reported to be between 500 and 700 kg N ha–1, much higher than in other countries (Robinson et al., 2011). The application of higher N fertilizer contributes to the soil, groundwater, and air pollution, and higher cost of crop production (Zhu and Chen, 2002; Yang et al., 2020). Moreover, sugarcane diseases such as smut, red rot, wilt, and ratoon stunt disease also cause extensive yield loss in many countries (Viswanathan and Rao, 2011).

Diazotrophic microbes comprise groups of free-living organisms capable of enzymatically reducing the atmospheric N into bioavailable N for plant, and thus, they enhance crop growth and yield (Bashan and Bashan, 2010; Cassán et al., 2015). The N-fixation mechanism of diazotrophic bacteria is thus beneficial for plant growth and development, and some of them can also provide induced systemic resistance (ISR) to phytopathogens and some abiotic stresses (Olanrewaju et al., 2017). Biological N fixation provides 30–80% of sugarcane N requirements in certain production regions (Taulé et al., 2012; Urquiaga et al., 2012; Li et al., 2013). Diazotrophic bacteria also improve soil biology and soil structure and composition (Gopalakrishnan et al., 2017). Nitrogen-fixing rhizobacterial inoculation has increased N fixation ability and improved growth in sugarcane plants (Lin et al., 2012; Li et al., 2017; Singh et al., 2020). Several genera of Enterobacteriaceae, Erwiniaceae, and other related families such as Enterobacter sp., Klebsiella sp., Serratia sp., and Pantoea sp. were involved in N-fixation and growth promotion in sugarcane and other crops worldwide (Madhaiyan et al., 2010; Mehnaz et al., 2010; Taghavi et al., 2010; Taulé et al., 2012; Witzel et al., 2012). With promising leads in reducing diseases and nutrition, substantial efforts are now underway in identifying and characterizing beneficial diazotrophic rhizosphere microorganisms from different crops (Vannier et al., 2019).

Biosynthesis of defense-related molecules occurs during the interaction between diazotrophic plant growth-promoting rhizobacteria (DPGPR) and host plants (Singh et al., 2020). The increased levels of stress-protective proteins give the host plant a greater chance of survival under adverse conditions (Jan et al., 2011; Kumar and Verma, 2018). The molecular and biochemical bases of rhizobacteria-derived pathogen tolerance, however, remain unclear. Some evidence implicates rhizobacterial colonization-induced changes in reactive oxygen species (ROS) and secondary product metabolism in disease tolerance (Sahran and Nehra, 2011; Hassan et al., 2014; Rashid and Chung, 2017). The mechanism of ROS detoxification differs with plant species and age and the occurrence and severity of abiotic and biotic stresses plants experience (Hodges et al., 1996). Plant growth-promoting rhizobacteria (PGPR) induce plant defense-related genes such as phenylalanine ammonia-lyase (PAL), catalase (CAT), ascorbate peroxidase (APX), peroxidase (POD), and superoxide dismutase (SOD), which may assist the plant to protect from or reduce the impact of pathogens attacks (Cassán et al., 2014; Fukami et al., 2017; Bhattacharyya et al., 2020).

The goal of this research was to isolate and identify the N-fixing and plant growth-promoting (PGP) potential of rhizobacterial strains in sugarcane. The Enterobacter and Pantoea genera are among the most phenotypically varied in Enterobacteriaceae and Erwiniaceae, and both live in a range of habitats and coexist with diverse rhizospheric and endophytic associations with plants (Quecine et al., 2012; Chen et al., 2017). Pantoea and Enterobacter strains show wide environmental and plant host adaptation, and thus, they are receiving considerable attention for their PGP traits with the ultimate objective of identifying new valuable DPGPR strains for using as biofertilizers for sustainable agriculture (Walterson and Stavrinides, 2015). Hence, our specific objectives were (i) to isolate and characterize diazotrophic bacteria associated with rhizosphere soil of sugarcane grown in Nanning, Guangxi, China; (ii) investigate them for nitrogen fixation, PGP traits, and antagonistic activity against sugarcane pathogens; (iii) selection and assessment of most promising strains to expand our molecular understanding of a beneficial plant–microbe interaction using a number of analytical tools and approaches such as confocal microscopy, gene expression, N-fixation-associated metabolic changes, and 15N isotope dilution; and (iv) evaluation of selected rhizobacteria for plant growth parameters of two sugarcane varieties under different conditions.



MATERIALS AND METHODS

Four sugarcane (Saccharum spp. interspecific hybrids) varieties (GT11, GT29, GXB9, and ROC22) used for this research were obtained from the same sugarcane field located in Guangxi University Experimental Farm in Nanning, Guangxi, South China. It has subtropical weather with annual temperatures ranging between 8 and 33°C. It is located between 22°49′1.21′ N latitude and 108°21′59.55′′ E longitude, with a 79.51 m elevation. Twenty healthy 6 month-old sugarcane plants from each variety were collected simple randomly from four different places of the sugarcane field (size 72 × 25 m) in April 2015. The soil adhered to the roots was separated manually by gently removing it from roots (Barillot et al., 2013), and after removing the debris, the soil was filtered through a 2 mm sieve, and the filtered soil fraction was stored at 4°C for further use. These fine soil samples (filtrate) were processed within 24 h for rhizobacteria isolation and soil physicochemical analysis.


Isolation of Nitrogen-Fixing Rhizobacteria

Nitrogen-fixing bacteria (NFB) were isolated by using four different growth media: Ashbey medium (Hi-Media), Yeast Mannitol Agar (Hi-Media), JNFb medium (Baldani et al., 1992), and LGI medium (Baldani, 1984; Supplementary Table S1). All selected enrichment media contained nutrients that allowed the growth of NFB. To isolate NFB, 10 gm of soil samples was mixed with 90 mL of saline water and kept at 32 ± 2°C for 60 min in an orbital shaker set at 120 rpm. After incubation, this saline soil mixture was spread on the abovementioned media and incubated for 2–3 days at 32 ± 2°C. A total of 350 bacterial colonies were selected and purified for further studies. All pure cultures were stored in 30% glycerol at −80°C.



In vitro Plant Growth-Promoting (PGP) Traits

All isolated strains were studied for their PGP traits such as phosphate solubilization, siderophore, ammonia, HCN, and indole-3-acetic acid (IAA) production using selective growth media following standard screening procedures.

For the phosphate (P) solubilization test, all selected DPGPR were inoculated on Pikovskayas agar (Hi-media) medium, incubated for 3–5 days at 32 ± 2°C, and observed for the development of a clear zone surrounding the bacterial colony (Pikovskaya, 1948). All DPGPR were tested for siderophore production using the Chrome azurol S (CAS) agar medium (Schwyn and Neilands, 1987). In short, the pure bacterial colonies were inoculated on the CAS medium and kept for 3 days at 32 ± 2°C. The development of the orange zone around the bacterial colonies confirmed siderophore production by DPGPR. The ammonia production by nitrogen-fixing strains was determined by inoculating freshly grown strains in peptone water (10 mL) and incubating at 32 ± 2°C for 2–3 days. After incubation, 0.5 mL of Nessler’s reagent was added to the bacterial peptone water and the production of yellow color was used to confirm ammonia production (Dey et al., 2004). Hydrogen cyanide (HCN) production of selected rhizobacterial strains was measured according to Lorck (1948). Briefly, bacterial strains were inoculated in 15 mL Luria–Bertani (LB) broth containing glycine (4.4 g L–1) in a test tube and a Whatman filter paper (No. 1) soaked in 1% picric acid solution was hanged in the test tube and sealed with parafilm wax. These cultures were incubated at 32 ± 2°C for 5–6 days, and the change in filter paper color from orange to red established HCN production. Indole-3-acetic acid (IAA) production was determined using the colorimetric method in the presence and absence of L-tryptophan as described previously by Gordon and Weber (1952). The overnight grown pure colony of each DPGPR was inoculated in LB broth and kept for 3 days at 32 ± 2°C. After incubation, bacterial cultures were centrifuged at 6,000 rpm for 15 min and 2 mL of the supernatant was mixed with orthophosphoric acid (2 drops) and Salkowski’s reagent (4 mL). IAA was measured spectrophotometry (UV-160 A, Shimadzu, Japan) at 530 nm.



Screening for Antifungal Activity

The antifungal activity of bacterial isolates was tested against two different sugarcane fungal pathogen strains (Sporisorium scitamineum causing sugarcane smut disease and Ceratocystis paradoxa causing sugarcane pineapple disease) using a dual-culture method with potato dextrose agar (PDA): Luria–Bertani (LB) (1:1) agar plates incubated at 28 ± 2°C for 5 days or until the mycelium was completely grown up in the control plate. The rhizobacterial strains displaying inhibition of fungal pathogen growth were considered as significant biocontrol strains.



1-Aminocyclopropane-1-Carboxylic Deaminase (ACCD) Activity

The capacity of all selected strains to use 1-aminocyclopropane-1-carboxylic acid (ACC) as a sole source of nitrogen was evaluated using Dworkin and Foster (DF) salt minimal medium containing ACC (3 mM) (Penrose and Glick, 2003). For this analysis, fresh pure cultures grown in LB broth were used. The bacterial broth was centrifuged at 10,000 rpm for 5–6 min at 5°C, and the pelleted bacterial was spotted on medium containing ACC. 1-Aminocyclopropane-1-carboxylic deaminase activity was quantified by measuring the production of α-ketobutyrate (Honma and Shimomura, 1978), and the activity was presented as nmol α-ketobutyrate mg–1 protein h–1.



Nitrogen Fixation Through Acetylene Reduction Assay (ARA)

Nitrogenase activity of all strains was studied by the ARA method (Hardy et al., 1968). A pure rhizobacterial colony was inoculated on 10 mL semi-solid NFb medium (Supplementary Table S1) in a test tube and incubated at 32 ± 2°C for 36–48 h. Then, under sterile conditions air was removed from the tubes and replaced with acetylene gas (5 mL), and the test tube was kept for another 24 h at 32 ± 2°C. At the end of the incubation, 0.5 mL of headspace gas was carefully extracted from each tube and analyzed in a GC-17A gas chromatograph (Shimadzu, Japan) with DB-1,701 column (Agilent, Santa Clara, United States) set using the flame ionization detector (FID) at 80°C and the injector at 110°C, with 35 mL min–1 flow rate of carrier gas. The quantity of ethylene (C2 H4) produced by each strain was calculated and presented as nmol C2H4 produced mg protein–1 h–1.



DNA Extraction, Amplification, and Sequencing of Nitrogen-Fixing Rhizobacteria

Sugarcane nitrogen-fixing rhizobacterial strain identification was done by partial 16S rRNA gene sequencing. All isolates were grown in LB broth for 24–36 h on a gyratory shaker kept at 160 rpm at 32 ± 2°C. The genomic DNA of these samples was extracted with a DNA isolation kit (CWBIO, Beijing, China). The DNA quality and purity were determined by gel electrophoresis (0.8% agarose; wt/vol) and quantified by Nanophotometer (Pearl, Implen-3,780). PCR amplification of the 16S rRNA gene was done by universal primer sets pA-F and pH-R (Supplementary Table S2; Edwards et al., 1989). All amplified PCR products were sequenced by Sangon Biotech (Shanghai, China).



Phylogenetic Analysis

Identification of all strains and phylogenetic analysis based on 16S rRNA gene sequences were completed with reference sequences obtained from the NCBI GenBank database. ClustalW and BlastN search programs were used for sequence alignment through NCBI, and the closely related sequences were downloaded. The phylogenetic analysis based on 16S rRNA sequence was conducted with MEGAX for the 16S rRNA gene (Kumar et al., 2018) using the Neighbor-Joining method (Saitou and Nei, 1987). The genetic evolutionary distances were calculated by the number of differences method (Nei and Kumar, 2000), and the bootstrap test (1,000 replicates) was carried out as described by Felsenstein (1985).



Amplification of nifH and acdS Genes

All rhizobacterial strains were screened for the presence of nifH and acdS genes using PCR with degenerate primer sets (Supplementary Table S2). The acdS gene amplification has been generally used for the identification of ACCD producing DPGPR. The PCR reaction was carried out in a 50 μL reaction volume for both nifH (Poly et al., 2001) and acdS (Li et al., 2011), and gene sequences were determined by direct sequencing of PCR products (Sangon Biotechnol Ltd., Shanghai, China). Gene sequences were verified using the BlastN search in the NCBI GenBank database.



Phenotypic Microarray Assays Using BIOLOG(R) Plates

Based on the various PGP traits, biocontrol, and nitrogenase activities, two most potent DPGP, strains BY4 and AA7, were selected for further studies. Carbon and nitrogen preferences and osmotic stress, and pH tolerance of BY4 and AA7 were analyzed by phenotypic assays. These analyses were conducted with BIOLOG Micro-ArrayTM plates GENIII, PM3B, PM9, and PM10 (Biolog Inc., Hayward, CA). BIOLOG Micro-ArrayTM plates include 96 wells, and each well comprises a different formulation to detect substrate utilization or sensitivity to stresses. Plates GENIII and PM3B were used to classify strains for their ability to utilize various carbon and nitrogen sources, whereas PM9 and PM10 plates are used for screening microbial tolerance to high salt concentrations and extreme pH. The name of 96 different substrates present in all four selected BIOLOG plates is presented in a Supplementary File (Supplementary Table S3). For this study, freshly grown cultures of BY4 and AA7 were inoculated in LB broth medium and incubated at 32 ± 2°C for 48–72 h then centrifuged and washed 3–4 times with autoclaved distilled water. The pellets were transferred to an inoculation fluid (IF), as advised by the BIOLOG(R) protocol. Finally, 100 μL of bacterial suspension prepared with IF was transferred into 96 wells of GENIII, PM3B, PM9, and PM10 plates were incubated for 48 h at 32 ± 2°C, and purple color development confirmed the substrate utilization and stress tolerance of DPGPR.



Monitoring of Bacterial Colonization in Sugarcane

Bacterial colonization in plant and rhizosphere was monitored using pPROBE-pTetr-TT plasmid expressing green fluorescent protein (GFP) provided by the Agriculture college, Guangxi University, Nanning, China.


Tagging of Bacterial Strains With GFP-pPROBE-pTetr-TT

The selected isolates (AA7 and BY4) were mixed with pPROBE-pTetr-TT at a 1:2 ratio in LB broth and incubated at 32 ± 2°C for 36–48 h in an orbital shaker set at 160 rpm. After the incubation, 100 μL aliquot of bacterial broth was spread on LB agar plates overnight to check the purity of tagged strains and also to confirm the tagging using confocal laser scanning microscopy (CLSM). Bacteria displaying green fluorescence upon ultraviolet light illumination were selected for further studies.



Bacterial Colonization Study Using GFP-Tagged pPROBE-pTetr-TT Rhizobacteria

The micro-propagated sugarcane plantlets (variety GT11) provided by Sugarcane Research Institute, Guangxi Academy of Agriculture Sciences, Nanning, China, were used for this experiment. The roots of in vitro plants were washed with autoclaved distilled water prior to bacterial inoculation. Three sugarcane plantlets were transferred to an autoclaved glass bottle containing MS liquid medium (50 mL). After 3–4 days of incubation at 30 ± 2°C in a growth chamber, plantlets were carefully transferred to another bottle containing tagged bacterial suspension with ∼ 2.0 × 105 mL–1 cell count and placed in a growth chamber set at 30 ± 2°C with a 14 h photoperiod and 60 μ moL m–2 s–1 photon flux density. After 72–96 h of growth, plantlets were removed and washed with distilled water and examined for bacterial colonization using CLSM. Sugarcane root, stem, and leaf samples were cut into 1 cm-long pieces and mounted on the bridge slide with glycerol (10% v/v) and detected with CLSM at different emission rates on the intensity of autofluorescence UV light (Li et al., 2017) (Leica DMI 6,000, Mannheim, Germany).



Scanning Electron Microscopy (SEM)

Bacterial colony morphology of BY4 and AA7 strains was studied according to the procedure described by Singh et al. (2013) using the Hitachi model SU8100 scanning electron microscope.


Response of Sugarcane Inoculated With AA7 and BY4 Isolates


Plant materials and experimental design

The effect of inoculating sugarcane with AA7 and BY4 isolates on plant growth and development was studied in two sugarcane varieties, GT11 and GXB9, grown in a greenhouse in the Agriculture College, Guangxi University, Nanning, China. Both sugarcane varieties were obtained from the Sugarcane Research Institute, Guangxi Academy of Agricultural Sciences, Nanning, China. The experiment was designed as a randomized block, with each block containing five replicates (pots) per treatment. There were three treatments: (1) no bacterial inoculation (incubation in sterile water: control), (2) inoculation with AA7 (P. dispersa), and (3) inoculation with BY4 (E. asburiae) in this experiment. A plastic pot (30 cm diameter and 40 cm deep) containing 15 kg soil and sand mixture (3:1 w/w) and having three treated plants were used as the experimental unit (replicate) for each treatment. Forty-five-day-old sugarcane plantlets were taken from the nursery, and roots were washed with flowing tap water to remove soil particles attached to the root surface. The roots were then inoculated with bacteria by immersing them in 1.0% carboxy-methyl cellulose (CMC) suspension containing rhizobacterial cells at 107 CFU mL–1 for 30 min. Sugarcane plantlets with roots immersed in water without rhizobacterial cells were treated as control. Inoculated plants were potted and maintained in the greenhouse at > 80% relative humidity, 16/8 h light-dark cycle, and 30 ± 2°C ambient temperature for 90 days.



Plant sampling and analysis of physiological parameters, and pathogen defense-related enzymes and their gene expression

Plant height, shoot weight, root weight, leaf area, chlorophyll content, and photosynthesis of experimental plants were measured on 30, 60, and 90 days after inoculation (DAI). The middle portion of the youngest fully expanded leaf of each plant was used for photosynthesis measurements using a LI-6,800 compact portable photosynthesis system, Bluestem OSTM version 1.3 (LI-COR Biosciences, Lincoln, Nebraska, United States). The activities of superoxide dismutase (SOD), phenylalanine ammonia-lyase (PAL), catalase (CAT), chitinase (CHI), and glucanase (GLU) in leaf and root tissues of sugarcane were determined at 30, 60, and 90 DAI, using the enzyme-linked immune sorbent assay (ELISA) kit (Wuhan Colorful Gene Biological Technology Co. Ltd, China) following the manufacturer’s directions.

The gene expression of nifH, SuSOD, SuCAT, SuPAL, SuCHI, and SuGLU was determined in sugarcane after bacterial inoculation (Supplementary Table S2). Leaf tissue from all treatments was sampled on 30 and 60 DAI, and total RNA was extracted with Trizol reagent (Tiangen, China) following the manufacturer’s instructions. RNA extract was treated with DNase I (Promega, United States), and then the first-strand cDNA was synthesized using the cDNA synthesis kit Prime-ScriptTM RT Reagent Kit (TaKaRa, China) following the manufacturer’s protocols. qRT-PCR was performed with an SYBR Premix Ex TapTM II (TaKaRa, Japan) in a Bio-Rad RT-PCR (United States) machine as described earlier (Singh et al., 2020). A housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used to normalize qRT-PCR data. The primer sequences used in this analysis are listed in Supplementary Table S2. The relative expression of all genes was calculated with a 2–△ △ Ct procedure (Livak and Schmittgen, 2001).



Determination of nitrogen fixation using 15N isotope dilution technique

The analysis of nitrogen N content in the plant by 15N isotope dilution and 15N natural abundance methods are the most common approaches for quantifying N fixation in plants. Nitrogen fixation was measured in sugarcane tissues (root, stem, and leaf) inoculated with AA7 and BY4 strains.

Briefly, soil mixed with sand at a 1:3 ratio (w/w) was autoclaved in plastic bags at 121°C for 60 min, allowed to cool overnight, and autoclaved and cooled again. To the soil–sand mixture, 10 mg of ammonium sulfate−15N (10.12 atom percent 15N excess per kg soil wet weight was added (Shanghai Research Institute of Chemical Laboratory, China) and mixed for 2 weeks for a homogenous distribution of 15N. Finally, a soil–sand mixture with 15N was transferred to the pot and they were laid out following a randomized block design. Every block had three pots (replicates) from each treatment, and each pot had three plants from a single treatment. There were three treatments: (1) no bacterial inoculation (incubation in sterile water: control), (2) inoculation with AA7 (P. dispersa), and (3) inoculation with BY4 (E. asburiae) in this experiment. After 6 months of growth in a greenhouse, plants were removed carefully from the soil, the roots cleaned with distilled water to remove soil adhered to it, and they were separated into roots, stem, and leaf. Tissue samples were taken from each plant part, dried at 70°C till they reach a constant weight and ground to a fine powder, and filtered through a 0.5 mm sieve. The filtered powder fraction was analyzed for 15N enrichment by a K05 automatic Kjeldahl nitrogen analysis device (Sonnen Automated Analysis Ltd.) and an elementary analysis isotope ratio mass spectrometer (Thermo Fisher DeltaV) located at the Institute of Genetics and Physiology, Hebei Academy of Agriculture and Forestry Sciences, China. The contribution of N resulting from the air (Ndfa) was estimated by the following equation (Urquiaga et al., 1992).
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Statistical Data Analysis

Statistical significance of experimental data was determined by analysis of variance followed by multiple comparisons based on Tukey’s HSD test. Mean values were used to calculate the standard error and statistical significance level calculated at p ≤ 0.05. All analyses were completed by SPSS software version 11.5. All PGP traits were measured in triplicates, and the results were presented as mean values. Venn diagram was prepared using Venny 2.1 software (Oliveros, 2007). Principal component analysis was done with OrigiPro 9.1 (2013). A heat map was prepared according to Babicki et al. (2016).



RESULTS


Physicochemical Analysis of Soil

A total of 16 rhizosphere soil samples (four samples per variety) were collected from four sugarcane varieties i.e., GT11 (1), GXB9 (2), GT29 (3), and ROC22 (4). Soil samples of each variety were pooled to form a single combined sample, thus producing four separate variety-specific samples. The texture of the soil was medium loam with water content, pH, and electrical conductivity varying between 5.13 and 6.18%, 5.99 and 6.7, and 0.007 and 0.011 Sm–1, respectively. The N, phosphorus, and potassium contents ranged between 0.34 and 1.23, 0.40, and 0.46, and 13.29 and 14.37 g kg–1 (Supplementary Table S4). Soil samples did not show any deficiency for calcium, magnesium, and micronutrients (Supplementary Table S4).



Isolation, Identification, and Characterization of Rhizobacteria With PGP Traits

A total of 350 rhizobacterial strains were isolated by using four different selective media from the sugarcane rhizosphere. Out of them, only 102 rhizobacteria showed various PGP traits, nitrogenase activity, and antifungal activity against the sugarcane pathogens. These 102 rhizobacteria were classified into five families after 16S rRNA gene sequencing, i.e., Pseudomonadaceae, Bacillaceae, Xanthomonadaceae, Enterobacteriaceae, and Erwiniaceae. Earlier, a few strains belonging to the family Enterobacteriaceae and Erwiniaceae were reported from sugarcane. In this study, we selected 27 strains of these two families after 16S rRNA gene sequencing for further analysis (Figure 1 and Supplementary Table S5). The 16S rRNA gene sequencing results revealed that all selected 27 strains belong to three different genera with eighteen strains of Enterobacter (E. oryzae, E. sacchari, E. aerogenes, E. huaxiensis, E. ludwigii, E. cloacae, E. asburiae, E. tabaci, E. cancerogenus, E. mori, and E. species), seven of Pantoea (P. dispersa, P. agglomerans, and P. species), and two of Erwinia sp. (Supplementary Table S5). All sequences of the rhizobacteria 16S rRNA gene were deposited to NCBI GenBank with accession numbers (MT557006–MT557032). The phylogenetic tree of all 27 strains was built, and it contained two major and four minor clades (Figure 1).


[image: image]

FIGURE 1. The 16S rRNA gene phylogenetic tree of 27 nitrogen-fixing PGP strains isolated from sugarcane and evolutionary distances were designed with the neighbor-joining method. Bootstrap values of 1,000 replications are designated as percent confidence values for specific branching. Scale bar denotes the number of variations per base position with B. mycoides as an outgroup.


The P-solubilization was carried out for all N-fixing rhizobacterial strains by growing them on Pikovskaya’s medium. Results showed that 20 (74%) strains could solubilize a tricalcium phosphate and produced a halo zone on plate assay. Of these, thirteen strains exhibited a maximum zone of inhibition for the phosphate solubilization test (Table 1 and Supplementary Figure S1). Among the 27 strains tested, 22 strains (81%) produced an orange halo zone on the CAS agar plate showing siderophore production (Table 1 and Supplementary Figure S1). Sixteen (59%) out of 27 rhizobacterial strains produced ammonia, whereas only 8 (30%) strains produced HCN (Table 1 and Supplementary Figure S1). Indole-3-acetic acid production by the tested rhizobacteria ranged from 12.43 to 100.63 μg mL–1 without tryptophan in the medium, while the presence of tryptophan increases the range from 36.45 to 903.31 μg mL–1 with CN18 and AA10 strains corresponding to the minimum and maximum levels, respectively (Table 2).


TABLE 1. List of plant growth-promoting traits and antagonistic activity of rhizobacteria isolated from sugarcane.

[image: Table 1]
TABLE 2. Quantitative analysis of rhizobacterial strains for indole-3-acetic acid production, acetylene reduction assay, and 1-aminocyclopropane-1-carboxylic deaminase activity.
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Antifungal Activity

The interaction of selected rhizobacterial and two sugarcane pathogens, S. scitamineum and C. paradoxa, were studied here. Out of them, only 14 (52%) strains showed antifungal activity against S. scitamineum, and 20 (74%) strains were antagonistic to C. paradoxa. The isolates BY4 and AA7 exhibited antifungal activity against both pathogens (Table 1 and Supplementary Figure S2).



1-Aminocyclopropane-1-Carboxylic Deaminase Activity

All selected 27 strains were screened for ACCD activity, and 18 (67%) were able to grow on DF minimal salt medium 3–5 days after culture (Table 1). Based on these results, all 18 positive strains were further examined for the ACCD enzyme activity by quantifying the amount of α-ketobutyrate produced through the deamination of ACC. The higher level of ACCD activity was shown by the strain CoA9 (950.40 nmol α-ketobutyrate mg–1 h–1), followed by AA10, CA9, and CoA8 (700.3, 601.2, and 542.6 nmol α-ketobutyrate mg–1 protein h–1, respectively). Strain BA18 showed the lowest level of ACCD activity (157.80 nmol α-ketobutyrate mg–1 protein h–1) (Table 2).



Nitrogenase Activity

All the selected strains exhibited nitrogenase activity, with varying levels for different strains (Table 2). Strain BY4 showed a relatively higher N-fixing activity in N-free culture medium, recording an acetylene reduction activity of 28.97 nmoL C2H4 mg –1 protein h–1 followed by strains AA7 and BY1 (24.82 and 24.73 nmoL C2H4 mg–1protein h–1, respectively), under our experimental conditions. Other strains such as CoA8, CA2, CoA3, CA3, and CA11 produce much lower levels of acetylene.



Gene Amplification of nifH and acdS Genes

Genomic DNA of all selected rhizobacteria was used to amplify nifH and acdS genes. Out of 27 rhizobacteria, 15 strains (CoA8, CoN2, AY3, AY5, AA3, AN3, BY4, BA18, BN4, CA11, CN19, CoA3, CoA9, CoA12, and AA7) had the nifH gene and a dendrogram was built (Figure 2). Those strains positive for nifH were sequenced. All sequences showed a 90–100% similarity level with the nifH gene, and they are submitted to the NCBI GenBank with accession numbers MT559588–MT559602. All 27 selected strains were also screened for acdS encoding ACCD enzyme. Only 12 strains showed amplification of the expected band size ∼750–755 bp of acdS gene (Supplementary Figure S3).
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FIGURE 2. The dendrogram of nifH gene sequences of amplified fifteen strains was constructed by the neighbor-joining method. Bootstrap values of 1,000 replications are designated as% confidence values for certain branching.




Metabolic Characterization of Biolog Microarrays

Out of 27 strains, only two of them (BY4 and AA7) were selected for further studies to understand their genotypic differences, stress response, growth, and survival on diverse media, which is an essential criterion for their application in the field. A PCA scatter plot of Biolog data showed that carbon components explained 51.59% (PC1) and 48.05% (PC2) while N components accounted for 52.65% (PC1) and 47.35% (PC2) of the metabolic variation between isolates, whereas osmolyte scatter plots accounted for 59.17% (PC1) and 40.83% (PC2) of the variance. For pH, PC1 and PC2 explained 50.32 and 49.68%, respectively, of the total variance (Figure 3A). Based on the PCA scores for different substrates, the diversity index parameters were measured (Supplementary Table S6). The heatmap graph representing the growth shown by BY4 and AA7 strains in 96 different substrates of GNIII, PM3B, PM9, and PM10 Biolog plates is presented in colored graphical form. The graph showed that the relative abundance based on different substrate utilizations in each well (total of 96 wells) and clustering specifies the similarity of all 96 different substrates between the selected strains. Both strains confirmed the utilization of various carbon and nitrogen substrates with considerable osmotic and pH stress tolerance, and AA7 showed better results as compared to BY4 (Figure 3B).
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FIGURE 3. (A) Principal component analysis (PCA) of the most prominent rhizobacterial strains P. dispersa (AA7) and E. asburiae (BY4) were examined for different carbon, nitrogen, osmolytes, and pH in relation with diverse media compositions as well as stress responses based on BIOLOG(R) microplates. (B) Heat map graph showing the growth of BY4 and AA7 strains as the colored graphical form in every 96 different substrates of GNIII, PM3B PM9, and PM10 Biolog plates.




Colonization Pattern of E. asburiae and P. dispersa on Sugarcane

Colonization of E. asburiae (BY4) and P. dispersa (AA7) in sugarcane was investigated through their tissue localization by CLSM. Both strains fix N, showed different PGP traits and protection against sugarcane pathogens (S. scitamineum and C. paradoxa), and survived under different stress (NaCl salinity and pH extremes) conditions. Plasmid pPROBE-pTetr-OT containing the green fluorescent protein (GFP) (Figures 4A–C). The GFP-tagged strains inoculated in 60 day-old sugarcane plants were monitored 3 days post-inoculation, and both strains were found in sugarcane inside the root, leaf, and stem tissues (Figures 4J–O). After inoculation, bacterial cells were mostly dispersed on the elongation and differentiation zones of the main roots and lateral root junctions. Root hairs had the greatest bacterial population density. Microscopic images showed the rod-shaped morphology of both selected strains (Figures 4D–I). Both strains were gram-negative, non-spore-forming bacteria with yellow color and smooth colonies.
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FIGURE 4. Fluorescence micrographs of GFP-tagged P. dispersa (AA7) and E. asburiae (BY4) rhizobacteria: (A–C) is a plasmid pPROBE-pTetr-OT containing the green fluorescent protein (GFP). (D,E) and (G,H) is the colony morphology of P. dispersa (AA7) and E. asburiae (BY4) observed by SEM. (F,I) are the GFP/pPROBEpTetr-TT tagged P. dispersa and E. asburiae. (J–L) and (M–O) CLSM of GFP/pPROBEpTetr-TT-tagged P. dispersa and E. asburiae colonizing root, leaf, and stem tissues of micropropagated sugarcane plantlets. The images represent bacterial cells in green dots (white arrow), indicating the colonization of rhizobacteria with autofluorescence in every part of sugarcane tissues, respectively.




Physiological Parameters and Activity of Defense-Related Enzymes in Sugarcane

All measured physiological parameters i.e., plant height, shoot and root weight, leaf area, chlorophyll content, and photosynthesis, of GT11 and GXB9 plants inoculated with rhizobacterial strains (AA7 and BY4) was favorably influenced by the bacteria and showed significant differences compared to the control up to 90 DAI (Table 3). Strain BY4 showed a considerable increase in all growth parameters at 30 and 60 DAI, whereas at 90 days AA7 was more efficient than BY4 under greenhouse conditions. Strain AA7 showed a maximum increase in plant height (54 and 52%), root weight (57 and 53%) chlorophyll content (24 and 33%), and photosynthesis (100 and 133%) in GT11 and GXB9 varieties as compared to control at 90 DAI. Strain BY4 had greater effects on shoot weight and leaf area than AA7 in GT11, with 86 and 106% increase for shoot weight and leaf area. In GXB9, the highest 57% increase of shoot weight and 64% of leaf area was observed with the inoculation of AA7 as compared to control (Table 3 and Supplementary Figure S4).


TABLE 3. The effect of P. dispersa (AA7) and E. asburiae (BY4) rhizobacterial inoculum on the physiological parameters of sugarcane varieties GT11 and GXB9 at different time intervals in the greenhouse experiment.

[image: Table 3]Inoculation of BY4 and AA7 strains enhanced the activity of SOD, CAT, PAL, CHI, and GLU enzymes in leaf and root tissues of both sugarcane varieties (GT11 and GXB9) compared to control (Figure 5). Superoxide dismutase activity in roots was remarkably higher than that of leaf irrespective of the treatment. Similarly, in all treatments SOD activity in leaf and root tissues of both sugarcane varieties showed an increasing trend till 60 DAI and then declined (Figures 5A,B). There was no discernable pattern or difference in SOD activity between AA7- and BY4-inoculated plants except for a relatively 43% higher activity observed in leaf tissues of AA7-inoculated GXB9 on 60 DAI and 75% in BY4-inoculated GXB9 on 30 DAI as compared to control. Inoculation of GT11 and GXB9 with AA7 maximum increased CAT activity in leaf (83%) and roots (66%) remarkably compared with control at 90 days. In general, AA7 was found to be more effective than BY4 in inducing CAT activity in both tissues and varieties (Figures 5C,D). Unlike SOD and PAL, the activity of CAT in leaf and roots in both varieties gradually increased as plant growth advanced till 90 DAI, and this effect was treatment-independent (Figures 5C,D). The overall activity of PAL also showed a pattern somewhat similar to that of SOD with the activity peaking on 60 DAI in all treatments (Figures 5E,F). However, unlike SOD, the difference in PAL activity between leaf and root tissues was negligible in most treatments till 90 DAI (Figures 5E,F). Both AA7 and BY4 did not differ significantly in eliciting PAL activity in leaf and roots in both varieties in all but for 60 DAI in GT11. Maximum CHI activity was recorded in all analyzed samples on 30 DAI with 45% in root tissues of GXB9 inoculated with BY4 (Figures 5G,H). In general, CHI activity was more or less similar in both leaf and roots irrespective of variety and treatments, but the bacterial inoculation caused a significant increase in activity compared to control. Both bacteria showed a similar capacity for CHI induction in leaf and roots in both varieties. Like all other enzymes studied, GLU activity was maximum of 13% increased by AA7 inoculation in leaf tissues in GT11 and GXB9, and in all the measured time points, but it did not change greatly with time till 90 DAI (Figures 5I,J). There was no consistent difference in enzyme induction between AA7 and BY4 strains in both varieties.
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FIGURE 5. The effect of nitrogen-fixing rhizobacterial strains P. dispersa (AA7) and E. asburiae (BY4) inoculation on enzyme activities: (A,B) superoxide dismutase (SOD), (C,D) catalase (CAT), (E,F) phenylalanine ammonia-lyase (PAL), (G,H) chitinase (CHI), and (I,J) β-1,3-glucanase (GLU) in leaf and root tissues of sugarcane varieties (GT11 and GXB9). Sugarcane leaf and root tissues were harvested at 30, 60, and 90 DAI. Different letters show significant differences between treatments at p < 0.05.




Gene Expression for nifH and Pathogen Defense-Related Genes

The nifH gene expression was quantified using qRT-PCR. The gene expression was higher in AA7- and BY4-inoculated plants of both varieties on 30 DAI compared with that of 60DAI, with the highest expression recorded in BY4-inoculated GT11 (Figure 6 and Supplementary Table S7).
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FIGURE 6. Expression analysis of nifH gene after rhizobacterial inoculation of P. dispersa (AA7) and E. asburiae (BY4) by qRT-PCR in leaf tissues of GT11 and GXB9 sugarcane varieties harvested at 30 and 60 DAI. All data points were the means ± SE (n = 3) and standardized to the GAPDH expression level. Different lowercase letters display a significant difference at p < 0.05.


The expression of SuSOD increased with the time of the experiment with GXB9 showing a slightly but significantly higher expression than that of GT11 till 60 DAI. There was no significant difference between AA7 and BY4 for inducing SuSOD gene expression in both varieties (Figure 7). More or less a similar pattern was evident for expression of SuCAT, SuPAL, SuCHI, and SuGLU genes on 30 and 60 DAI in both varieties, though the relative expression was much higher for SuPAL and SuCHI than the other two genes (Figure 7 and Supplementary Table S8).
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FIGURE 7. The effect of rhizobacteria P. dispersa (AA7) and E. asburiae (BY4) observed on the relative gene expression levels of (A) superoxide dismutase (SOD), (B) catalase (CAT), (C) phenylalanine ammonia-lyase (PAL), (D) chitinase (CHI), and (E) β-1,3-glucanase (GLU) in two different sugarcane varieties. Plant leaf samples were harvested after 30 and 60 days of treatment. All data were standardized to the GAPDH expression level and expressed as the mean ± SE (n = 3). The different letters on the error bars show significant differences, whereas the same letters above the bars indicate no difference among treatments at p < 0.05.




Quantification of BNF Using 15N and Total N Content in Sugarcane Varieties

The BNF in GT11 and GXB9 varieties following their inoculation with rhizobacteria was measured by the 15N isotope dilution technique at 180 DAI. The results showed that BY4 and AA7 inoculation increased the N content of leaf, root, and stem of both varieties (Figure 8 and Supplementary Table S9). The BNF contribution varied between the tested sugarcane varieties. The highest BNF contribution was found in the root of both varieties with the inoculation of BY4 (36–37% more than the control), while the inoculation of AA7 resulted in total N measuring 21–32% more than that of control (Figures 8A,B). The leaves also showed a significant increase in total N content in GT11 with BY4, but in GXB9, the stem of BY4-inoculated plants showed the maximum N content compared to control. The roots of both varieties showed significantly higher N compared with control, irrespective of the bacterial strain used for inoculation. Both strains had a higher impact on N content in both sugarcane varieties as compared to control (Figures 8C,D).
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FIGURE 8. Estimation of BNF by P. dispersa (AA7) and E. asburiae (BY4) rhizobacteria in sugarcane plant tissues for dry biomass (root, stem, and leaf) of GT11 and GXB9 varieties grown in pots containing 15N-labeled soil (values represent mean of three replicates). (A,B) Total N content and (C,D) % N dfa. Different letters indicate significant differences among treatments at p < 0.05.




DISCUSSION

In this study, we mainly focused on Enterobacter, Pantoea, and Erwinia genera isolated from the sugarcane rhizosphere. A total of 27 strains were identified based on their nitrogen-fixing, PGP, and antifungal activities against sugarcane fungal pathogens and established their taxonomic identity through 16S rRNA gene sequencing. These strains are classified as E. oryzae (CoA8), E. sacchari (CoN2), E. aerogenes (AY3 and CA11), E. huaxiensis (AY5), E. ludwigii (AA3 and AN4), E. cloacae (AA10 and CA9), E. asburiae (BY4, BA18, and CN18), E. tabaci (CA2), E. cancerogenus (CA3 and CN19), E. mori (CN8), E. species (AN3 and BN4), P. dispersa (CoA3, AA7, and BY5), P. agglomerans (CoA9 and AA2), P. species (CoA11 and AA1), and Erwinia sp. (CoA12 and BY1). All selected strains are gram-negative, rod-shaped, and non-spore-forming bacteria. Among these, E. asburiae and P. dispersa were the most dominant species. Only a few reports are available on the isolation of diazotrophic endophytic strains i.e., Pantoea sp. (Loiret et al., 2004), P. agglomerans (Quecine et al., 2012), P. dispersa (da Silveira et al., 2018), Enterobacter sp. (Zhu et al., 2012), E. sacchari (Zhu et al., 2013), and E. roggenkampii (Guo et al., 2020) from sugarcane. However, no report on the isolation of diazotrophic P. dispersa and E. asburiae associated with the sugarcane rhizosphere.

Two strains, E. asburiae (BY4) and P. dispersa (AA7), displayed all PGP traits and prompting to study of its PGPR potential for sugarcane. Several Enterobacter sp. and Pantoea sp. have been reported as phosphate solubilizers (Mishra et al., 2011; Dhole et al., 2016; Sarkar et al., 2018; Shabanamol et al., 2018; Macedo-Raygoza et al., 2019). Phosphate-solubilizing microorganisms enhance phosphorus accessibility to plant by altering inorganic phosphorus into soluble phosphorus form (Dastager et al., 2009; Wang et al., 2009) and greatly improve plant growth, particularly root development. In addition to phosphate solubilization, siderophore production is another essential PGP trait, facilitating plant-available iron (Fe3+) in the rhizosphere (Beattie, 2006). The ability of rhizobacteria to promote root growth via IAA production will have an additive effect on boosting plant nutritional enhancement by PGPR. Auxins produced by rhizospheric bacteria had a major effect on cellular division, and more specifically on root development (Cherif-Silini et al., 2016). In previous studies, many strains have been reported as IAA producers, which may explain their ability to promote growth in sugarcane (Li et al., 2017; Rampazzo et al., 2018; Guo et al., 2020; Singh et al., 2020). Also, several PGP strains from Pantoea sp. were reported to produce phytohormone production (Dastager et al., 2009; Bible et al., 2016). In our study, all bacterial strains produced a significant amount of IAA ranging from 36.45 to 903.31 μg mL–1, with the AA10 strain being the greatest producer.

Ethylene is a phytohormone that controls plant growth and stress responses (Bleecker and Kende, 2000). One of the principal mechanisms by which DPGPRs exert their beneficial effects on plants under stress is possibly through ACCD activity. ACCD-producing bacteria convert the ethylene precursor ACC into α-ketobutyrate and ammonia, thus reducing the endogenous level of stress hormone ethylene which modulates plant tolerance to environmental stresses and improves plant growth (Glick et al., 1998; Poel and Straeten, 2014). ACCD activity has been recognized as a biomarker for plant growth-promoting bacteria (PGPB) (Glick et al., 2007). Bacteria producing ACCD are generally isolated on minimal media containing ACC as the sole source of nitrogen, and ACCD activity was identified by bacteria that are grown on the ACC media (Penrose and Glick, 2003). Earlier studies also reported that some bacterial strains that grew on the ACC medium did not express ACCD activity because strains without ACCD can also be grown on the ACC medium (Li et al., 2011). The presence of trace nitrogen in medium and agar components possibly supports the growth of some bacteria without ACCD activity, whereas a few bacteria with ACCD may not confirm ACCD activity in free-living states (Blaha et al., 2006; Nascimento et al., 2012), and a pyridoxal 5′-phosphate (PLP)-dependent deaminase that is not an ACCD may express less non-specific ACCD activity (McDonnell et al., 2009; Nascimento et al., 2014). Nascimento et al. (2014) described ACCD activity in many Bacillus strains but did not identify the acdS gene. Therefore, unambiguous detection of the ACC deaminase structure gene (acdS) is essential to confirming bacteria producing ACCD activity (Onofre-Lemus et al., 2009). In this study, 18 strains produced ACCD activity and positive acdS gene amplification was confirmed only for 12 strains, possibly for the above reasons. In previous reports, Pantoea and Enterobacter strains isolated from other crops were confirmed to have ACCD activity (Canamas et al., 2009; Sarkar et al., 2018; Nascimento et al., 2020), and the Enterobacter sp. EN-21 strain producing ACCD promoted sugarcane growth under salt-stress conditions (Kruasuwan and Thamchaipenet, 2018).

The sugarcane crop is normally affected by many fungal pathogens. Sugarcane smut and pineapple disease caused by S. scitamineum and C. paradoxa, respectively, are very important fungal diseases, and they caused numerous commercial varieties out of production (Que et al., 2012). Sugarcane is a perennial crop that harbors many useful bacteria in its rhizosphere, and the use of growth-promoting bacteria identified from rhizosphere assemblage is becoming a practically useful approach to improve crop nutrition and biocontrol of microbial pathogens (Singh et al., 2020). In the current paper, 20 strains showed the antagonistic potential to C. paradoxa, whereas 14 strains restricted S. scitamineum growth with two strains, BY4 and AA7, which proved to very promising to control fungal pathogens. Secondary metabolites such as HCN and ammonia are produced by several bacterial strains, and they play important roles in controlling fungal diseases in several plants (Blumera and Haas, 2000; Martínez-Viveros et al., 2010; Olanrewaju et al., 2017). In this study, HCN and ammonia production by DPGPR BY4 and AA7 was observed, proving that these strains are valuable for controlling diseases such as smut and pineapple disease. Whereas some PGPR-producing HCN failed to show biocontrol activity in response to fungal pathogens but improved nutrient accessibility in plants (Blom et al., 2011; Rijavec and Lapanje, 2016).

The N-fixing activity of all the selected bacterial strains was determined with the ARA method, and BY4 showed a higher nitrogenase activity than AA7 in an N-free medium. Screening for N-fixing genes (nifH) in the selected strains by PCR was found to have just 15 strains with the nifH gene among all selected strains. Amplification of the nifH gene established the potential nitrogen-fixation capacity of strains (Zehr and Capone, 1996). In contrast, the lack of nifH gene amplification does not necessarily imply that the strains are not capable of BNF as the nifH gene could display different nucleotide sequences among as well as within species (Zehr et al., 2003). Based on all PGP traits and nitrogen-fixing ability, we selected P. dispersa-AA7 and E. asburiae-BY4 for additional studies. We quantified the expression of the nifH gene, and less increase in nifH expression was observed at 60 DAI of BY4 and AA7 strains as compared to day 30 in both sugarcane varieties. The reason might be that these strains were not colonized properly at that time, due to some environmental conditions or that the sampling time was not suitable for these sugarcane varieties. The expression of the nifH gene indicated the BNF activity of these nitrogen-fixing bacteria. Singh et al. (2020) reported the expression of the nifH gene in sugarcane plants inoculated with B. megaterium and B. mycoides PGP strains. 15N isotope dilution and N balance assessments with different sugarcane varieties identify their capacity to acquire atmospheric N through BNF microorganisms (Urquiaga et al., 1992). The results obtained in this study with the 15N isotope dilution method proved significant BNF by the selected strains and their contribution to the sugarcane N requirement.

A complex relationship between soil type and plant species influences the bacterial population and composition in the rhizosphere (Marschner et al., 2001). Compatibility between the composition of the host plant root exudate and the potential of the PGPR to use these compounds is one significant factor for PGPR existence (Strigul and Kravchenko, 2006). Phenotypic profiling is significant for discerning genotypic differences, stress responses, and growth media composition, and it varies with environmental conditions (Chojniak et al., 2015). Compared to other standard bacterial cultivation approaches, various substrate consumption trends by PGPR using the Biolog plate provide a comparatively quicker and more sensitive way of evaluating improvements in microbial functional diversity (Nautiyal, 2009). This approach is gaining momentum due to its simplicity and pace of success (Winding and Hendriksen, 2007; Mishra and Nautiyal, 2009; Nautiyal, 2009). An organism’s metabolic properties can contribute to a specific niche adaptation. Metabolic variations have made it possible for DPGPR to adapt to particular conditions, such as soil and plant tissues. The BIOLOG metabolic profiling study is a valuable tool to characterize the microbial populations for substrate utilization, and pH and stress tolerance. The observed phenotypes suggest that both BY4 and AA7 strains can utilize various metabolic substrates. In previous reports, it was also recommended that strains with broad metabolite tolerance are more suitable for plant nodulation and plant growth (Wielbo et al., 2007; Mazur et al., 2013). However, bacterial growth on microtiter plates often depends on multiple aspects of its culture, such as microtiter plate, replication, conditions of incubation, and plate monitoring (Preston-Mafham et al., 2002). Competitive rhizosphere colonization is part of PGPR–plant interactions (Chin-A-Woeng et al., 2000; Timmusk et al., 2005). Therefore, to develop the PGPR as a beneficial bioinoculant application, large-scale multilocation field trials are needed. We also observed that sugarcane plants inoculated with BY4 and AA7 showed a considerable increase in plant height, shoot and root weight, leaf area, chlorophyll content, and photosynthesis as compared to control. Strain BY4 showed a considerable increase in all growth parameters at 30 and 60 DAI, whereas at 90 days AA7 was more efficient than BY4 under greenhouse conditions. The reason for this could be that strain BY4 may be a good colonizer during the initial stages but later did not proliferate properly in the plants due to various environmental or plant host-dependent reasons, whereas strain AA7 grew effectively after inoculation, and promoted plant growth.

Understanding the molecular basis of sugarcane–rhizobacteria interactions may lead to practically useful technological solutions for improving sugarcane growth and yield. We observed the colonization of GFP-tagged E. asburiae and P. dispersa strains in sugarcane plantlets. When inoculated individually, both strains showed colonization in the entire plant body, and E. asburiae showed better colonization than P. dispersa in sugarcane. Many researchers have implemented in situ visualizations of bacterial cells in the rhizosphere and on root surfaces using GFP as a marker to analyze plant–microbe interactions. The capability of these strains to colonize sugarcane plants and function as an effective plant growth-promoting bacteria (PGPB) is important as observed for E. roggenkampii, Microbacterium sp., Bacillus, and Pseudomonas strains previously (Lin et al., 2012; Li et al., 2017; Guo et al., 2020; Singh et al., 2020). To the best of our knowledge, this is the first report that elucidates the interaction and colonization process of E. asburiae and P. dispersa strains in sugarcane.

Reactive oxygen species are a common plant metabolite produced under normal growth and biotic and abiotic stress conditions, and it is a temporary plant defense mechanism during plant–microbe interactions (Yan et al., 2007; Wasim et al., 2009; Nanda et al., 2010). ROS is continuously being produced at basal levels under favorable conditions and scavenged by various antioxidant enzymes; they are unable to inflict harm (Foyer and Noctor, 2005). In plants, ROS help to withstand even symbiotic bacteria until plants benefit from symbiosis (Santos et al., 2001). Enzymes such as SOD and CAT are involved in ROS metabolism and plant cell defense process. The expression of SOD and CAT is induced by environmental stress stimuli and pathogens (Dat et al., 2000; Chen et al., 2012). PAL provides the plant’s physiological and systemic support by changing L-phenylalanine to trans-cinnamic acid and ammonia. In rice, microbial treatment has been shown to increase the activity of PAL and the aggregation of polyphenols in the leaves, thus helping to enhance stress conditions (Bhattacharyya et al., 2020). By the production of defense-related antioxidant enzymes and molecules, PGPR primes host plants to avoid pathogen attacks (Choudhary et al., 2007). The biocontrol mechanisms consist of the production of cell wall degrading enzyme production and the activation of systemic resistance defense processes (Hayat et al., 2012). Plant chitinases and β-1,3-glucanase have recognized PR proteins, widely dispersed in higher plants, contributing to plant defense mechanisms in response to numerous pathogens, as well as some abiotic stresses (Viswanathan and Samiyappan, 2001; Lawton et al., 2005; Wan et al., 2011). In such a situation, the implementation of PGPR could come to a great rescue. Increased activity of defense-related enzymes in diazotrophic PGPR-treated sugarcane plants eventually led us to conclude that both strains can promote induced systemic resistance, a condition of increased defensive ability in sugarcane plants. In this study, we also quantified the activity and expression of five different defense-related enzymes (SOD, CAT, PAL, CHI, and GLU), and the pattern observed for enzyme activity and expression was dissimilar at different time intervals. As observed previously in other systems (Ara et al., 2013; Du et al., 2013; Su et al., 2013, 2014). This is because gene expression is controlled at many different stages and in many different ways such as transcriptional and posttranscriptional regulations (RNA processing, RNA stability, etc.). Previous reports show that rhizosphere microbial inoculation enhances growth and antioxidant enzyme activities in different plants as compared to control under normal conditions (Bhattacharyya et al., 2020; Wang et al., 2020). Increased expression of ScChi, ScGluD1, SuCAT, SuSOD, and SuPAL genes was observed following artificial inoculation of PGP strains in GT11 and GXB9 (Singh et al., 2020) and smut pathogen in sugarcane varieties (Su et al., 2013, 2014; Singh et al., 2018, 2019).



CONCLUSION

The present study shows the existence of a genetically diverse microbiome population of diazotrophic plant growth promoting rhizobacteria of Enterobacter and Pantoea genera in the sugarcane rhizosphere. All isolated rhizobacteria elicited different PGP traits, N fixation, and biocontrol potential in response to sugarcane pathogens. The application of efficient N-fixing PGPR has the potential to increase crop production. To the best of our knowledge, this is the first report of growth promotion, N-fixation, and the expression of defense-related genes in sugarcane plants by rhizobacteria E. asburiae and P. dispersa under greenhouse conditions. Therefore, both strains may be used to study plant–microbe interactions that enhance sugarcane productivity, soil fertility, protection against different biotic stresses, and environmental sustainability.
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Whole Genome Analysis of Sugarcane Root-Associated Endophyte Pseudomonas aeruginosa B18—A Plant Growth-Promoting Bacterium With Antagonistic Potential Against Sporisorium scitamineum
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Sugarcane smut is a significant fungal disease that causes a major loss in sugar yield and quality. In this study, we isolated an endophytic strain B18 from a sugarcane root, which showed plant growth-promotion, hydrolytic enzyme production, antifungal activity against sugarcane pathogens (Sporisorium scitamineum, Ceratocystis paradoxa, Fusarium verticillioides), and the presence of nifH, acdS, and antibiotic genes (hcn, prn, and phCA) under in vitro conditions. BIOLOG(R) phenotypic profiling of B18 established its ability to use various carbon and nitrogen sources and tolerate a range of pH and osmotic and temperature stresses. Whole-genome analysis of B18, identified as Pseudomonas aeruginosa, showed that it consists of a single circular chromosome of 6,490,014 bp with 66.33% GC content. Genome annotation has identified 5,919 protein-coding genes, and 65 tRNA, and 12 rRNA genes. The P. aeruginosa B18 genome encodes genes related to ethylene, nitrogen (nifU, norBCDERQ, gltBDPS, and aatJMPQ), and phosphate (pstABCS and phoBDHRU) metabolism and produce indole-3-acetic acid and siderophores. This also includes genes encoding hydrolases and oxidoreductases, those associated with biocontrol mechanisms (hcnABC, phzA_B, phzDEFGMS, and pchA), colonization (minCDE and lysC), and biofilm formation (efp, hfq, flgBCDEFGHI, and motAB), and those associated with metabolism of secondary metabolites. Collectively, these results suggest a role for P. aeruginosa B18 in plant growth enhancement and biocontrol mechanisms. The P. aeruginosa B18 strain was found to be an efficient colonizer in sugarcane; it can improve growth through modulation of plant hormone production and enhanced host-plant resistance to smut pathogen S. scitamineum in a smut-susceptible sugarcane variety (Yacheng71-374). These biocontrol and plant growth promotion properties of P. aeruginosa B18 area are discussed in this report.
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INTRODUCTION

Sugarcane (Saccharum spp. interspecific hybrids) is the most prominent economic crop in tropical and sub-tropical countries and the world’s main source of sugar. Sugar is a major agricultural commodity, and it is also used for producing ethanol and other by-products (FAOSTAT, 2020). In China, sugarcane is a key agricultural crop, and it contributes to about 90% of sugar production nationally. Besides a limited water supply, the occurrence of various diseases and insect pests and the overuse of fertilization also adversely affect Chinese sugarcane production (Li and Yang, 2015). Presently, more than 60 sugarcane diseases have been reported in China (Huang and Li, 2016). Among them, sugarcane smut, caused by the fungal pathogen Sporisorium scitamineum, is a major disease. It is wide-spread in all the major sugarcane production areas in China, such as Guangxi, Yunnan, Guangdong, and Hainan. Sugarcane smut disease control currently relies primarily on breeding resistant cultivars (Shen et al., 2014), which is constrained by long, expensive breeding procedures and limited success (Liu et al., 2017). The disease can be managed by chemical fungicides (Bhuiyan et al., 2012) but is neither advised nor practiced to prevent environmental degradation (Pandin et al., 2017).

Biological control agents (BCAs) provide cost-effective, environmentally friendly pest and pathogen control in many crops, including sugarcane (Li et al., 2018; Jayakumar et al., 2019). The method of achieving biological control is complex and cannot be effective in certain production conditions. A range of non-pathogenic microbial species has the potential to trigger induced systemic resistance (ISR) by producing elicitors that trigger immune responses in plants (Cawoy et al., 2014). Plant growth-promoting endophytic bacteria (PGPEB) are microorganisms that reside and colonize inside plant tissue have also been explored widely for host plant resistance to pathogen attacks (Choudhary et al., 2007; Kumar et al., 2017). These bacteria simply enter the plant roots through various means and promote plant growth through different mechanisms, such as plant growth regulators, phosphate solubilization, nitrogen-fixation, ethylene metabolism, and indirect disease resistance mechanisms by antimicrobial metabolites or siderophores that suppress pathogenic microbes (Sun et al., 2009; Olanrewaju et al., 2017). Hence, the use of PGPEB is receiving a renewed interest as a green alternative to agrochemicals for sustainable agriculture.

In plant-associated environments, Pseudomonas organisms are ubiquitous and play a significant role in the natural defense of plants against pathogens (Mendes et al., 2007). Bacteria belonging to the genus Pseudomonas protect plants by direct competition with or being antagonistic to pathogens (Haas and Défago, 2005; Bakker et al., 2007). Many Pseudomonas species, especially P. fluorescens, P. putida, P. chlororaphis, and P. syringe, are well recognized for their ability to stimulate plant growth and control a range of plant pathogens (Raaijmakers and Mazzola, 2012; Li et al., 2017). Some of the earlier literature reported the isolation of Pseudomonas strains from sugarcane: Pseudomonas spp., P. aeruginosa, P. aurantiaca, P. fluorescens, P. putida, P. reactans, P. monteilii, P. plecoglossicida, P. entomophila, P. koreensis, and P. mosselii (Viswanathana and Samiyappan, 2002; Viswanathan et al., 2003; Mendes et al., 2007; Mehnaz et al., 2009, 2010; Magnani et al., 2010; Li et al., 2017). P. aeruginosa strains are touted to be an important tool for disease management programs in tropical countries owing to their biocontrol effectiveness against several pathogens (Kumar et al., 2013). However, P. aeruginosa is often referred to as an opportunistic pathogen that colonizes various groups of organisms, and a comprehensive understanding of P. aeruginosa strains is limited.

In this manuscript, we focused on the endophytic P. aeruginosa B18 strain isolated from sugarcane roots, which promotes sugarcane growth and tolerance to smut. Whole-genome analysis of this strain will provide opportunities to identify genes involved in plant growth promotion (PGP) and biocontrol of pathogens. To the best of our knowledge, this is the first study of the whole-genome analysis of endophyte P. aeruginosa B18 isolated from sugarcane root. Hence, we aimed to study the P. aeruginosa B18 endophyte isolated from sugarcane root in relation to (i) plant-growth-promoting and antifungal activities, (ii) functional genes, (iii) production of cell wall degrading enzymes, (iv) metabolic profiling, (v) host colonization pattern (confocal laser scanning microscopy-CLSM and scanning electron microscopy-SEM), (vi) whole-genome analysis, and (v) improvement of sugarcane growth under smut pathogen stress in the greenhouse condition.



MATERIALS AND METHODS


Isolation of Strain B18 Endophytic Strain

Sugarcane plant samples were obtained from the field of Sugarcane Research Institute, Guangxi Academy of Agricultural Sciences, Nanning, China (latitude 22°50′ N, longitude 108°14′ E, and elevation 70 m). Endophytic strain B18 was isolated from the roots of the sugarcane plant by using Ashby’s glucose agar medium according to the method of Dobereiner et al. (1993) (Supplementary Table 1). The isolated strain was maintained in glycerol solution (25%) at −20°C.



In vitro Screening for Biocontrol, PGP Traits, Hydrolytic Enzymes Production, and Abiotic Stress Tolerance

The antifungal activity of strain B18 was tested against three sugarcane pathogens (S. scitamineum, Ceratocystis paradoxa, Fusarium verticillioides) by dual culture plate and agar well diffusion methods according to the procedure of Singh et al. (2013). For dual culture plate assay, the strain was streaked 3 cm in the gap opposite to fungal pathogens spotted at the central point of the potato dextrose agar and nutrient agar (1:1) plate and kept at 26 ± 2°C for 5–7 days. The plate included with only the fungal disk served as the control, and the percentage of inhibition was measured. For the agar well diffusion method, mycelium or spores of selected pathogens were mixed in 10 mL of autoclaved distilled water, and 0.1 mL suspension was spread on petri dishes comprising PDA (Supplementary Table 1). Wells (5 mm diameter) were prepared with cork borer into the agar medium and sealed with agarose (0.2%) before being filled with 100 μL of cell-free culture. The un-inoculated medium was taken as a control and incubated at 26 ± 2°C for 5–7 days.

To study PGP traits, strain B18 was grown in Luria Bertani (LB) medium for 36–48 h at 32 ± 2°C in an orbital shaker (120 rpm) for inoculum preparation (Supplementary Table 1). The PGP abilities of strain B18 were evaluated by standard methods that determine the qualitative and quantitative estimation of siderophore (Schwyn and Neilands, 1987; Hu and Xu, 2011), ammonia production (Dey et al., 2004; Goswami et al., 2014), and P- solubilization (Pikovskaya, 1948; Mehta and Nautiyal, 2001). Hydrogen cyanide (HCN) production was determined by the qualitative method (Lorck, 1948). Indole-3-acetic acid production was analyzed spectrophotometrically with the procedure explained by Glickmann and Dessaux (1995).

Microorganisms play a direct role in the inhibition of fungal pathogen growth through the synthesis of cell-wall-degrading enzymes. As a result, strain B18 supernatant was used for the estimation of four enzymes activities, i.e., β-1, 3 glucanase (product no. MM91504O1), chitinase (product no. MM1062O1), cellulase (product no. MM91502O1), and protease (product no. MM1206O1), by enzyme-linked immune sorbent assays (ELISA) using commercially available ELISA kits (Wuhan Colorful Gene Biological Technology Co., Ltd., Wuhan, China) and following manufacturer’s instructions. Strain B18 was streaked on LB medium and kept at 32 ± 2°C for 24–48 h. A single bacterial colony was transferred to LB broth medium (10 mL) and incubated for 24–48 h in an orbital shaker (180 rpm) at 32 ± 2°C before being centrifuged at 12,000 rpm for 5 min to get the supernatant. The whole extraction process was completed at 4°C.

B18 bacterial culture (0.1 mL) was inoculated in LB broth medium (5 mL) and incubated at 20, 25, 30, 35, 40, and 45°C for 36 h at 120 rpm in an orbital shaker to determine its temperature tolerance capacity. The pH tolerance test was performed by growing 0.1 mL of B18 bacterial suspension in 5 mL of LB broth medium adjusted to different pHs (5–10) followed by incubation at 32 ± 2°C for 36 h. NaCl tolerance was examined by growing B18 isolate with different NaCl concentrations (7–12%) at the optimum pH (7) followed by incubation for 36 h at 32 ± 2°C. After incubation, B18 growth was measured at 600 nm using a spectrophotometer, and the un-inoculated medium was applied as a blank.



1-Aminocyclopropane-1-Carboxylate (ACC) Deaminase and Acetylene Reduction Assay (ARA)

The 1-Aminocyclopropane-1-carboxylate deaminase activity of the B18 strain was examined with nitrogen-free Dworkin and Foster (DF) salts minimal medium (Jacobson et al., 1994) (Supplementary Table 1). Medium devoid of ACC was applied as a negative control, and medium with (0.2% w/v) ammonium sulfate [(NH4)2SO4] or (3 mM) ACC was used as a positive control. The growth of B18 was observed at 32 ± 2°C after 3–5 days of incubation. ACC deaminase activity was quantified as described earlier Honma and Shimomura method (Honma and Shimomura, 1978). The nitrogen-fixation potential of the B18 strain was studied by the ARA method according to the procedure of Hardy et al. (1968).



Amplification and Sequencing of acdS, nifH, and Antibiotic Genes

Strain B18, DNA was used as a template for amplifying all five selected genes (acdS, nifH, hcn, phCA, and prn). Amplification of acdS and nifH genes was done by using degenerate primers following the PCR conditions reported earlier (Poly et al., 2001; Li et al., 2011; Supplementary Table 2). hcn gene amplification was completed with HCNF and HCNR primers according to Ramette et al. (2003) (Supplementary Table 2). Antibiotic genes, i.e., phCA and prn were amplified by using the primers given in Supplementary Table 2 and followed the PCR conditions detailed in Raaijmakers et al. (1997) and Souza and Raaijmakers (2003). All purified PCR products were sequenced (Sangon Biotech, Shanghai, China). Genes were identified using the NCBI GenBank database.



BIOLOG(R) Phenotypic Characterization

Phenotypic profiling of B18 isolate was performed on GENIII, PM3B, PM9, and PM10 Biolog microplates; a tetrazolium-based growth test revealed by Biolog Incorporated (Biolog, Inc., Hayward, CA, United States) was used to analyze carbon and nitrogen substrate uses along with osmotic and pH tolerance (Bochner, 2009). A total of 96 wells were used in the BIOLOG Micro-ArrayTM plates, and each well includes a separate formulation to detect the use of substrate or stress sensitivity. GENIII and PM3B plates were used to identify strains for their ability to utilize different sources of carbon and nitrogen, whereas PM9 and PM10 plates were used for high salt concentrations and extreme pH microbial tolerance screening. The inoculum for microplates was prepared as described earlier (Li et al., 2017), and the inoculated microplates were kept at 32 ± 2°C for 72 h to develop tetrazolium color. The reading was taken with preset BIOLOG(R) Micro-Station Reader following the manufacturer’s instructions. The bacteria growth was calculated with optical density measurements at 590 nm after 72 h of incubation. All data are presented using a heatmap created by Heml1.0 software (Deng et al., 2014).



Colonization of B18 in Sugarcane

The pPROBE-pTetr-TT plasmid containing the green fluorescent protein (GFP) gene was obtained from Agriculture College, Guangxi University, Nanning, China, and a bacterial strain sample was prepared as described previously (Singh et al., 2020b). Micro-propagated sugarcane plants were examined by confocal laser scanning microscopy (CLSM) (Leica DMI 6000, Germany) 96 h after bacterial inoculation. The scanning electron microscopy (SEM) (Hitachi model SU8100) was used to confirm the morphology and colonization of B18 stain in sugarcane as described by Singh et al. (2013).



DNA Isolation, Library Creation, and Genome Sequencing

Based on in vitro multi-functional activities of strain B18, we studied the genome analysis of this strain to completely understand the characteristics of this bacterium. Genomic DNA of strain B18 was extracted with Wizard® Genomic DNA Purification Kit (Promega) as per the manufacturer’s guidelines. DNA concentration and quality were assessed by TBS-380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA, United States), and good quality DNA (OD260/280 = 1.8∼2.0, > 20 μg) was used for additional analysis. The genome was sequenced by Oxford-Nanopore methods. The 15 μg purified DNA was rotated in a Covaris G-TUBE (Covaris, MA, United States) for 60 s at 6,000 rpm with an Eppendorf 5424 centrifuge (Eppendorf, NY, United States) for Nanopore sequencing. DNA fragments were purified, end-repaired, and ligated through SMRTbell sequencing adapters as per the manufacturer’s procedure (Pacific Biosciences, CA, United States). The ensuing sequencing library was purified three times with 0.45 × volumes of Agencourt AMPureXP beads (Beckman Coulter Genomics, MA, United States) as per the manufacturer’s commands. Subsequently, a ∼10 kb insert library was organized and sequenced on one SMRT cell by standard procedures. After obtaining the qualified genomic DNA, the large size fraction was selected by an automated DNA size selection system (Blue Pippin, Sage Science); the DNA was then treated with the damage repair and end-repair/dA tailing module. After purification, adapter ligation was performed by using a ligation sequencing kit (NBD103 and NBD114, Oxford Nanopore Technologies). Finally, the DNA library was quantified by Qubit (Thermo fisher TEchnlogies). A certain concentration and volume of the DNA library were loaded into a 1 flow cell, which was then transferred to Nanopore PromethION sequencer (Oxford Nanopore Technologies) for real-time single-molecule sequencing.



Genome Assembly, Annotation, and Prediction of Genes in B18 Genome

The raw sequence data generated from Illumina and Nanopore sequencing were utilized for bioinformatics investigation, and the entire assessments were completed with the free online Majorbio Cloud Platform1 (Shanghai Majorbio Co., Ltd.). The whole-genome sequence was assembled by using both Illumina and Nanopore quality reads. For quality trimming, a value data statistic was used, from which the low-value information can be eliminated to form clean reads. The reads were then assembled into contigs by the hierarchical genome assembly method (HGAP) and canu (Koren et al., 2017). The final step was completed and finished manually, generating a whole-genome with seamless chromosome, and the final error correction of the Nanopore assembly results was done with the Illumina reads by Pilon.

Prediction of coding sequence (CDS) was finished with Glimmer version 3.02 followed by annotation from different databases, i.e., Pfam, NR, Swiss-Prot, Clusters of Orthologous Groups (COG), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases (Delcher et al., 2007) with Basic Local Alignment Search Tool (BLAST), HMMER, and Diamond sequence alignment tools. Prediction of tRNA and rRNA was done by tRNA-scan-SE (v1.2.1) (Borodovsky and Mcininch, 1993) and Barrnap. Antismash software was used for predicting secondary metabolite genes. Briefly, each set of query proteins were aligned through the databases, and annotations of best-coordinated subjects (e-value < 10–5) were made for the annotation of genes. Genome annotation files (genome assembly.fasta and genome annotation.gff) were uploaded to the CGviewer server (Grant and Stothard, 2008) to prepare a Circular genome map of strain B18.



Phylogenetic Analysis of Strain B18

The 16S rRNA gene sequences were obtained from the assembled genome and used for BLAST (BLASTn) study against the ribosomal database (rRNA_type strains/16S_ribosomal_RNA) from NCBI for the strain B18 identification. A total of 74 16S rRNA gene sequences were downloaded from the Pseudomonas species and used for the phylogeny study. The bootstrap study was conducted using 1000 pseudo-replication by the Felsenstein method (Felsenstein, 1985). The tree was drawn to scale through branch lengths in similar units as those of the evolutionary distances applied to complete the phylogenetic tree. The evolutionary distances were calculated by the Maximum Composite Likelihood procedure (Tamura et al., 2004). For every sequence pair (pairwise deletion option), all unclear positions were eliminated. The final dataset had a total of 1556 places. Evolutionary analyses were completed in MEGA X (Kumar et al., 2018).



Comparative Genome Analysis

Comparative genome analysis was performed by the RAST analysis server (KbaseGenomes4.1)v to understand the genome features of strain B18. Average Nucleotide Identity (ANI) analysis of strain B18 was achieved by FastANI (Jain et al., 2018). FastANI is built to complete genome sequences for rapid alignment-free computation of complete-genome ANI and facilitates the comparison of whole and draft genome assemblies in pairs. The complete genome of strain B18 and two Pseudomonas strains (Pseudomonas aeruginosa PA01 and Pseudomonas spp. PL10) existing in the NCBI database were used for this study.



Greenhouse Experiment

The ability of strain B18 to promote sugarcane plant growth under smut disease was evaluated using a pot experiment with four treatments (described below) (i) YC, (ii) B18, (iii) SP, and (iv) B18 + SP, each with five replicates in a greenhouse. The soil used for the experiment was autoclaved for 30 min (at 121°C) thrice. The trial was conducted with smut susceptible sugarcane variety Yacheng71-374, obtained from the Guangxi Academy of Agricultural Sciences, Nanning, China. Healthy sugarcane seedlings (45 days old) were used for the experiment, and they were washed with tap water to eliminate soil particles adhered to the surface of the plants prior to pathogen inoculation. In order to prepare the inoculum, S. scitamineum haploid strains (MAT-1 and MAT-2) were grown in 100 mL YEPS liquid broth at 26 ± 2°C for 2–3 days in an incubator shaker (120 rpm) (Supplementary Table 3). Strain B18 was grown in 100 mL LB broth at 32 ± 2°C with shaking at 120 rpm for 24–48 h. At the end of incubation, bacteria were collected by centrifugation at 6000 rpm for 5 min, washed twice with autoclaved distilled water, and re-suspended in sterile distilled water (OD. 600 ∼ 5.0).

For treatment (YC), Yacheng71-374 seedlings were injected with 1 mL of autoclaved sterile water (about four leaves) at the stem base. Similarly, for treatment B18 and SP, seedlings were inoculated with 1 mL of strain B18 and a 1:1 mixture of MAT1 and MAT2 suspension, respectively. For B18 + SP treatment, seedlings were treated with 1 mL of bacterial suspension and 1 mL of the fungal mixture (MAT1 and MAT2; 1:1). Each treatment had five replicates, and the inoculation was performed at 30 ± 2°C and > 80% relative humidity. Inoculated seedlings were moved into plastic pots (30 cm in diameter, 40 cm in-depth, and three plants per pot) containing 15 kg of soil and sand mixture (3:1 w/w). The sugarcane plantlets were not supplied with any chemical fertilizers and watered on alternate days.



Physiological Parameters, Pathogen Defense-Related Enzymes, Phytohormones, and qRT-PCR

Sugarcane plant samples were collected after 4 weeks following treatment, and plant height, fresh shoot weight, fresh root weight, leaf area, chlorophyll content, photosynthesis, transpiration rate, and stomatal conductance were measured.

Sugarcane leaf samples were collected 4 weeks after treatment, powdered with liquid nitrogen, and used for the estimation of pathogen defense-related enzymes such as peroxidase (POD), catalase (CAT), superoxide dismutase (SOD), β-1,4-endoglucanase, and chitinase along with phytohormones, including gibberellins (GA3), ethylene (ETH), abscisic acid (ABA), and indole-3-acetic acid (IAA) by plant enzyme-linked immune sorbent assays (ELISA) kit (Wuhan Colorful Gene Biological Technology Co., Ltd., China) following the manufacturer’s instructions.

The expression pattern of SuCHI, SuGLU, SuCAT, and SuSOD genes was examined in the sugarcane variety Yacheng71-374 at the end of 4 weeks of treatment using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference gene (Niu et al., 2015). Leaf samples (100 mg) were collected from all four treatments, i.e., (i) YC, (ii) B18, (iii) SP, and (iv) B18 + SP, and total RNA was isolated using a trizol reagent (Tiangen, Beijing, China) as per manufacturer’s protocol. DNA impurity of RNA samples was eliminated using DNase I (Promega, Fitchburg, WI, United States), and the purity and yield of isolated RNA were checked with the Nano photometer (Implen-3780, CA, United States). For these RNA samples, single-strand cDNA was synthesized with the Prime-ScriptTM RT Reagent Kit, 1 μg of total RNA was used (TaKaRa, China). Primer sequences used in this study are presented in Supplementary Table 4. The specificity of primers was checked by melt curve analysis. Relative gene expression was measured by the expression level of the treated analysis minus control expression level (treatment I: YC no microorganism) following 2–ΔΔct method (Livak and Schmittgen, 2001). All qRT-PCR studies were conducted with a Real-Time PCR Detection System with five replicates (Bio-Rad, CA, United States) in SYBR Premix Ex TapTM II (TaKaRa, Japan) following the PCR conditions of Singh et al. (2018, 2019).



Statistical Analysis

Experimental data were subjected to analysis of variance (ANOVA) following by Duncan’s multiple range test (DMRT) for testing mean differences. For all mean values, standard errors were calculated, and the significance level at p ≤ 0.05 was determined. All PGP and biochemical activities were done in three replicates and represented as mean values.




RESULTS


PGP Traits, Biocontrol, and Abiotic Stress Tolerance Properties of Strain B18

Endophytic bacteria B18 was initially screened to examine its antifungal activity against three sugarcane pathogens (S. scitamineum, C. paradoxa, F. verticillioides), and it exhibited strong activity against S. scitamineum and moderate activity against C. paradoxa and F. verticilliodes (Figure 1 and Table 1). The strain B18 produced hydrolytic enzymes, such as cellulase (363.37 ± 5.37 IU mL–1), glucanase (732.69 ± 10.84 IU mL–1), protease (131.70 ± 1.95 IU mL–1), and chitinase (453.12 ± 6.70), under in vitro conditions (Table 1). It formed an orange halo zone on medium chrome azurol S agar and clear zone formation on Pikovskaya’s agar media, indicating siderophore production (68.26 ± 1.42%) and phosphate solubilization (95.2 ± 1.21 μg mL–1) capacity, respectively. It also showed strong ammonia (4.42 ± 0.21 μmoL mL–1) and moderate hydrogen cyanide (HCN) production tests (Table 1).
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FIGURE 1. Antifungal activity of strain B18 against Sporisorium scitamineum, Ceratocystis paradoxa, and Fusarium verticillioides sugarcane pathogens. The first row shows control plates, the second row shows growth inhibition of pathogens by strain B18 in dual culture plate assay, and the third row shows the agar well diffusion method. C (control).



TABLE 1. Functional characteristics of Pseudomonas aeruginosa B18 isolated from sugarcane root.
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Indole-3-acetic acid (IAA) production is a main characteristic of PGPEB, and IAA production of B18 isolate was 144.93 ± 2.14 μg mL–1 and 159.38 ± 2.36 μg mL–1 in medium containing 0.5 and 1% tryptophan, respectively, and 97.96 ± 1.33 μg mL–1 in medium devoid of tryptophan (Table 1). After 36–48 h incubation at 32 ± 2°C, strain B18 consumed 3 mM ACC as the sole source of nitrogen in DF-ACC medium, and the estimated ACCD activity was 446.22 ± 6.60 nmol α-ketobutyrate mg–1 h–1, along with nitrogen fixating capacity (11.38 ± 0.17 nmol C2H2 mg protein h–1) measured using ARA (Table 1). B18 grew in a pH range of 5.0–10.0 (optimum pH 7.0) and 20–45°C temperature (optimum 35°C), as well as in the presence of 7–12% NaCl (optimum 7%, w/v) (Supplementary Table 3), indicating its versatility.



BIOLOG(R) Metabolic Profiling of Strain B18

Biolog technique was applied to distinguish the physiological, biochemical, and chemical sensitivity of microorganisms based on the substrate used and assessing changes in microbial functional diversity related to other traditional bacterial cultivation approaches. The metabolic properties of an organism may lead to a particular niche adaptation, such as soil and plant tissues, which have made it possible for bacteria to respond to various environments. Therefore, we examined the metabolic abilities of strain B18 by the assimilation and tolerance of numerous carbon and nitrogen compounds to osmotic and pH stresses with GNIII, PM3B, PM9, and PM10 Biolog microplates. The heatmap shows that B18 growth was visibly distinguished in all 96 different substrates of Biolog plates (GNIII, PM3B PM9, and PM10) as colored graphical form with a relative abundance of 0.07–2.91. This is based on the utilization and tolerance of various substrates of B18 to pH and osmotic stresses (Figure 2). All 96 substrates found in the four BIOLOG plates selected are listed in Supplementary Table 4. These results established the capacity of B18’ s tolerance to environmental stresses and the consumption of varied nutrients.
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FIGURE 2. Heatmap plot representing the growth of Pseudomonas aeruginosa B18 as colored graphical form with relative abundance in every 95 different substrates of GNIII, PM3B PM9, and PM10 Biolog plates.




Colonization of B18 in Sugarcane

The colonization ability of endophytic bacteria on plant roots is essential for disease management and plant growth improvement. In this study, we observed the colonization pattern of endophytic strain B18 on sugarcane variety Yacheng71-374 by using CLSM and SEM (Figure 3). The strain was characterized as a Gram-negative, motile, non-spore-forming, and rod-shaped bacterium (Figures 3A,B). The GFP-tagged B18 bacteria colonized in sugarcane plants were detected after 3 days of inoculation and revealed colonization as a green spot in stem and root tissues of the plant (Figures 3C–F).
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FIGURE 3. CLSM and SEM micrographs images showing morphology and colonization of Pseudomonas aeruginosa B18 in sugarcane variety (Yacheng71-374). (A,B) is rod-shaped morphology of B18 strain, (C,D) is the colonization of B18 in stem tissue of sugarcane, and (E,F) is the colonization of B18 on the root surface of sugarcane. CLSM images confirming inoculated GFP tagged B18 strain as green dots in sugarcane tissues.




Genome Characteristics of P. aeruginosa B18

The genome of P. aeruginosa B18 included a circular chromosome of 6,490,014 base pairs with an average G + C content of 66.33% (Figure 4). The total predicted genes include approximately 5919 protein-coding genes (CDS), 65 tRNAs, and 12 rRNA genes. Furthermore, the characterization of predicted genes against different databases, i.e., COG, KEGG, GO, reference sequences (Refseq), and Pfam were 4512, 3245, 3601, 5882, and 5172 (Supplementary Figures 1–3 and Table 2). Clustered, regularly interspaced short palindromic repeats (CRISPR) are parts of prokaryotic DNA containing short base sequence repetitions and CRISPR-related genes (Cas gene) form a CRISPR-Cas system, which is an important defense system for organisms against foreign invaders. A total of three CRISPRs were also predicted from the B18 genome with 3,426 bp length (Figure 4 and Table 2). The assembled and annotated strain B18 genome sequence information was deposited in GenBank with accession number CP058332. Phylogenetic analysis of strain B18 showed its similarity 99% with P. aeruginosa strains (ATCC-10145, NBRC-12789, and DSM-50071) and placed the isolate in the P. aeruginosa clade and hence confirmed its identity as P. aeruginosa (Figure 5).
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FIGURE 4. The circular map of Pseudomonas aeruginosa B18 genome showing CDS genes (annotated with COG and KEGG), ORFs, GC content, and GC skew (+) and GC Skew (–). Circular genome map divided into two parts by genome backbone (red color). The positive strand of the genome showed genes (CDS) in blue color followed by outer three layers showed ORFs (all three reading frames on the positive strand, in green color). The first inner circle after genome backbone showed genes (CDS) in blue color, followed by three circles of GC skew (+) in green color, GC skew (–) in purple color, and GC content in black color. The inner-most three circles belong to all three ORFs on the negative (reverse).



TABLE 2. Genome properties of Pseudomonas aeruginosa B18.
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FIGURE 5. Phylogenetic tree presenting strain B18 position compared to other strains inside the genus Pseudomonas.




Plant Growth-Promoting and Biocontrol-Related Genes in P. aeruginosa B18 Genome

The annotation of the P. aeruginosa B18 genome identified several genes related to ACC deaminase activity, nitrogen (nifU, norBCDERQ, gltBDPS, and aatJMPQ) and phosphate (TC.PIT, pstABCS, and phoBDHRU) metabolism, and production of IAA (trpABCDEG) and siderophores (fes, entD, and fepA). Additionally, there were genes related to methanethiol (metH), isoprene (gcpE and ispE), hydrolase (ribA, folE2, gdhA, and bglBX, malO), oxidoreductase (SODA, osmC, and katE), hydrogen cyanide (hcnABC), phenazine (phzA_B and phzDFGMS), salicylate (pchA), chitinase activity (nagA), exopolysaccharides (algABDEFGIKLX and agl44), metabolism (acoABR and ACO), 2,3-butanediol (ilyABCDEG), colonization (minCDE, lysC, and yjbB), and biofilm formation (efp, hfq, flgBCDEFGHI, and motAB) also present in the genome of B18, which might be involved in plant growth enhancement and biocontrol mechanisms (Table 3 and Supplementary Figure 4). PCR amplification results also confirmed that strain was positive for nifH, acdS, hcn, prn, and phCA genes with an approximate band size of 360, 755, 587, 786, and 1150 bp, respectively. All nucleotide sequences were submitted to the NCBI GenBank database with accession numbers MW027642 (nifH), MW027643 (acdS), MW027644 (hcn), and MW027645 (prn) except phCA. The secondary-metabolite gene clusters (antiSMASH) study showed the presence of several predicted gene clusters, i.e., NRPS, thiopeptide, hserlactone, indole, siderophore, aryl-polyene, and others in the B18 genome, as displayed in Figure 6.


TABLE 3. Genes linked to plant growth promotion and biocontrol activities in the endophyte B18 genome.
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FIGURE 6. Secondary metabolites gene clusters in the genome of Pseudomonas aeruginosa B18.




Comparative Genome Analysis

According to ANI values, the B18 genome represents 99.18% and 98.74% similarity to P. aeruginosa PA01 and Pseudomonas sp. PL10, respectively, confirmed that B18 belongs to P. aeruginosa (Supplementary Figure 5). Pangenome analysis showed that all three genomes are closely related and highly similar (Figure 7). Pangenome analysis for base genome (P. aeruginosa PA01 and Pseudomonas sp. PL10) differentiated genes in core genome and non-core in blue and white colors, respectively. Comparative pangenome analysis with strain B18 genome showed that singleton genes (number of genes with no sequence homology to genes in any other genomes) were distributed all over the genome, but the core genome is highly similar. The analysis resulted in a total of 17477 protein-coding genes, include 16767 genes from homologs and 710 singletons. All the genes belong to 6148 families, which include 5438 homolog families and 710 singleton families. Results showed that strain P. aeruginosa B18 and Pseudomonas spp. PL10 was comparatively similar in gene composition that P. aeruginosa PA01 (Table 4).
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FIGURE 7. Comparative pangenome analysis of strain B18 against the reference genome Pseudomonas aeruginosa PA01 and Pseudomonas sp. PL10. The analysis shows differentiated genes in the core genome and non-core in blue and white colors, respectively. 0 = P. aeruginosa B18, 1 = P. aeruginosa PA01 and 2 = Pseudomonas sp. PL10.



TABLE 4. PanGenome genome features and comparative analysis of Pseudomonas aeruginosa B18 with reference Pseudomonas strains (P. aeruginosa PA01 and Pseudomonas spp. PL10).
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Greenhouse Assay of P. aeruginosa B18

The positive effect of endophytic strain B18 on sugarcane growth under smut pathogen stress conditions was evaluated in greenhouse assay. Plant height, shoot weight, root weight, chlorophyll content, leaf area, photosynthesis, transpiration rate, and stomatal conductance of sugarcane seedlings were measured 4 weeks after transplanting. The application of strain B18 (treatment B18) showed a positive increase in all growth parameters compared to all treatments (Figures 8A,B). The B18 strain, inoculated along with smut pathogen (treatment B18 + SP), decreased the impact of smut pathogen on the sugarcane plant, and all growth parameters were increased as compared to treatment SP (inoculated with smut pathogen) (Table 5). Moreover, a black whip, a typical response of sugarcane to smut, was observed in S. scitamineum inoculated sugarcane plants (treatment SP) after 3 months whereas plants in B18 + SP treatment showed no visual disease symptoms. These results proved that endophyte B18 could be used to control sugarcane smut as a plant growth promoter under smut stress conditions.
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FIGURE 8. Plant growth promotion and biocontrol assay of Yacheng71-374 sugarcane variety 4 weeks after treatments (A) Overall shoot development and (B) Overall root development. YC (Yacheng71-374 sugarcane variety inoculated with sterile water), B18 (Yacheng71-374 sugarcane variety inoculated with strain B18), SP (Yacheng71-374 sugarcane variety inoculated with smut pathogen), and B18 + SP (Yacheng71-374 sugarcane variety inoculated with both B18 and smut pathogen).



TABLE 5. Effect on plant growth parameters of Yacheng71-374 sugarcane variety with four treatments under greenhouse plant growth promotion and biocontrol assay.
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Effect on Phytohormones, Defense-Related Enzymes Activities, and Gene Expression

We quantified the levels of GA3, ETH, ABA, and IAA, and SOD, CAT, POD, β-1,4-endoglucanase, and chitinase on the Yacheng71-374 sugarcane variety 4 weeks after treatment (Figure 9). S. scitamineum interaction increased the harmful ROS impact in sugarcane plant cells, and, to evade injurious intracellular ROS concentrations, plants trigger the production of antioxidant enzymes SOD, CAT, and POD (Figures 9A–C). In this study, a similar pattern of POD and SOD enzyme activities were observed and increased in treatment B18 + SP followed by B18, SP, and YC treatments (Figures 9A,C). In addition, maximum CAT activity was observed in treatment SP and minimum in treatment YC (Figure 9B). β-1,4-endoglucanase and chitinase enzyme activities were also measured, and treatment SP showed the greatest while treatment YC showed the lowest β-1,4-endoglucanase activity (Figure 9D). For chitinase, treatments B18 and B18 + SP confirmed the highest and lowest activity (Figure 9E). All measured phytohormone content was significantly higher in treatment B18 when compared to other treatments (Figure 9F). In the case of the other three treatments, treatment YC showed more GA3 and ABA contents followed by treatments B18 + SP and SP (Figure 9F); the ET value was elevated in treatment B18 + SP after that SP and YC; and the IAA value was higher in treatment SP compared to treatments B18 + SP and YC (Figure 9F).
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FIGURE 9. Effect on phytohormones and pathogen defense-related enzymes activities of Yacheng71-374 sugarcane variety with four treatments under greenhouse plant growth promotion and biocontrol assay (A) Superoxide dismutase, (B) Catalase, (C) Peroxidase, (D) β-1,4-Endoglucanase, (E) Chitinase, and (F) Phytohormones. The sum of all data points is described as the mean ± SE (n = 3). Dissimilar letters show significant differences between treatments (p-value < 0.05). YC (Yacheng71-374 sugarcane variety inoculated with sterile water), B18 (Yacheng71-374 sugarcane variety inoculated with strain B18), SP (Yacheng71-374 sugarcane variety inoculated with smut pathogen), and B18 + SP (Yacheng71-374 sugarcane variety inoculated with both B18 and smut pathogen).


The relative expression pattern of the SuCHI, SuGLU, SuSOD, and SuCAT genes in leaf tissues of Yacheng71-374 sugarcane variety was analyzed by qRT-PCR at 4 weeks after inoculation (Figure 10). Results demonstrated an enhanced expression of all genes in Yacheng71-374 inoculated with both B18 and smut pathogen (treatment B18 + SP) compared to Yacheng71-374 inoculated with only smut pathogen (treatment SP). Maximum enhanced expression of SuSOD and SuCHI genes was found in treatment B18, whereas, SuCAT and SuGLU genes expression was observed to be highest in treatment B18 + SP.
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FIGURE 10. qRT-PCR expression analysis of pathogen defense-related genes in the leaf of smut susceptible sugarcane variety (Yacheng71-374) four weeks following treatments. The data were standardized to the level of the GAPDH expression. The mean ± SE is viewed as all data points (n = 3) and the same letters show no difference between treatments at p-value < 0.05.





DISCUSSION

Microorganisms living in the endo-rhizosphere and their role in plant growth enhancement under biotic stress management is gaining importance. The biocontrol method has been studied for several years in modern agriculture, and many beneficial microbes have been suggested for crop disease control. However, many biocontrol agents are selective to host species, type of pathogen, environmental conditions, soil types, seasons, etc. (Prasad et al., 2015). Therefore, to discover new biocontrol agents that can respond to a wide range of surroundings, a systematic analysis is required (Chandra et al., 2020). In this study, we isolated one root-associated endophytic bacteria P. aeruginosa B18, which survived under various stress conditions and exhibited PGP and biocontrol activities against sugarcane pathogens in both laboratory and greenhouse conditions. Further comprehensive genome analysis of P. aeruginosa B18 has opened up several prospects to the understanding of the mechanisms used by this bacterium to promote sugarcane growth and alleviate biotic (smut pathogenesis) stress. Earlier, many strains of P. aeruginosa, were showed to prevent an extensive range of phytopathogens and growth enhancement in several crops (Devi et al., 2017; Li et al., 2017; Chenniappan et al., 2019; Patel et al., 2019; Chandra et al., 2020). Plant growth-promoting endophytic bacteria utilize diverse ways to enter plant tissues; the roots represent the most general way of entrance of endophytic bacteria into their host plant (Passari et al., 2015). Previous studies also revealed that the effective colonization of the bacterial strains and P. aeruginosa Z5 play a significant role to prevent plant pathogens and growth improvement (Compant et al., 2010; Yasmin et al., 2014). The finding of root colonization by GFP-tagged endophyte P. aeruginosa B18, along with the existence of genes facilitating this process (minCDE, lysC, and yjbB) in its genome, supports its role in biological control and growth enhancement in sugarcane.

Endophytic bacterial strains support plant growth via diverse direct and indirect systems, such as producing IAA, cytokinin, and GA3 phytohormones (Hardoim et al., 2015), P- solubilization, siderophores secretion, and plant resistance to biotic and abiotic stresses (Rosenblueth and Martínez-Romero, 2006; Gaiero et al., 2013; Lebeis, 2014). In this study, strain B18 showed IAA production, and comprehensive genome analysis established the presence of trpABCDEG genes related to IAA production. The occurrence of tryptophan-linked genes in the genome of bacteria is well-established, and it is associated with IAA biosynthesis (Tadra-Sfeir et al., 2011; Gupta et al., 2014). Similar to our results, complete genome analysis of Sphingomonas sp. LK11 and Enterobacter roggenkampii ED5 showed the existence of trpABD and trpBE genes, responsible for IAA production (Asaf et al., 2018; Guo et al., 2020). Previously, P. aeruginosa strain NJ-15 has been reported to produced IAA and biocontrol activity (Bano and Musarrat, 2003). In another study, P. aeruginosa BG was shown to produce IAA and promote growth enhancement in Chickpea (Goswami et al., 2013). Consistent with these findings, in this study, we observed improved growth of sugarcane plant after B18.

Siderophore production and P- solubilization are important PGP traits, siderophores are organic compounds produced by microbes and plants under iron-deficit condition by chelating iron from the surroundings, which can be taken up by microbial and plant cells (Ahmed and Holmström, 2014; Hardoim et al., 2015). Siderophores improve iron acquisition and inhibit plant pathogens through iron competition (Zhang et al., 2020). Strain B18 was able to produce siderophores, and the genome encoded fes, fepA, and entD siderophore enterobactin genes, which suggests that the strain is directly linked to siderophore production. Kang et al. (2020) identified fes, entFS, and fepBCDG genes in the genome of P. psychrotolerans CS51 strain, and Gupta et al. (2014) identified pvd, fpvA, mbtH, acrAB, and fhu genes in the genome of P. putida involved in siderophore production. Secondary metabolites gene clusters were also predicted in the B18 genome, which can indicate its capacity to limit the growth of phytopathogenic microorganisms by restraining the bioavailability of iron (Singh et al., 2011). In the same way, phosphate-solubilizing microbes can solubilize immobile phosphorus in soil and which is accessible for plants (Passari et al., 2015; Joe et al., 2016). Numerous strains of Pseudomonas, such as P. aeruginosa, P. fluorescens, P. koreensis, P. entomophila, and P. brassicacearum, have shown phosphate solubilizing abilities (Durairaj et al., 2017; Li et al., 2017; Chenniappan et al., 2019; Nelkner et al., 2019; Chandra et al., 2020). Phosphate specific transport (pst) is utilized for free inorganic phosphate transport in P. putida, B. subtilis, Escherichia coli, Sphingomonas sp. LK1, and E. roggenkampii ED5, and these were made of pstABCS genes with a two-component signal transduction system including phoP/phoR for phosphate uptake (Gupta et al., 2014; Xie et al., 2016; Asaf et al., 2018; Guo et al., 2020). In the present study, strain B18 genomic sequence analysis also illustrated the existence of pstABCS and phoBDHRU genes.

Some endophytic bacteria carry genes essential for biological nitrogen fixation (BNF) to convert dinitrogen gas (N2) into ammonium and nitrate inside the host plant (Bhattacharjee et al., 2008). Earlier, many genera of bacterial genera isolated from sugarcane P. aeruginosa, P. koreensis, P. entomophila, E. roggenkampii, Bacillus megaterium, B. mycoides, Kosakonia radicincitans, and Stenotrophomonas maltophilia have enhanced the growth of their host plant in nutrient-deprived conditions (Li et al., 2017; Guo et al., 2020; Singh et al., 2020a, b). Similarly, strain B18 exhibited nitrogenase activity (11.38 ± 0.17 nmoL C2H4 mg protein h–1) with nifH amplification, and its genome comprises nitrogen metabolism-related genes, such as nifU (nitrogen fixation), norBCDERQ (nitrosative stress), and gltBDPS, and aatJMPQ (ammonia assimilation), confirming its nitrogen-fixing ability. Gene nifU is necessary for nitrogen fixation and takes part in the Fe-S cluster assembly (Smith et al., 2005). Similarly, Kang et al. (2020) detected norB gene in the genome of P. psychrotolerans CS51.

Endophytic bacteria protect host plants from various stresses by producing antimicrobial compounds and reducing the ethylene synthesis pathway by using ACC deaminase (Glick, 2014; Mercado-Blanco and Lugtenberg, 2014). This study confirmed that strain B18 demonstrated ACC deaminase activity as well as the presence of acdS gene at ∼755 bp. Similarly, Nelkner et al. (2019) and Gupta et al. (2014) reported a functional acdS gene in genome of P. putida and P. brassicacearum 3Re2-7 strains. Phenazine-1-carboxylic acid (phCA) and pyrrolnitrin (prn) are common antibiotics, while HCN is an antimicrobial compound produced by many bacterial strains involved in the inhibition of fungal plant pathogens. The qualitative test results showed the B18 strain had HCN and ammonia production ability as well as a confirmed occurrence of hcn, phCA, and prn antibiotic genes. In addition, the presence of HCN (hcnABC), phenazine (phzA_B, phzDFGMS, and salicylate (pchA) genes in its genome indicate that this bacterium could confer host plant resistance to pathogens. This result is similar to the findings of Chenniappan et al. (2019) for the production of pyrrolnitrin and volatile antifungal compound HCN in P. aeruginosa PGP strains. Nelkner et al. (2019) also confirmed gene clusters coding for hydrogen cyanide (hcnABC) in the genome of P. brassicacearum 3Re2-7, and Gupta et al. (2014) identified the phzF gene in P. putida genome involved in phenazine synthesis.

Microbial biofilms are surrounded by self-generating extracellular polymeric substances (EPSs) that allow microorganisms to adjust and survive under adverse conditions (Costerton et al., 1995). Biofilm development is the main characteristic that has been connected to the colonization capacity of biocontrol microbes (Ongena and Jacques, 2008). In this study, we searched the genes efp, hfq, flgBCDEFGHI, and motAB involved in biofilm formation in the genome of strain B18. Previous studies also reported the presence of biofilm-related genes in Escherichia coli K-12, P. aeruginosa PAO1, P. polymyxa, and P. chlororaphis subsp. aurantiaca JD37 strains (Domka et al., 2007; Hu et al., 2011; Luo et al., 2018; Zhang et al., 2020). Some bacteria, such as B. cereus (Xu et al., 2014), Paenibacillus (Timmusk et al., 2015), and P. stutzeri (Wang et al., 2017), exhibited biocontrol activity against phytopathogens by forming biofilm-like structures.

Biotic stress also affects plant yield by increasing the level of intracellular ROS, causing tissue damage, and the production and exclusion of ROS in plants are retained by the activity of several antioxidant enzymes (Gupta and Datta, 2003). Bacteria produce cell-wall-degrading enzymes and different metabolites that prevent the growth of pathogenic microbes (Shoda, 2000; Chernin and Chet, 2002). Certain bacteria activate a phenomenon identified as ISR to refer to stress-related physical and chemical adaptations in plants against pathogens attack. The metabolic pathways in plants are either up-or downregulated under stress at diverse developmental stages, altering plant growth (Chaves et al., 2002). The majority of information on ISR is associated with rhizobacterial strain, but some endophytic bacteria have also been reported to include ISR activity. For instance, P. fluorescens EP1 activated ISR in response to Colletotrichum falcatum pathogen causing sugarcane red rot disease (Viswanathan and Samiyappan, 1999).

Previously, a number of endophytic bacteria such as Bacillus, Burkholderia, Enterobacter, Pseudomonas, and Serratia have been considered to be effective in controlling various plant pathogens (Mercado-Blanco and Lugtenberg, 2014; Esmaeel et al., 2016; Larran et al., 2016; Kandel et al., 2017; Guo et al., 2020). However, little is known about the use of fungal and bacterial isolates for biocontrol of sugarcane smut disease (Liu et al., 2017). More significantly, symbiotic plants with these bacterial endophytes were not only able of mitigate the stress, it could also improve plant weight and height (Rojas-Tapias et al., 2012; Naveed et al., 2014; Yaish et al., 2015). However, the mechanisms by which endophytic bacteria alleviate biotic stress still remain unclear. Endophytic bacteria can offer numerous benefits to the host plant by producing phytohormones and pathogen defense-related enzymes. Hence to determine whether B18 could colonize sugarcane plants as endophytes and supports plant growth under pathogen stress, we performed a pot experiment under greenhouse conditions. Our results demonstrated a significant interactive effect of strain B18 and smut pathogen (SP) inoculation with IAA, GA3, ET, and ABA in smut susceptible sugarcane variety Yacheng71-374. Sugarcane seedlings inoculated with B18 significantly increased all phytohormone levels, whereas B18 + SP inoculation exhibited higher GA3, ET, and ABA values than that of SP inoculation. Decreased production of ABA was observed in plants during pathogen infection (Fan et al., 2009). Phytohormones CYT, ETH, and ABA play an essential part in the plant’s response to pathogen attack and environmental stresses (Sauter et al., 2001; Bari and Jones, 2009). These hormones support plant growth, improve root growth, enhance fertilizer and water uptake and assimilation, and participate in diverse metabolic activities related to abiotic and biotic stresses (Graham, 2003; Stepanova et al., 2007). The systemic resistance stimulated by microorganisms enhances plant health under multiple-stresses (Sathya et al., 2017). Accordingly, in this study, B18 inoculation in smut susceptible sugarcane seedlings had a positive effect on all growth parameters, suggesting that it has important PGP and biocontrol activity under S. scitamineum stress conditions. Chenniappan et al. (2019) reported P. aeruginosa MML2424 enhanced growth and reduced the disease occurrence in turmeric plants as compared to farmyard manure in field conditions. In addition, the in vivo pot experiments under S. scitamineum stress showed that the strain enhanced plant stress tolerance by regulating the contents of hydrolytic and antioxidant enzymes. Glucanase and chitinase enzymes are active in response to many fungal diseases and play a vital role in biological and chemical defenses in plants (Maximova et al., 2006; Su et al., 2013). Catalase (CAT), POD, and, SOD are key defensive enzymes in plants and contribute to plant defense (Scandalios, 1993). Peroxidase (POD) belongs to the pathogen-related protein, and its expression is directly connected to plant disease resistance (Hiraga et al., 2001). In this study, B18 considerably improved the activities and expression of CAT, POD, SOD, chitinase, and endoglucanase in the Yacheng71-374 variety under S. scitamineum stress conditions. We also identified several defense-related genes in the genome of B18 such as hydrolase (ribA, floE2, gdhA, bglBX, and malQ) and oxidoreductase (SODA, osmC, and KatE), indicating that this endophytic bacterium can enhance plant growth under biotic stress. Similarly, genes for chitinase, SOD (sodBC), POD (osmC and oxyR), and CAT production were observed in the P. putida genome (Gupta et al., 2014).



CONCLUSION

This is the first report of experimental confirmations of endophytic P. aeruginosa B18 strain as a biocontrol and PGP bacterium isolated from sugarcane root. This bacterium exhibited various PGP and antifungal activities as well as improved sugarcane growth under smut pathogen stress in greenhouse assays. Additionally, analysis of the P. aeruginosa strain B18 genome suggests that it encodes numerous potential genes implicated in plant growth promotion and biocontrol mechanisms, providing additional insights into the biological role of B18 in relation to plant growth and biocontrol. At this stage, little is known about the regulatory mechanisms controlling these genes. Evaluation of B18 in field trials is required to assess its performance under field conditions in sugarcane growth promotion and protection against smut disease. If successful, the B18 strain may become a cost-effective and eco-friendly biofertilizer for sustainable sugarcane crop production.
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Sustainable agriculture remains a focus for many researchers, in an effort to minimize environmental degradation and climate change. The use of plant growth promoting microorganisms (PGPM) is a hopeful approach for enhancing plant growth and yield. However, the technology faces a number of challenges, especially inconsistencies in the field. The discovery, that microbial derived compounds can independently enhance plant growth, could be a step toward minimizing shortfalls related to PGPM technology. This has led many researchers to engage in research activities involving such compounds. So far, the findings are promising as compounds have been reported to enhance plant growth under stressed and non-stressed conditions in a wide range of plant species. This review compiles current knowledge on microbial derived compounds, taking a reader through a summarized protocol of their isolation and identification, their relevance in present agricultural trends, current use and limitations, with a view to giving the reader a picture of where the technology has come from, and an insight into where it could head, with some suggestions regarding the probable best ways forward.
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INTRODUCTION

The holobiont of terrestrial plants, defined as the plant and its associated phytomicrobiome (Hartmann et al., 2014), is estimated to be nearly half a billion years old (Knack et al., 2015). The coexistence of both plants and microbes is largely dependent on a cascade of chemicals produced by both partners, as a means of communication (signals), source of food or simply as survival mechanisms, e.g., competition (antibiotics, antifungals, etc.). The plant almost always regulates the composition of the phytomicrobiome, especially in its rhizosphere, depending on its condition and that of its surroundings, mostly, through the type of exudates it produces. Among the phytomicrobiome are organisms that can promote plant growth, which are commonly referred to as, plant growth promoting microorganisms (PGPM) (Bender et al., 2016; Naamala and Smith, 2020). PGPM are very diverse, (Naamala et al., 2016; Fan et al., 2018), with substantial numbers of strains, from varying species and genera, largely bacteria and fungi. A number of PGPM have been isolated from the rhizosphere and plants, for use in inoculant production, for enhanced crop production (Bashan et al., 2014). Use of PGPM, as inoculants, in crop production is a common and old practice (Bashan et al., 2014) in many parts of the world, for increased productivity and sustainability (Babalola and Glick, 2012). There is currently a substantial number of promising microbial inoculants, some already on the market (Velivelli et al., 2014; Mehnaz, 2016; Berninger et al., 2018; Arthur and Dara, 2019), with various mechanisms of enhancing crop growth, ranging from growth stimulation, to enhanced defense against pathogens and abiotic stress (Barea, 2015; Gupta et al., 2015; Bender et al., 2016; Msimbira and Smith, 2020; Naamala and Smith, 2020). Despite their undisputable success in enhancing crop production (de Boer et al., 2019; Lyu et al., 2020), the use of PGPM technology, in crop production, has been constrained by a number of limitations, most notably, inconsistencies, especially under field conditions. The latter notwithstanding, contributions of PGPM to organic crop production and soil productivity remain valuable approaches, especially, given ongoing climate change, and the resulting rendering of many agricultural soils as unfit for crop production. There is also a drive to minimize extensive use of chemicals in agricultural production, due to effects on the environment and human health, related to their use. Therefore, there is need to address limitations related to PGPM technology, allowing for more successful use. The most recent approach is the use of PGPM derived compounds as alternatives, supplements, or complements to microbial cells. It has caught the attention of many researchers and industrial partners, who believe that compounds could, in one way or the other, address some of the limitations associated with use of PGPM inoculants. Despite studies on microbe derived compounds being somewhat slow (Lemfack et al., 2014), in part due to the complexity in structure and properties of some compounds, such as volatile organic compounds, there are a number of promising research findings showing the ability of some microbe derived compounds to positively impact plant growth, and mitigate abiotic and biotic stress, that would otherwise affect plant growth and productivity (Miransari et al., 2013).



MICROBIAL DERIVED COMPOUNDS


Brief Background

Despite modern technology and equipment, a lot is yet to be uncovered about the phytomicrobiome of both domesticated and undomesticated plants (Lyu et al., 2020), partly due to their inability to grow/be cultured outside their natural environment. As a result, a lot is yet to be learned regarding microbial derived compounds. Microbial derived compounds are mostly secondary metabolites (Gray et al., 2006; Schulz and Dickschat, 2007; Schmidt et al., 2015; Piechulla et al., 2017; Schulz-Bohm et al., 2017), that are excreted by microorganisms, in response to known and unknown stimuli, such as, nutrient deficiency, competition for niche space, or even, signals from a host plant, etc. Such secondary metabolites may include; hormones, volatile organic compounds (VOCs), enzymes, antimicrobials, siderophores, etc. (Crowley et al., 1988; Bais et al., 2006; Dimkpa et al., 2009; Lemfack et al., 2014, 2018), which may serve a range of functions for the producer (microbe) and receiver (another microbe or plant). For instance, lipochitooligosaccharides (LCO) are symbiotic signals in both rhizobia (nod factors) (Schultze and Kondorosi, 1996; Miransari et al., 2013) and arbuscular mycorrhizae (Myc factors), from the microbes to their host plants (Maillet et al., 2011; Tanaka et al., 2015). The role they play in the legume rhizobia symbiosis is reasonably well studied. During the legume-rhizobia symbiosis, once perceived by the host legume plant, LCO triggers curling of the root hairs among other physiological changes that occur in the root of the host plant (Souleimanov et al., 2002; Prithiviraj et al., 2003; Miransari et al., 2013), a process that initiates nodule formation (Schultze and Kondorosi, 1996; Miransari et al., 2006). Until recently, the ability of LCO to directly enhance plant growth was unknown. Gram negative bacteria produce N-Acyl-L-Homoserine Lactones (AHLs) to monitor and manage their populations through quorum sensing (Ortíz-Castro et al., 2009; Liu et al., 2012, 2020; Schenk and Schikora, 2014; Hanifa et al., 2020; Shrestha et al., 2020). Some compounds, such as siderophores and bacteriocins, are produced to give the producer an upper hand during competition for resources such as nutrients and niche space, respectively. Fungal-produced VOCs are believed to play a part in mycelia growth and sporulation (Ortíz-Castro et al., 2009). On the other hand, thuricin17 is a relatively new compound, whose production by Bacillus thuringiensis NEB17, is encoded by 3 copies of the same gene (Nazari and Smith, 2020). It is a class IId bacteriocin, which inhibits growth of some bacteria, that could otherwise compete with it for resources (Nazari and Smith, 2020). Whatever the reason for producing a particular compound may be, to the microbe, research has shown that plants have evolved mechanisms of perceiving some of these compounds (Veliz-vallejos et al., 2014), and that they can actually enhance plant growth (Banchio et al., 2009), under stressed and non-stressed conditions (Dyachok et al., 2002; Duzan et al., 2005; Barriuso et al., 2008; Miransari and Smith, 2009; Schenk et al., 2012; Hanifa et al., 2020; Shrestha et al., 2020).



Role of Microbe Derived Compounds in Plant Growth

Microbe derived compounds play a range of roles in plant growth, ranging from direct enhancement of plant growth, to mitigation of biotic and abiotic stress, plus bioremediation. Below are some of the roles that have been reported for some compounds with regard to plant growth enhancement.


Stimulation of Plant Growth

Microbe derived compounds can stimulate plant growth directly, through increasing plant biomass, root length (Souleimanov et al., 2002), germination rate (Subramanian et al., 2016), etc., or even increasing availability and uptake of nutrients by the plant (Crowley et al., 1988). For instance recent studies have shown that LCOs can enhance growth of many crop species, under stressed and non-stressed conditions (Souleimanov et al., 2002; Atti et al., 2005; Duzan et al., 2005; Miransari et al., 2006; Khan et al., 2011; Kidaj et al., 2012; Prudent et al., 2015; Schwinghamer et al., 2015; Subramanian et al., 2016; Arunachalam et al., 2018). Prudent et al. (2016) reported that it enhances nodule formation and N supply. LCO also increased plant biomass in Glycine max and Zea maize and root length in G. max (Souleimanov et al., 2002). On the other hand, thuricin17 is a new compound, whose production by Bacillus thuringiensis NEB17, is encoded by 3 copies of the same gene (Nazari and Smith, 2020). It doubles as both a class IId bacteriocin (which inhabits growth of some bacteria) and plant growth stimulant (Nazari and Smith, 2020). Thuricin17 has also been reported to enhance growth of a range of crop species under stressed and non-stressed conditions (Lee et al., 2009; Prudent et al., 2015; Subramanian et al., 2016). For instance, plant growth stimulation in Zea mays and Panicum virgatum (Lee et al., 2009; Arunachalam et al., 2018) were observed. Subramanian et al. (2016) observed an increase in germination of soybean seeds inoculated with LCO and thuricin17. and induction of defense related enzymes in Glycine max (Jung et al., 2011), were observed. The compound (thuricin17) has no effect on useful nitrogen fixing rhizobia and other plant growth promoting bacteria (Gray, 2005). This, coupled with the compound’s high tolerance to denaturation on relatively low temperatures and a wide range of pH, make thuricin17 a hopeful candidate for use in sustainable agriculture. Some compounds, notably VOCs, have been reported to enhance plant quality through enhanced accumulation of aromatic compounds (Banchio et al., 2009). An increased accumulation and emission of R-terpineol and eugenol essential oils was observed Ocimum basilicum (sweet basil) plants treated with a Bacillus subtilis strain that released VOCs (Banchio et al., 2009). VOCs have also been reported to enhance plant growth, through making nutrients such as sulfur more available (Meldau et al., 2013). Treatment of Nicotiana attenuata plants with a volatile compound, Dimethyl disulfide (DMDS) emitted by Bacillus sp. strain B55, eliminated plant growth limitation as a result of inadequate sulfur (Meldau et al., 2013). In addition to enhancing plant growth, compounds can also enhance growth of beneficial phytomicrobiome in the soil.



Mitigation of Biotic Stress Related Effects

Biotic stress includes living things like weeds, insect pests, and pathogens that negatively impact plant growth. While chemicals have been and are still being widely used to control biotic stress, in many parts of the world, minimizing their use is being encouraged, due to negative effects such as soil and water contamination, that are related to their use. Biocontrol has proven to be a promising approach to managing biotic stress in agriculture. Compounds mitigate biotic stress in various ways. For instance, some VOCs were reported to enhance growth of useful microbial population in the rhizosphere, or enhance important characteristics such as biocontrol, in some bacteria (D’Alessandro et al., 2014; Schulz-Bohm et al., 2017). There was an increase in the number of Cotesia marginiventris (a parasitoid that attacks a maize pest Spodoptera littoralis) in soils treated with 2,3-butanediol, a compound produced by Enterobacter aerogenes (D’Alessandro et al., 2014), although application of the compound had no direct effect on the pest. Some compounds can directly suppress plant pathogens (Kai et al., 2009; De Vrieze et al., 2015), induce systemic resistance (Song and Ryu, 2013; Choi et al., 2014; D’Alessandro et al., 2014; Wintermans et al., 2016) and/or induce soil fungistasis and suppressiveness (van Agtmaal et al., 2015). For instance, maize plants treated with 2,3-butanediol, were more resistant against the fungus Setosphaeria turcica, a causative agent of Northern corn leaf blight (D’Alessandro et al., 2014). 3-pentanol, reduced severity of Xanthomonas axonopodis and cucumber mosaic virus, in Capsicum annuum L. cv. Bukwang, under field conditions (Choi et al., 2014). Song and Ryu (2013), observed an increase in Coccinella septempunctata lady beetle, a natural enemy of Myzus persicae, in Cucumis sativus L. cv. backdadagi) treated with VOCs 3-pentanol and 2-butanone, leading to a decrease in the aphids’ population. The same authors observed that the two VOCs induced ISR against Pseudomonas syringae pv. Lachrymans and an increase in the fresh weight of cucumber fruits, under field conditions (Song and Ryu, 2013). Other compounds may enhance nutrient availability for plant uptake (Crowley et al., 1988; Meldau et al., 2013) or induce plant production of secondary metabolites beneficial to the plant (Santoro et al., 2011), hence increasing the plant’s ability to thrive amidst biotic stress challenges. Prudent et al. (2016) reported that LCO enhances nodule formation and N supply. Mitigating biotic stress could be a result of the compound directly suppressing pathogens and or through induced systemic resistance, as well as improving soil characteristics such as fungistasis (Ryu et al., 2003; Bais et al., 2006; Zhang et al., 2008; El-Hasan and Buchenauer, 2009; Jung et al., 2011; Huang et al., 2012; De Vrieze et al., 2015; Tahir et al., 2017; de Boer et al., 2019). Duzan et al. (2005) reported that LCO enhances resistance to Microsphaera diffusa in Glycine max. Nematicidal volatiles such as 2-undecanone and dimethyl disulphide, produced by Bacillus megaterium YMF3.25 lowered the egg hatching rate, and infection of Meloidogyne incognita, in a petri plate experiment (Huang et al., 2010). VOCs, such as 2,3-butanediol, produced by three strains of Bacillus subtilis inhibited growth of Fusarium oxysporum f.sp. radices lycopersici mycelia (Baysal et al., 2013).



Mitigating Abiotic Stress Related Effects

Abiotic stress such as salinity, drought, floods and acidity are a major constraint in agricultural production. Large areas of arable land have been rendered unproductive (Naamala et al., 2016). Microbial derived compounds play a vital role in elimination of abiotic stress effects on plants. For instance, Long-chained AHL compounds produced by Burkholderia graminis, were reported to enhance both growth and salt tolerance in tomato (Barriuso et al., 2008). Siderophores produced by Streptomyces acidiscabies E13 alleviated metal induced oxidative stress in cowpea plants (Dimkpa et al., 2009). Zhao et al. (2020) reported enhanced tolerance to salt by Arabidopsis thaliana plants treated with N-3-oxo-hexanoyl-homoserine lactone. Regulation of biomass and leaf arrangement in drought stressed Brassica napus [L.], treated with LCO was observed (Schwinghamer et al., 2016). Subramanian et al. (2016) observed an increase in germination percentage of soybean seeds exposed to salinity, somewhat similar to non-stressed seeds, following treatment with LCO and thuricin17. Atti et al. (2005) reported that it enhances Glycine max growth under water stress conditions. Brassica napus [L.] germination was increased by 75% following addition of LCO, under low temperature stress (Schwinghamer et al., 2015).



Bioremediation of Xenobiotic Compounds

Xenobiotic compounds such as organophosphates, aromatic hydrocarbons, phenols and heavy metals, are a major source of soil and environmental degradation in many parts of the world (Cameotra and Bollag, 2003; Jha et al., 2015; Gangola et al., 2019; Thakur et al., 2019). They are considered potentially toxic, carcinogenic and persist in the soil for long periods of time. They are introduced in agricultural soils, largely through use of chemicals such as pesticides, fertilizers and herbicides (Jha et al., 2015; Gangola et al., 2019). Industrialization, especially pharmaceutical companies and mining also play a major role in introducing xenobiotics to the environment. Given the growing industrialization and the current heavy use of chemicals, especially in agriculture (Gangola et al., 2019), it is important that a viable and sustainable approach to degrade such compounds is developed (Jha et al., 2015). Use of physical and chemical approaches has proven to be costly (Gangola et al., 2019). Use of biological approaches has been considered a potential relatively cheaper and sustainable approach (Gangola et al., 2019). Microbial species with bioremediation properties have been reported by researchers (Cameotra and Bollag, 2003; Gangola et al., 2019). Many of such species produce compounds, such as enzymes and biosurfactants, as a bioremediation mechanism. Enzymes, such as organophosphate hydrolase (OpdA), that was isolated from Agrobacterium radiobacter (Horne et al., 2002) and SsoPox, isolated from Sulfolobus solfataricus, were reported as able to degrade xenobiotic compounds such as organophosphates (Cameotra and Bollag, 2003; Hiblot et al., 2012; Thakur et al., 2019). a number of organophosphate pesticides, through hydrolyzation (Thakur et al., 2019). The ability of Pseudomonas sp. to degrade ADP has been associated with its possession of the enzyme atrazine chlorohydrolase (Jha et al., 2015). Slowness and effect of environmental conditions on the microbe have been reported as potential limitations to use of microbial cells in bioremediation (Gangola et al., 2019). Direct use of compounds may address such limitations.

Figure 1 and Table 1 below summarize the role compounds play in enhancing plant growth.
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FIGURE 1. The role microbial derived compounds play in enhancing plant growth and plant quality.



TABLE 1. Showing the role compounds play in enhancing plant growth.
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ISOLATION, PURIFICATION, AND IDENTIFICATION OF MICROBIAL COMPOUNDS

In the soil, the composition and quantity of microbial compounds produced is dependent on abiotic and biotic factors, notably, moisture, temperature, pH, soil texture, and the soil microbial community (Schmidt et al., 2015; Potard et al., 2017; Raza et al., 2017; van Agtmaal et al., 2018; de Boer et al., 2019; Kramshøj et al., 2019). Because the soil environment cannot be easily controlled, the same is true for what and when a given compound can be produced by a given microbe. However, under laboratory conditions, it is possible to have significant control over what, how much and when a compound can be produced, by controlling the microbe’s growth environment and composition. The composition of microbial compounds produced in artificial cultures can be influenced by whether the microbial culture is pure or a consortium (Schulz-Bohm et al., 2015; Tyc et al., 2015, 2017; Kai et al., 2018). Even though it is a long process, and complicated for some compounds, new technology has made it possible to obtain and identify compounds of culturable microorganisms, in laboratories. Invention and advances in techniques such as tandem mass spectrometry and nuclear magnetic resonance (NMR) spectroscopy have eased analysis and identification of obtained microbial compounds (Armengaud, 2013; Kucharova and Wiker, 2014; Otto et al., 2014). Chromatography, such as high pressure liquid chromatography is also at the forefront of separation and purification of compounds (Gray et al., 2006). There is no single universal protocol for obtaining microbial compounds. Although most steps can be similar, there may be variations right from culturing of microbes, to the type and concentration of chemicals used in compound isolation, by different laboratories. In our laboratory, we follow procedures by Gray et al. (2006) with a few modifications, depending on the microbe being dealt with. Below, are general steps of the procedure. The microbe of interest is cultured in appropriate media, under appropriate conditions, for a given period, depending on the growth type of the microbe. For instance, 48 h for fast growing bacteria. After incubation, centrifugation is conducted at 10,000 rpm and 4°C, for 10 min (Gray et al., 2006). This step aides the separation of microbial cells from the cell-free supernatant. Filtration then follows, using an appropriate filter, to eliminate any chance of contaminating the supernatant with microbial cells. Usually, a filter with a size pore of 0.22 μm is appropriate for bacteria, and some fungi. As mentioned above, a number of factors influence production of compounds. It is therefore important to carry out a bioassay, using the obtained cell-free supernatant, to be sure of the presence of bioactivity. It is vital that appropriate controls are used during the experiment, to eliminate the possibility of anything else but a microbial compound as source of bioactivity. Once bioactivity is confirmed, the supernatant is subjected to appropriate chromatogragy, such as high pressure liquid chromatography (HPLC), for liquids, or gas chromatography for gasses, to obtain peaks. Peaks are then collected, purified, and tested for biological activity. A peak with a positive bioassay is then subjected to fractionation using appropriate carrier compounds such as acetonitrile, and water. Each fraction is assessed for bioactivity. The fraction with a positive bioassay is then used for appropriate chromatography evaluation, such as HPLC on a Vydac C18 reversed-phase column (0.46 × 25 cm, 5 μm) at 214 nm with gradient from 5 to 95% acetonitrile. The HPLC fractions are then collected, freeze dried and, again, tested for biological activity. The biologically active HPLC fraction containing one chromatographic peak is then used for identification of the active compound, using appropriate techniques, such as mass spectrometry (Barriuso et al., 2008). It should be reiterated that there are many protocols one can follow from culturing the microbe, to identification of a compound. A reasonable number of compounds have already been discovered. For instance, there are approximately 2000 microbial VOCs, from approximately 600 microorganisms, especially bacteria and fungi, with varying chemical and molecular structures and forms, such as, fatty acid derivatives, alcohols, and ketones (Schulz and Dickschat, 2007; Lemfack et al., 2014, 2018; Schenkel et al., 2015; Schmidt et al., 2015; Schulz-Bohm et al., 2017; de Boer et al., 2019).


Mode of Application of Microbe Derived Compounds, on Plants

There are various ways through which compounds can be applied to the host plant. One of them, is through spraying the aerial part of the plant, such as leaves and stems (Atti et al., 2005; Arunachalam et al., 2018). The compound may also be drenched in the soil, near the plant roots, or seedlings and seed soaked in the compound treatment (Duzan et al., 2005; Bai et al., 2012; Song and Ryu, 2013; Choi et al., 2014).



MODES OF ACTION

Although more needs to be understood, especially about how some plants perceive microbial compounds, different modes of action, through which compounds enhance plant growth have been suggested by some researchers (Bai et al., 2012; Piechulla et al., 2017). The mode of action employed may differ from one compound to another, with some compounds possessing more than one mode of action.

Some compounds function by activation of genes responsible for production of certain phytohormones such as auxins and cytokinins (Zhang et al., 2007; Contreras-Cornejo et al., 2009; Bai et al., 2012; Prudent et al., 2016; Piechulla et al., 2017), activation of enzymes and genes involved in disease resistance (Duzan et al., 2005; Choi et al., 2014) and enhancing production of enzymes and genes, essential in stress management (Jung et al., 2011; Zhou et al., 2016; Zhao et al., 2020) through processes such as inhibition of reactive oxygen species (ROS) production by plant cells (Blom et al., 2011). For example, a study by Jung et al. (2011) indicated that thuricin17 induced defense related enzymes in soybean leaves. Bai et al. (2012) showed that N-3-oxo-decanoyl-homoserine-lactone (3-O-C10-HL) stimulated the expression of auxin-response genes in seedlings of Vigna radiata, resulting in formation of auxin-dependent adventitious roots. AHLs have also been reported to enhance upregulation of defense and stress management proteins (Mathesius et al., 2003), metabolites such as proline (Zhao et al., 2020), and genes such as COR15a, RD22, ADH, and P5CS1 (Zhao et al., 2016, 2020) as well increased activity of defense related enzymes such as peroxidases and catalases (Piechulla et al., 2017; Liu et al., 2020). A study by Choi et al. (2014) showed that field pepper (Capsicum annum) plants treated with 3-pentanol, a VOC produced by Bacillus amyloliquefaciens strain IN937a, showed an increased expression of proteins CaPR1 and CaPR2, involved in capsicum annum pathogenesis, as well as Ca protease inhibitor2 (CaPIN2). Some compounds, once taken up by plants, undergo processes which result in plant growth stimulation. For instance, AHL amidolysis by amide hydrolase (FAAH), a plant-derived fatty acid, to yield L-homoserine, which in low concentrations, stimulates plant growth (Palmer et al., 2014). Some compounds may simply result in increased accumulation of phenolic compounds, such as salicylic acid, in plants (Schenk et al., 2014).

The mode of action may be influenced by factors such as plant and microbe genotype, environmental factors such as soil moisture and temperature, as well as the type and concentration of the compound (D’Alessandro et al., 2014; Palmer et al., 2014; Shrestha et al., 2019, 2020). For instance, while long chained AHLs induced tolerance to Pseudomonas syringae pv. in tomato, short chained AHLs had no effect on the same crop, even in combination with long chained AHLs (Schenk et al., 2014; Shrestha et al., 2020). However, Liu et al. (2012), reported that, short chained (C6 and C8) AHLs enhanced elongation of the primary root in Arabidopsis thaliana, while long chains (C12 and C14) inhibited root elongation. Almaraz et al. (2007), showed that out of four LCOs used in their study, only NodBj-V (C18:1, MeFuc) had significant effects on soybean growth. A single compound may possess more than one mode of enhancing growth of a single or multiple plant species (Schulz-Bohm et al., 2017) and sometimes, a compound which enhances growth of one plant species may inhibit growth of another, similar to one which suppresses a pathogen may also suppress growth of beneficial microorganisms.



RELEVANCE OF MICROBIAL COMPOUNDS

The rhizosphere is an environment with a diversity of microorganisms as a resource, which, if properly tapped, could enhance the already promising PGPM technology. Tapping this should not be limited to microbial cells, but also their by-products, such as compounds, which are already showing promising results. Acquisition of microbial compounds is a longer process compared to direct use of microbial cells, which would leave one wondering if they should simply settle for the latter. However, there are circumstances under which direct use of compounds would be relevant and perhaps more beneficial than microbial cells.


Reliability and Easy to Control Quantity and Quality of a Compound of Interest

For instance, even though compounds are produced by microbes, there are several factors which influence the type and concentration of a compound produced by a microbe (Schmidt et al., 2015). Given the dynamic state of the soil environment, with soil conditions frequently changing, it can never be guaranteed that, for a particular added microbe, a specific compound of interest will be produced. It should also be noted that under field conditions, there are inter- and intra-species interactions which may also influence the type and concentration of compounds produced by a microbe (van Agtmaal et al., 2018). The target stress may also play a role in the effectiveness of the compound, given that, for instance, some soil pathogens are more sensitive to certain compounds than others (van Agtmaal et al., 2018). This could be one of the causes of inconsistencies observed in the field, following the use of PGPM technology. It is relatively easier to control the growth environment of a microbe under artificial conditions, which makes for a more reliable and certain way of obtaining a compound of interest, moreover, in larger quantities that could be utilized even in areas where the microbe may not establish and colonize, or at least not to a sufficient degree. There are also reports of compounds stimulating plant growth at one stage but not the other (El-Hasan and Buchenauer, 2009). For instance, germination of maize seeds, on filter paper enriched with 200 and 300 mg L–1 6-pentyl-alpha-pyrone was negatively affected, while the same amount of the compound applied on seedlings of the same plant, enhanced seedling growth (El-Hasan and Buchenauer, 2009). Directly applying a compound could eliminate the possibility of an appropriate compound being produced at the wrong time, or even the right time but in wrong concentrations (either too high or too low). It should be noted that most of these compounds are required in very low concentrations for beneficial effects. High concentrations tend to antagonize plant growth (Lo Cantore et al., 2015).



Minimize Risk of Pathogenicity

Some PGPMs such as Pseudomonas aeruginosa are opportunistic pathogens causing disease in some plant species. Isolating compounds and applying them directly may minimize the risk associated with their pathogenicity in the field. This would make processes such as crop rotation and mixed cropping less risky in terms of disease spread. Further, some microbes, such as, Pseudomonas simiae produce both growth promoting and growth inhibiting compounds. Directly applying the growth promoting compound could lower risks of exposing plants to inhibiting compounds, which might be likely, if the microbe instead of compound was applied. For instance, Pseudomonas simiae produces volatile organic compounds quinoline and 1-undecene. At the same concentration, 1-undecene enhanced germination of soybean seeds, while quinoline inhibited germination of the same seeds (Vaishnav et al., 2016).



Possible Benefits of a Broader Range of Hosts

Some PGPM are host specific while the compounds they produce, if applied directly, can benefit a wider range of crop species. For instance, Bradyrhizobium japonicum produces LCOs that are essential in initiation of nodulation in host legume plants. In this context, LCO will only benefit the host plant. Assuming that, once released by the Bradyrhizobium japonicum, LCO confers benefits to neighboring plants of different species, this still has limited space in the current trend of expanding monoculture. Even in mixed crop systems, associated crops may not benefit, for as long the host plant is not a crop species. Fortunately, isolation of LCO makes it possible to benefit other crops, in diverse ways, even in the absence of soybean, or Bradyrhizobium japonicum (Atti et al., 2005; Duzan et al., 2005; Miransari et al., 2006; Khan et al., 2011; Kidaj et al., 2012; Subramanian et al., 2016).



Increased Effectiveness

Because they are living organisms, microbes tend to be affected by conditions such as drought, salinity (Miransari et al., 2013), antibiotics (Naamala et al., 2016), and aluminum toxicity (Jaiswal et al., 2018), among others (van Agtmaal et al., 2018), to the extent that they can be rendered ineffective (van Agtmaal et al., 2015) in promoting plant growth. For instance, during their experiment, van Agtmaal et al. (2015) observed an absence of pathogen suppressive VOCs in soil assays with exposure to anaerobic disinfestation stress, as compared to unstressed soils (van Agtmaal et al., 2015). The VOCs were observed again after 15 months. In such cases, compounds isolated under optimum conditions can be applied to enhance plant growth under stressed conditions, after all, some compounds have been found effective only when a plant has been exposed to stressful conditions. Therefore, where microbes may not be effective, compounds could be applied to enhance plant growth, or mitigate effects of abiotic stress on vital processes such as the legume-rhizobia symbiosis.



Less Costly and Easier to Handle

Also, compounds required in very small quantities, are less costly and easy to store than microbial cells, they can be making the former more affordable and easier to handle. Given these factors microbe derived compounds are clearly relevant in today’s and potentially future agricultural practices. However, under circumstances where both PGPM cells or their derived compounds can be used, the question of whether to use microbial compounds or microbial cells could better be analyzed and solved on a case by case basis.



LIMITATIONS TO COMPOUND USE

Despite the potential benefits of microbe derived compounds, there are quite a number of limitations associated with their use.


Time Consuming

First and foremost, isolation, identification and purification of some compounds is a long and tedious process. This is made worse by the volatile nature of some compounds (Schulz and Dickschat, 2007; Schmidt et al., 2015; Piechulla et al., 2017; Schulz-Bohm et al., 2017), which may necessitate use of sophisticated and perhaps costly isolation technologies. This alone may discourage many researchers from getting involved in work with them.



Specificity

Some compounds have been reported to address similar stresses across a range of crop species, while others can be quite specific. For instance, carboline, a compound produced by Elytrigia repens enhanced resistance to aphids in barley (Bais et al., 2006) but in the absence of barley, the effect of the same compound to aphids was not achieved. Perhaps barley, produces a substance that synergistically works with the compound to enhance tolerance to aphids. Until such questions are answered, through more research, utilization of carboline in aphid control, is likely to be limited to only barley, yet aphids affect a wide range of domesticated plants.



Requires Proper Control of Concentrations

There is also an issue of concentration. Wrong concentrations, especially high concentrations of many of these compounds, inhibit plant growth, instead of causing growth promotion (Lo Cantore et al., 2015). For instance, Lo Cantore et al. (2015) reported an inhibition in broccoli and lettuce seed germination by DMDS at 2.5 μg, while 0.312 and 0.625 μg of the same compound enhanced growth (Lo Cantore et al., 2015). Some compounds may promote one aspect of plant growth while negatively affecting others. For instance, while 6-pentyl-pyrone, a compound produced by Trichoderma spp. suppressed seedling blight, it also led to seedling deformation (El-Hasan and Buchenauer, 2009).



Antagonism of Useful Soil Microbiome

Worthy of noting are the antagonistic tendencies of some compounds on useful soil microbiome elements and plants, coupled with their ability to enhance growth of plant pathogens (Ryu et al., 2004), which may complicate their use in agriculture. For instance, there have been reports of Staphylococcus pasteuri VOCs inhibiting growth of mycorrhizal fungi (Barbieri et al., 2005). Production of hydrogen cyanide (HCN) has been listed as a mechanism through which some biocontrol PGPM (Rijavec and Lapanje, 2016; Nandi et al., 2017) enhance plant growth. However, a study by Blom et al. (2011) indicated that HCN could be connected to the phytotoxicity observed in plants inoculated with PGPM. Groenhagen et al. (2013) reported an increase in antibiotic resistance of Escherichia coli exposed to volatile compounds produced by Burkholderia ambifaria. This is especially worrying because antibiotic resistance is a characteristic that is undesirable in both animals (including humans) and plant pathology.



Contradicting Effects the Same Compound

There are also cases of the same compound produced by different microorganisms having opposite effects on plants. For instance, Vaishnav et al. (2016) observed an increase in germination of soybean seeds treated with 50–100 μg of 1-undecene from Pseudomonas simiae, while Lo Cantore et al. (2015) and Briard et al. (2016) observed a negative effect on germination of broccoli and lettuce seeds treated with the same VOC, produced by Pseudomonas aeruginosa. This leaves one guessing whether the opposite effects are related to the host plants or by the PGPM species. This calls for more research, to have such knowledge gaps filled. For instance, an experiment involving 1-undecene from both species, applied on the same crop species would help solve the puzzle. In the end, it becomes a case by case situation, with farmer preference and a wide range of other factors coming into play.



Insufficient Knowledge

There is insufficient knowledge regarding how plants perceive some of these compounds (Liu et al., 2012, 2020; Shrestha et al., 2020), which limits their utilization as plant growth stimulants. For instance, in the case of AHLs, plant responses are thought to be are very specific and dependent on the length of the acyl moiety group (Shrestha et al., 2020). While some compounds, which positively affect plant growth may be produced in the natural habitants, sometimes, knowledge of the factors that influence their production remains limited (Blom et al., 2011; van Agtmaal et al., 2015), which makes their production under artificial conditions difficult.



WAY FORWARD AND CONCLUSION

New microbe derived compounds are being discovered due to ongoing research activities. At this time, quite a number of microbe derived compounds are being utilized in agricultural production, though, the technology has some limitations. Without doubt, a lot more compounds are yet to be discovered given that research in this area is getting more intense (Ledger et al., 2016; Piechulla et al., 2017; Lyu et al., 2020). Given their ability to enhance plant growth it seems clear that microbe derived compounds can play a vital role in sustainable agriculture. Compounds may also work to narrow range of inconsistencies observed following the use of PGPM cells. However, for compound based technology to be more effective, it is necessary that more studies be done, specifically, regarding how they are received and perceived by target organisms, factors, and conditions that influence production of plant growth promoting compounds, and the effects of soil dynamics on the effectiveness of isolated compounds.
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Symbiosis between plants and arbuscular mycorrhizal (AM) fungi, involving great majority of extant plant species including most crops, is heavily implicated in plant mineral nutrition, abiotic and biotic stress tolerance, soil aggregate stabilization, as well as shaping soil microbiomes. The latter is particularly important for efficient recycling from soil to plants of nutrients such as phosphorus and nitrogen (N) bound in organic forms. Chitin is one of the most widespread polysaccharides on Earth, and contains substantial amounts of N (>6% by weight). Chitin is present in insect exoskeletons and cell walls of many fungi, and can be degraded by many prokaryotic as well as eukaryotic microbes normally present in soil. However, the AM fungi seem not to have the ability to directly access N bound in chitin molecules, thus relying on microbes in their hyphosphere to gain access to this nutrient-rich resource in the process referred to as organic N mineralization. Here we show, using data from two pot experiments, both including root-free compartments amended with 15N-labeled chitin, that AM fungi can channel substantial proportions (more than 20%) of N supplied as chitin into their plants hosts within as short as 5 weeks. Further, we show that overall N losses (leaching and/or volatilization), sometimes exceeding 50% of the N supplied to the soil as chitin within several weeks, were significantly lower in mycorrhizal as compared to non-mycorrhizal pots. Surprisingly, the rate of chitin mineralization and its N utilization by the AM fungi was at least as fast as that of green manure (clover biomass), based on direct 15N labeling and tracing. This efficient N recycling from soil to plant, observed in mycorrhizal pots, was not strongly affected by the composition of AM fungal communities or environmental context (glasshouse or outdoors, additional mineral N supply to the plants or not). These results indicate that AM fungi in general can be regarded as a critical and robust soil resource with respect to complex soil processes such as organic N mineralization and recycling. More specific research is warranted into the exact molecular mechanisms and microbial players behind the observed patterns.

Keywords: chitin, microbial community, mineralization, organic nutrients, root-free zone, stable isotopic labeling, arbuscular mycorrhizal (AM) symbiosis, environmental nitrogen (N) losses


INTRODUCTION

Arbuscular mycorrhizal (AM) symbiosis is widespread and often mutually beneficial mode of coexistence of plants with certain fungi, important for functioning of terrestrial ecosystems and food and feed production for humans (Rillig, 2004; Smith and Read, 2008; Brundrett and Tedersoo, 2018). It involves majority of extant plant species and specialized soil fungi from Glomeromycotina and Mucoromycotina (Field and Pressel, 2018). It is considered evolutionarily ancient/primordial as compared to other kinds of mycorrhizal symbiosis as well as to rhizobial symbioses involved in biological dinitrogen fixation for their leguminous host plants (Parniske, 2008).

The AM fungi colonize both roots and soil and literally interconnect those two environments, playing particularly important roles in acquisition by plants of nutrients with limited mobility in soil such as phosphorus (P) and zinc (Jansa et al., 2003; Smith et al., 2004). The AM symbiosis also significantly affects composition and functioning of soil microbiome (de Boer et al., 2005; Artursson et al., 2006; Hartmann et al., 2009), multitrophic interactions involving plant aboveground parts (Babikova et al., 2013; Duhamel et al., 2013; Charters et al., 2020), and also physicochemical properties of soil such as aggregate stability (Rillig and Mummey, 2006). Due to generally low specificity of the partner choice in AM symbiosis, different plant individuals, belonging to the same or different plant species, can be interconnected by a shared AM fungal mycelium, forming so called common mycorrhizal networks (Kennedy et al., 2003; Simard and Durall, 2004). These structures can have far-reaching consequences for redistribution of symbiotic benefits and costs within plant communities (Walder et al., 2012; Fellbaum et al., 2014) and eventually affect vegetation structure of the ecosystems (Bever et al., 2010). This symbiosis has also previously been demonstrated to affect drought resistance of its plant host (Augé et al., 2015), most likely indirectly, not via significant water uptake through the AM fungal hyphae (George et al., 1992; Püschel et al., 2020).

The evidence for AM symbiosis being involved in nitrogen (N) nutrition of the host plants and soil N cycling is less elaborated/more equivocal than that for P cycling (Smith and Read, 2008; Jansa et al., 2011; Bücking and Kafle, 2015). Yet, it seems that the symbiosis may indeed significantly and directly contribute to plant N uptake from diffusion-limited sources such as soil NH4+ pool, particularly in alkaline soils. Further, the AM fungi obviously affect mineralization of organic N in soil and increase N uptake by the plants from decomposing organic materials (Johansen et al., 1992, 1993; Hodge et al., 2001; Jansa et al., 2019; Thirkell et al., 2019). Lowering gaseous (including N2O emissions) and liquid (leaching) losses from soil due to AM symbiosis establishment were also previously reported (Bender et al., 2015; Cavagnaro et al., 2015; Bowles et al., 2018; Storer et al., 2018). However, not always has such efficient AM symbiosis-mediated uptake of N been observed from organic materials to plants (Hodge et al., 2000; Hodge, 2001). This lack of consistent evidence for efficient N supply to plants from organic N sources in soil may be due to different aspects of the experimental systems (such as soil/substrate properties, microbial inputs, identity of AM fungi, and/or N forms) employed in different studies (Bender et al., 2015; Hodge and Storer, 2015; Kohl and van der Heijden, 2016; Paymaneh et al., 2018). One important determinant seems the variable demand of plant for the N, i.e., resource stoichiometry context, where plant growth could be limited by N or by another resource (Johnson, 2010; Johnson et al., 2015). Another important aspect seems to be the intrinsic requirements of the AM fungi and/or other soil microbes for N. This may lead to competition for free mineral N in soil solution between the plant and the microbes including the AM fungi, particularly at low N availabilities (Hodge et al., 2010; Püschel et al., 2016).

To improve our understanding of context-dependency of the effects of AM symbiosis on organic N recycling in soil-plant systems, we conducted two pot experiments, where 15N-labeled organic materials (either chitin or clover biomass) were supplied patchily to AM fungal hyphosphere (i.e., they only were directly accessible to AM fungal hyphae and not to roots). In those experiments, we quantified transfer of 15N to the plants and also to other system compartments, and the retention of 15N in the labeling zones. These analyses allowed assembling complete 15N budgets on a per-pot basis (where losses, either gaseous or liquid, were quantified by subtraction of excess 15N measured at the end of the experiment in all available system compartments from the excess 15N supplied to the pots upon their establishment). Here we tested two different N supply levels to plants, different AM fungal communities, and environmental (microclimatic) conditions that potentially all could have affected the soil N cycling. Along with nutrient/isotopic analyses of the plant/potting substrate samples, we also characterized development of specific microbial guilds (including nitrification bacteria) potentially relevant for soil N cycling in the different system compartments and throughout time. Experiment 2 has previously been described in context of an independent study (Bukovská et al., 2018). There is very little overlap of data presented in that previous publication and in this manuscript, except a part of 15N transfer data to plants inoculated with Rhizophagus in Experiment 2. The novelty of this current manuscript is in presenting the entire 15N budgets on a per-pot basis in both of the experiments described here, additional data from Experiment 2 (e.g., comparison of glasshouse with outdoor conditions, and inclusion of multispecies AM fungal inoculants) and particularly the temporal dynamics in Experiment 1.



MATERIALS AND METHODS


Experimental Containers and Potting Substrate

Both of the experiments described here were carried out in 10 L pots filled with a potting substrate composed of 10% field soil from Litoměřice, Czech Republic (Řezáčová et al., 2016), sterilized by γ-rays (>25 kGy), 45% zeolite, grain size <2.5 mm (Zeopol, Břeclav sro, Czech Republic), autoclaved at 121°C for 1 h, and 45% sand (autoclaved at 121°C for 1 h), mixed by volume. This substrate had been used in several previous experiments (Bukovská et al., 2016; Püschel et al., 2016, 2020; Řezáčová et al., 2018; Jansa et al., 2020) and had the following properties: pH (water) = 8.9, total P (incineration at 550°C and acid digestion) = 46.5 mg kg–1, water extractable P = 2.95 mg kg–1, total N = 0.0132%, total organic C = 0.222%. Plant root growth was confined in both of the experiments described here to 500 ml volume delimited by plastic containers as in Figure 1A (cheese forms P00718, Anelli SRL, Montanaso, Italy), lined with 42 μm nylon mesh shown in Figure 1B (Uhelon 130T, Silk and Progress, Brněnec, Czech Republic).
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FIGURE 1. Plant root compartments for Experiment 1 lined with root-barrier mesh and placed in 2 L pots at 1 week after seeding (A) and the root development of the plants at 4 weeks after the seeding (B). Experimental containers of Experiment 1 just after settling in the plant compartments pre-grown for 4 weeks, and the different (organic and mineral) nitrogen traps in 10 L pots (C), and after further 8 weeks of growth just before the destructive harvest (D).




Biological Inputs—Plants and Microbes

Plant containers were the only recipients of AM fungal inoculum, which was either open-pot produced with leek (Allium porrum) as a host plant, or produced in monoxenic in vitro systems together with cichory (Cichorium intybus) Ri-T DNA transformed root organ cultures. A mixture of soil microbes (contained in potting substrate of leek (Allium porrum) cultures devoid of AM fungi, grown in a glasshouse for more than 2 years, also called non-mycorrhizal or mock inoculum) were applied into all system compartments. For more details of the inoculum production and microbial community profiling please see Gryndler et al. (2018). Both the mycorrhizal and mock inocula produced in open pots were using the same potting substrate as that used in the pot experiments described here. Leek roots from the mock inoculum cultures were chopped to fragments <5 mm and mixed in the potting substrate along with the mock inoculum. In Experiment 1, 5% of the substrate volume of the mock inoculum were applied throughout, whereas 1% of the mock inoculum into the potting substrate were applied in Experiment 2.



Timeline, Environmental Conditions, Watering, and Fertilization of the Plants

Plant compartments were initially established in 2 L pots (Figure 1A) and sown with approximately 50 seeds of Andropogon gerardii (Jelitto Staudensamen, Schwarmstedt, Germany), 4 weeks prior to setting up the large experimental pots (Figure 1C). The seedlings were not fertilized at this stage at all, only deionized water was provided so as to maintain the water holding capacity of the substrate at around 80%. Thereafter, plant compartments with pre-grown plants/AM fungi were transferred into large (10 L) pots to facilitate rapid development of AM hyphal networks throughout the pots. Plants were pre-grown in the small (2 L) pots in the glasshouse, whereas the large (10 L) pots were kept either in the glasshouse or outdoors (the latter applicable to part of the Experiment 2 only). Plants in the glasshouse were provided with supplemental light (extending the photoperiod to 14 h), with a minimum intensity of 200 μmol photosynthetically active radiation m–2 s–1 throughout the photoperiod. The plants (i.e., the plant compartments) were fertilized on a weekly basis starting from week 4 after transfer to the large pots with 60 ml Long-Ashton nutrient solution (Hewitt, 1966) with the P concentration reduced to 20% of the original recipe and with ambient or threefold (3 × N) higher concentration of N as in the original recipe (in Experiment 1) or from week 1 after transfer to the large pots with ambient Long Ashton nutrient solution in Experiment 2 as previously (Bukovská et al., 2018). Each plant compartment thus received 2.4 or 7.2 mmol N in the ambient or 3 × N regime, respectively, and 0.078 mmol P with the nutrient solution throughout plant growth in any of the experiments. The pots were watered daily with deionized water to maintain approximately 80% of the water holding capacity of the substrate (to prevent leaching).



Organic N Supply Into the Root-Free Zone—Trap Application and Recovery

In the root-free zone beyond the reach of plant roots, at a distance of 3 cm from the plant compartment and about 5 cm below substrate surface, six or eight AM hyphal trap compartments were embedded in Experiments 1 or 2, respectively. These hyphal traps (cylinders with 3.5 cm inner diameter and length of 3 cm, opening toward the plant compartment) were filled with the same potting substrate (45 ml each) as the rest of the experimental pots and covered at both openings with 206 μm mesh (Uhelon 35S, Silk and Progress). The traps in Experiment 1 were added with zygomycetous cell walls composed nearly exclusively of chitin (Jansa et al., 2020) at a rate of 0.78 mmol N/trap (and containing also 96.3 μmol P/trap) or the corresponding amounts of N and P in mineral forms (sodium nitrate or sodium phosphate, respectively). Three chitin-traps and three mineral NP control traps were added into each pot in Experiment 1 (Figure 1C). The details of the amendments used in Experiment 2 have already been described elsewhere (Bukovská et al., 2018)—briefly, there was always the same suite of traps added into each pot, one of eight was amended with zygomycetous cell walls and one with clover biomass. Only one of the traps in each pot (either chitin or clover) was labeled with 15N, depending on the treatment (see below). The traps were harvested at 3, 5, or 8 weeks after planting in Experiment 1 and at a single timepoint (5 weeks after planting) in Experiment 2. Chitin labeled or not with 15N (>99 atom% 15N, Experiment 1) or dually with both 15N and 13C (98 atom% 15N and 49 atom% 13C, Experiment 2) was produced by growing Zygorrhynchus sp. on mineral media supplemented with 15N-ammonium sulfate or 15N-ammonium sulfate and 13C-glucose as described previously (Bukovská et al., 2018). 15N-labeled clover biomass (50 atom% 15N) was used in Experiment 2 (in a different set of pots from the labeled chitin) and details pertinent to its preparation and dosage have been published previously (Bukovská et al., 2018).



Factorial Structure of Experiments 1 and 2, and Mycorrhizal Inoculation Treatments

In Experiment 1, five mycorrhizal pots (inoculated with 24,000 in vitro produced spores of Rhizophagus irregularis SYM5 genotype with accompanying hyphae applied per each plant compartment before seeding) and five non-mycorrhizal control pots were included in each of the ambient and 3 × N regimes, totaling 20 pots, where 15N-labeled chitin was applied in the corresponding hyphal traps. Additionally, 4 mycorrhizal and 4 non-mycorrhizal pots were established, where chitin with natural 15N abundance was used (isotopic controls). Climatic data during the plant growth are provided in the electronic supplements to this paper (Supplementary Table 1).

In Experiment 2: sixteen pots with 15N-labeled chitin were included in the design, eight of which were added with pot-produced Rhizophagus irregularis BEG 158 inoculum (50 ml applied per plant compartment), and eight remained non-mycorrhizal. Four mycorrhizal and four non-mycorrhizal pots were placed in the glasshouse and four pots of each of the inoculation treatments were kept outdoors—climatic data for both environments are provided among supplementary data to this paper (Supplementary Table 2).

Moreover, additional sixteen pots were included in the design of Experiment 2, where 15N-labeled clover biomass was used in the relevant AM hyphal traps. Four such pots were inoculated with R. irregularis as above (further referred to as “RI” treatment). Four additional pots were inoculated with 50 ml per plant compartment of a mixture (3:1:6, by volume) of pot-produced inocula of R. irregularis BEG 158, Funneliformis mosseae BEG 161, and Claroideoglomus claroideum BEG 155, this treatment is further referred to as “Mix” treatment. Inoculum proportions for this treatment were tuned up so as to prevent competitive exclusion of any of the fungi and were estimated using inoculation pre-experiment described in the Supplementary Data Sheet 1. Four more pots with 15N-labeled clover biomass were inoculated with 50 ml of unsterile field soil from Litoměřice, Czech Republic, freshly (1 week prior to pot establishment) collected from the same site as the soil for creating potting substrate. This inoculation treatment is further referred to as “LT.” Four additional pots with 15N-labeled clover biomass did not receive any AM fungal inoculum (i.e., served as non-mycorrhizal controls, further referred to as “NM” treatment), but received 50 ml of the mock inoculum instead.



Plant and Substrate Sample Collection and Processing

In Experiment 1, one pair of chitin-amended and mineral NP traps were harvested from each pot at each harvest time (i.e., at 3, 5, and 8 weeks after pot establishment). The substrate collected from the traps was subsequently dried at 65°C for 3 days and pulverized using a ball mill MM200 (Retsch, Haan, Germany) at 25 Hz for 2 min. Furthermore, three leaf tips (2-3 cm long) of Andropogon were clipped from each pot on a weekly basis to analyze isotopic composition of N in the leaves. Upon final harvest, 8 weeks after transferring the plant compartments into the large pots (Figure 1D), shoots and roots of the plants were collected, dried at 65°C for 3 days and pulverized using the ball mill as above. Substrate from the plant compartment and from the root-free zone adjacent to the plant compartment and surrounding the different hyphal traps was collected, dried and pulverized as above before any subsequent analyses.



Elemental and Isotopic Analyses

Total N and C concentrations and 15N/14N and 13C/12C isotopic ratios in all plant and substrate samples were measured using elemental analyzer Flash EA2000 coupled to Delta V mass spectrometer (operating either in natural abundance or heavy enrichment modes, depending on the expected isotopic enrichments) via Conflow IV interface, using sample weights between 2 mg (plants) and 25 mg (substrates without organic amendments). Results were reported either in standard delta notation relative to Vienna Pee-Dee Belemnite standard or as atom% of the heavier isotope relative to isotopically un-labeled controls. The N concentrations and 15N enrichments of the individual samples were used to calculate N content of the individual system compartments and excess 15N budget on a per-pot basis.

The P concentrations in plant biomass samples (measured separately for shoots and roots) were assessed using dry incineration of 100 mg sample aliquots at 550°C and hot HNO3 extraction and subsequent colorimetry with Malachite green as described previously (Püschel et al., 2017). The P content of the plants was calculated from the P concentrations and plant dry biomass data on a per-pot basis.



Molecular Quantification of Microbial Guilds and AM Fungi Amplicon Sequencing

Mycorrhizal colonization in both roots and substrate samples was measured with quantitative real-time PCR (qPCR) either using NS31 and AML2 primers or with genotype-specific primers and hydrolysis probes (i.e., using markers mt5, intra, moss, or clar) as specified in the Supplementary Table 3. Furthermore, abundance of eubacteria, bacterial ammonia oxidizers, fungi, and protists was quantified in substrate samples from Experiment 1 as specified in the Molecular toolbox provided as a Supplementary Table 3 to this paper. All qPCR data were corrected for the recovery of the internal DNA standard spiked to each sample before DNA extraction and assessed with a specific molecular marker described previously (Thonar et al., 2012) and detailed also in the Molecular toolbox in the Supplementary Table 3.

Composition of AM fungal communities in the plant and substrate samples of the LT treatment (and roots from the RI and Mix treatment used as a reference) was analyzed using dually indexed (Nextera XT) amplicons generated with WANDA and AML2 primers (see Molecular toolbox in the Supplementary Table 3) on Illumina MiSeq 2 × 300 platform. Processing of the sequencing output was carried out in Seed software (Vĕtrovský and Baldrian, 2013) and external software packages detailed elsewhere (Jansa et al., 2020). Briefly, raw sequence reads were paired with a minimum of 40 bp overlap, quality filtered (only sequences with quality score ≥30 were retained), primers (no mismatches allowed) were cut off the sequences, the sequences filtered out to remove possible chimeras, clustered at 97% similarity threshold to operational taxonomic units (OTUs) and the OTUs then identified (blasted) using the SILVA database. This allowed identification of Glomeromycotan vs. other sequences, of which the latter were all removed from the dataset at this stage. Thereafter, sequencing depth of individual samples were rarefied to 2,000 reads per sample, clustered at 97% similarity threshold and identified by comparing most abundant sequence from each cluster with in-house customized sequence reference database (based mainly on full length Krüger fragment sequencing) at E-value limit <10–150. Thereafter, singletons (i.e., OTU composed of just a single sequence) were removed, relative abundances of OTUs per sample calculated, and individual OTUs identified as the same AM fungal genus pooled together.



Statistics

Statistical evaluation of data was carried out in Statgraphics Plus for Windows v. 3.1., using the following tools: Descriptive statistics (calculation of means and standard errors of means to draw figures), one- or multifactor analyses of variance (ANOVA) or analyses of covariance (ANCOVA), general linear models (GLM), followed by Tukey HSD post hoc test for mean separation in case where significant effects of experimental factors were detected. Data were always carefully checked so as not to violate assumptions of the respective statistical tests—in case of significant violation of test assumptions such as significant data heteroscedasticity, corrective data transformation or unparametric alternatives were sought. All raw data used for statistical analyses and assembling illustrations (which was done in SigmaPlot for Windows v. 13.0) are provided in Supplementary Table 4.



RESULTS


Experiment 1: 15N Isotopic Tracing

The 15N isotopic enrichment of leaf tips sampled throughout the Experiment 1 (Figure 2A, only data from 20 pots amended with 15N-labeled chitin included into GLM analysis presented here) was significantly affected by both categorical factors, i.e., presence of AM fungus [F(1,155) = 154, p < 0.001] and N fertilization of the plant [F(1,155) = 5.53, p = 0.02], as well as by sampling time (quantitative factor): F(1,155) = 69.6, p < 0.001. Interaction between the two categorical factors was not significant [F(1,155) = 2.93, p = 0.09].


[image: image]

FIGURE 2. Time-course of 15N enrichment in plant leaves (A) and the 15N budget (i.e., allocation of excess 15N supplied to the pots with isotopically labeled chitin) in Experiment 1 (B) as affected by presence of the arbuscular mycorrhizal (AM) fungus as compared to non-mycorrhizal (NM) control treatment, where plants were either supplied with surplus nitrogen (3 × N) or grown under ambient conditions (1 × N). Traps 1 through 3 in (B) refer to 15N-labeled chitin traps harvested at 3, 5, and 8 weeks after setting up the pots, respectively. Plant biomass production (C), phosphorus content (D) and nitrogen content (E) in the shoots and roots are shown for the different treatment combinations. Treatment means (n = 5) are shown except the 14N treatments in (A), where n = 8. Error bars (where applicable) indicate ±1 (A) or +1 (C–E) standard error of the mean.


The only influential factor significantly affecting the amounts of excess 15N allocated to the different compartments of the pots in Experiment 1 (Figure 2B), as assessed by 2-way ANOVA, was the presence of AM fungus. This factor turned to be significant (p < 0.05) for all system compartments except 15N-chitin amended traps collected at final harvest, 8 weeks after assembling the large experimental pots, for which presence of AM fungus was only marginally significant (p = 0.07). Generally, higher amounts of 15N from the chitin were allocated to plants or substrate in the plant compartment in AM fungus-inoculated treatment, whereas higher 15N allocation was observed in non-mycorrhizal pots in all other compartments (including the calculated 15N losses). The contribution of N fertilization regime of the plants or the interaction of the two main factors (i.e., mycorrhizal inoculation and the N supply levels) turned to be insignificant for 15N allocation to any of the system compartments (p > 0.05).



Experiment 1: Plant Biomass and Mineral Nutrition

Plant variables in Experiment 1 (biomass, P and N contents) were all significantly affected by AM fungal inoculation (Figures 2C–E), with mycorrhizal plants always showing higher values than the NM plants (p < 0.05). Roots of mycorrhizal plants supplied with ambient N levels grew larger than if the plants received higher N concentrations in the nutrient solution (Figure 2C), resulting in significant interaction between the main factors for root biomass [F(1,16) = 4.99, p = 0.04], though not for total plant biomass. For plant N content, shoots of plants receiving higher N concentration in the nutrient solution showed higher accumulation of N in shoots, resulting in significant interaction between the main factors [F(1,16) = 17.5, p < 0.001], which also translated to total plant N content [where the interaction of the two main factors still held significant [F(1,16) = 12.5, p = 0.003].



Experiment 1: Development of the AM Fungus

The qPCR signal indicative of the development of AM fungus in Experiment 1 was strongly affected by AM fungal inoculation in all samples, where it was determined, as per three- or two-way ANOVAs for traps and the other samples, respectively (Figure 3). Because the signal in the NM samples was virtually a method background noise, we conducted further analyses (two- or one-way ANOVAs for the traps collected at different timepoints and for the other samples, respectively) only with the mycorrhizal treatment and the different timepoints in Figure 3A included as a co-variate. These analyses showed significant effect of the N form added to the traps [with chitin significantly stimulating the development of the AM fungus as compared to mineral NP amendment, F(1,55) = 6.87, p = 0.011], with neither the N fertilization regime of the plants nor the harvest time having a consistent effect on the trap colonization by the AM fungus. Likewise, we did not detect any significant effect of N fertilization of the plants on AM fungal development in the other system compartments, either the substrate or the roots (Figures 3B,C, analyses not shown, raw data in Supplementary Table 4).


[image: image]

FIGURE 3. Colonization of substrate samples (A,B) and roots (C) of experimental Andropogon gerardii plants by the arbuscular mycorrhizal (AM) fungus Rhizophagus irregularis in Experiment 1, as affected by the harvest time (A) and plant nitrogen supply (1 × N, ambient; 3 × N, surplus nitrogen applied to the plant compartment), in the AM fungus-inoculated pots as compared with the non-mycorrhizal (NM) control treatment. Colonization was estimated by quantitative real-time PCR with specific primers and a hydrolysis probe (mt5) specifically targeting the mitochondrial large ribosomal subunit of the R. irregularis, and the data were corrected for internal DNA standard recovery upon DNA extraction from the different samples. The data refer to substrate traps added with nitrogen either in organic (chitin) or inorganic forms (NP control), and harvested at three different time points (A), or to substrate samples recovered from plant compartment and from root-free zone adjacent to the plant compartment (B) and to the roots harvested at the end of the experiment at 8 weeks from setting up the large experimental pots (C). Treatment means (n = 5) are shown, error bars indicate ±1 (A) or +1 (B,C) standard error of the mean.




Experiment 1: Rhizosphere and Hyphosphere Microbiome Analyses

Three-way ANCOVA, where harvest time of the traps was used as a covariate, indicated strong effect of N form (organic vs. mineral) added to the AM hyphal traps with respect to the community size of all four assessed microbial guilds (p < 0.001 in all cases). Chitin stimulated higher abundances of ammonia oxidizers (Figure 4A), bacteria (Figure 4C), fungi (Figure 4E) as well as protists (Figure 4G) as compared to the NP controls. Presence of the AM fungus in the hyphal traps had variable effects on different microbial guilds, with ammonia oxidizers being significantly suppressed by the AM fungus [F(1,111) = 5.50, p = 0.021], eubacteria and fungi in the hyphal traps being both stimulated by presence of the AM fungus [F(1,111) = 6.94, p = 0.01 and F(1,111) = 8.92, p = 0.004, respectively] and protists being not affected (p > 0.05). Harvest time only had a significant effect on abundance of fungi [F(1,111) = 4.46, p = 0.037], but this turned to be only of lesser importance as compared to the effects of both main factors [i.e., N form and AM inoculation, F(1,111) = 54.6, p < 0.001 and F(1,111) = 8.92, p < 0.004, respectively].
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FIGURE 4. Quantification of different microbial guilds in the substrate samples recovered from Experiment 1 by quantitative real-time PCR with group-specific primers, targeting 16S of ammonia oxidizing bacteria (A,B), or eubacteria (C,D), internal transcribed spacer 1 of fungi (E,F) or 18S of protists (G,H). The data refer to substrate traps added with nitrogen either in organic (chitin) or inorganic forms (NP control), and harvested at three different time points (A,C,E,G), or to substrate samples recovered from plant compartment and from root-free zone adjacent to the plant compartment (B,D,F,H) harvested at the end of the experiment at 8 weeks from setting up the large experimental pots. Treatment means (n = 5) are shown, error bars indicate ±1 (A,C,E,G) or +1 (B,D,F,H) standard error of the mean.


In the substrate of plant compartments, abundance of ammonia oxidizers (Figure 4B) and fungi (Figure 4F) were significantly affected by neither of the experimental factors, i.e., AM fungal presence or N fertilization of the plant (analyses not shown). In contrast, AM fungal presence stimulated community size of eubacteria and protists in the plant compartment [Figures 4D,H, F(1,24) = 17.4, p < 0.001 and F(1,24) = 6.2, p = 0.02, respectively]. In the root-free zone adjacent to the plant compartment, only the abundance of protists was significantly affected, interactively by both AM fungal presence and N fertilization of the plants [F(1,24) = 4.92, p = 0.04]. Subsequent one-way ANOVA comparisons of the effects exerted by individual factors on protist abundances turned to be all insignificant at p = 0.05 threshold level, however (analyses not shown).



Experiment 2: 15N and 13C Isotopic Tracing

Transfer of 15N to the plants from isotopically labeled chitin (Figure 5A) was strongly affected by presence of R. irregularis [F(1,12) = 213, p < 0.001], and less strongly, but still significantly by the microclimatic conditions, i.e., glasshouse vs. outdoors [F(1,12) = 8.0, p = 0.015], without significant interaction between the two factors, as revealed by two-way ANOVA. The 15N content in the substrate of the plant compartment was only significantly affected by presence of the AM fungus in the system, the values being significantly higher in mycorrhizal as compared to NM pots [F(1,12) = 62.8, p < 0.001]. In all other (root-free) system compartments and in the calculated 15N losses from the system, the AM symbiosis but not microclimatic conditions strongly reduced 15N allocation to those compartments (p < 0.01), except the root-free compartment adjacent to the plant compartment. In the latter, the 15N allocation was affected interactively by both of the main factors [F(1,12) = 8.75, p = 0.012], although subsequent one-way ANOVAs conducted for each of the environments separately did not show significant effect of AM fungus in any of the environments (analyses not shown).
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FIGURE 5. The 15N (A) and 13C (B) budgets (i.e., allocation of excess 15N and excess 13C supplied to the pots with dually labeled chitin) in the Experiment 2, as affected by presence of the arbuscular mycorrhizal fungus Rhizophagus irregularis (RI) as compared to the non-mycorrhizal control treatment (NM), where the pots were incubated either in the glasshouse or outdoors. Height of the stacked bars correspond to treatment means (n = 4).


The fate of 13C supplied with the isotopically labeled chitin was apparently not affected by any of the experimental factor in any of the significant pools (i.e., the 13C remainder in the chitin-amended hyphal trap and the 13C losses from the system, Figure 5B, analyses not shown). Yet, the statistics indicated significant difference in 13C allocation to unlabeled traps as affected by microclimatic conditions (see Supplementary Table 2 for exact values), but this seems to be an artifact of calculation (missing true isotopic control outdoors) rather than any important experimental findings.

The 15N allocation to the different system compartments from the isotopically labeled clover biomass (Figure 6) was assessed by one-way ANOVA and subsequent Tukey HSD post hoc test, addressing the differences between the different AM inoculation treatments. All mycorrhizal treatments strongly differed from the NM treatment in 15N amount transferred to the plant [F(3,12) = 58.5, p < 0.001], but there were no significant differences between the three mycorrhizal treatments themselves. There also were significant differences in 15N allocated to the substrate in plant compartment [F(3,12) = 3.72, p = 0.042], but actually it was only the LT treatment significantly higher from the NM as per the post hoc test. There were no significant differences between the inoculation treatments in terms of 15N allocation to root-free zone adjacent to the plant compartment (analysis not shown). Yet, there was significantly [F(3,12) = 5.38, p = 0.014] less 15N left over in the clover biomass-amended substrate trap in the LT and Mix treatments as compared to the NM control treatment. A similar pattern was observed for the 15N losses, which were significantly [F(3,12) = 11.8, p < 0.001] higher in the NM treatment as compared to any of the mycorrhizal treatments. Allocation of 15N to the other (isotopically unlabeled) substrate traps was significantly [F(3,12) = 18.0, p < 0.001] different between the inoculation treatments, with the LT treatment showing consistently higher values than those encountered in the NM treatment.
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FIGURE 6. The 15N budget (i.e., allocation of excess 15N supplied to the pots with isotopically labeled clover biomass) in the Experiment 2, as affected by presence of different arbuscular mycorrhizal fungal communities, and compared to the non-mycorrhizal control treatment (NM). RI represent the treatment, where plants were inoculated with Rhizophagus irregularis only, Mix stands for a three-species inoculum consisting of pure strains of R. irregularis, Claroideoglomus claroideum, and Funneliformis mosseae, and LT stands for a treatment, where plants were inoculated by unsterile field soil from Litoměřice, Czech Republic. Height of the stacked bars correspond to treatment means (n = 4).




Experiment 2: Development of the AM Fungi

Strong differences were encountered between the RI-inoculated and NM pots supplied with isotopically labeled chitin (Figure 7) in the qPCR signal using both AM fungal-species unspecific (Figure 7A) and specific assays aiming at quantification of AM fungal biomass in plant roots (Figure 7B) and in the chitin-amended traps (Figure 7C) in pots (p < 0.001 in all three displayed cases). In case of Rhizophagus-specific assay targeting the DNA extracted from roots (Figure 7B), additionally, we encountered significant differences in the signal strength between the different environments, indicated by a significant interaction in two-way ANOVA analysis (not shown) and subsequent one-way ANOVA only comparing mycorrhizal samples from the glasshouse and outdoors [F(1,6) = 15.4, p = 0.008].
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FIGURE 7. Quantification of development of Rhizophagus irregularis in mycorrhiza-inoculated (RI) and in the non-mycorrhizal control (NM) pots amended with isotopically labeled chitin in Experiment 2, and incubated either in the glasshouse or outdoors, as per broadly specific arbuscular mycorrhizal (AM) fungal primers NS31-AML2 targeting small ribosomal subunit (SSU) in roots (A) or Rhizophagus-specific primers with a hydrolysis probe targeting large ribosomal subunit (LSU) of R. irregularis in roots (B) and in substrate samples amended with chitin (C). Results were corrected for internal DNA standard recovery upon DNA extraction from the different samples. Mean values (n = 4) are shown, error bars indicate +1 standard error of mean.


Quantification of AM fungal development in the different inoculation treatments by AM fungal-species unspecific qPCR assay in pots supplied with isotopically labeled clover biomass (Figure 8) showed strong differences between the treatments both in roots [Figure 8A, F(3,12) = 25.8, p < 0.001] and clover biomass amended traps [Figure 8B, F(3,12) = 27.3, p < 0.001]. However, the patterns differed between the compartments: Whereas the LT treatment showed the highest values in roots as compared to all other treatments, the highest signal in the traps was encountered for the Mix treatment, whereas the signal in the clover biomass-amended traps recovered from the LT treatment was not statistically different from the NM control.
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FIGURE 8. Quantification of development of arbuscular mycorrhizal fungi in the pots amended with isotopically labeled clover biomass in Experiment 2, as per broadly specific arbuscular mycorrhizal (AM) fungal primers NS31-AML2 targeting small ribosomal subunit (SSU) in roots (A) and in substrate samples amended with the clover biomass (B). Results were corrected for internal DNA standard recovery upon DNA extraction from the different samples. RI represent the treatment, where plants were inoculated with Rhizophagus irregularis only, Mix stands for a three-species inoculum consisting of pure strains of R. irregularis, Claroideoglomus claroideum, and Funneliformis mosseae, and LT stands for a treatment, where plants were inoculated by unsterile field soil from Litoměřice, Czech Republic. Mean values (n = 4) are shown, error bars indicate +1 standard error of mean.




Experiment 2: AM Fungal Community Composition

Analysis of AM fungal community composition in the roots and clover biomass-amended traps in the Mix treatment by AM fungal species-specific qPCR assays showed predominance of Funneliformis mosseae in both roots and the traps, followed by Rhizophagus irregularis and a small fraction of Claroideoglomus claroideum (Figure 9). Analysis of composition of PCR amplicons generated from roots of the Mix treatment by broadly AM fungal specific primers showed more equitably balanced AM fungal community dominated by Rhizophagus irregularis (Figure 10). The qPCR assays using samples from the LT treatment returned mostly Rhizophagus and Funneliformis (Figure 9), but the absolute copy numbers were low (see Supplementary Table 4 for data). The analysis of composition of PCR amplicons by Illumina sequencing (Figure 10) confirmed the presence of both Rhizophagus and Funneliformis in the roots and substrate samples from the LT treatment in similar proportions as detected by qPCR, but, additionally, also a high abundance of Dominikia sp. (Figure 10).
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FIGURE 9. Relative composition of arbuscular mycorrhizal communities in the roots and clover-amended trap compartments in the Mix (three species) and LT (field soil) inoculation treatments in Experiment 2 as assessed by quantitative real-time PCR targeting specifically the three mycorrhizal fungal species supplied to the pots in the Mix treatment. Fractional values are means of four biological replicates (pots).
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FIGURE 10. Relative composition of arbuscular mycorrhizal communities in the roots and clover-amended trap compartments in the Mix (three species) and LT (field soil) inoculation treatments in Experiment 2 as assessed by WANDA-AML2 amplicon sequencing using Illumina Miseq platform. Clusters (97% similarity) were identified using in-house customized sequence reference database and their relative abundances summed per mycorrhizal fungal genus. Fractional values are means of four biological replicates (pots).




DISCUSSION

In our current research, we observed consistent and strong facilitation of plant N uptake from the organic N source supplied into a spatially discrete patch without direct contact to the plant compartment, through the AM fungal networks, with concomitant significant reduction of N losses from the organic N source to the environment in mycorrhizal scenario (Figures 2B, 5A, 6). A large share (usually 20 or more%) of the 15N supplied with the organic sources was mineralized and transported to the mycorrhizal plants within as few as 5–8 weeks of incubation. The N losses in mycorrhizal pots usually reduced by as much as 10–20% of the supplied N within the same timeframe. These results do not seem to be fully explainable by the N being transported passively via mass flow through the potting substrate toward the plants. Mass flow of the solutes is likely different (i.e., faster in mycorrhizal as compared to non-mycorrhizal pots) due to the differences in size (Smith and Sperry, 2014) between mycorrhizal and non-mycorrhizal plants. Actually, the mycorrhizal effect size of 15N uptake was several fold stronger as compared to the mycorrhizal effects on plant biomass—see Figure 2 and also Bukovská et al. (2018) for biomass data from Experiment 2 and for more discussion. Besides, we observed a significant reduction of community size of soil nitrifiers by the presence of AM fungus in our Experiment 1, and similar observation was already reported for Experiment 2 previously (Bukovská et al., 2018). This possibly means (although direct proof is still missing) that in mycorrhizal pots, the conversion of NH4+ ions released directly from the organic matter (ammonification) or from the soil microbial loop (Bukovská et al., 2018) to more mobile nitrate ions would actually be less efficient than in the non-mycorrhizal pots. Further, here we show that the rates of transfer of N from the organic source to the plant, its retention in the substrate, as well as environmental losses were only to a minor extent affected or were fully unaffected by the other experimental factors tested here, i.e., N status of the host plant, microclimatic conditions, and the AM fungal community composition. These subjects all deserve specific discussion.

To our own surprise, data from Experiment 1 clearly showed that the rates of organic N mineralization and subsequent supply to the plants via AM fungal networks were independent from the plant N status. Although 15N concentrations in shoot biomass (Figure 2A) showed differences between ambient and elevated N supply regimes, these differences vanished when examining 15N budget (Figure 2B), i.e., they only represented dilution in larger total N pool. Our results thus are contrasting with the notion that the plants would finely regulate carbon supply to the AM fungi and thus the efficiency of mycorrhizal N uptake pathway according to its needs (Tian et al., 2010; Fellbaum et al., 2012, 2014; Kafle et al., 2019). Why this did not happen in our experimental system probably needs further research.

Another interesting observation was that the microclimatic conditions had actually only a very limited (albeit detectable) influence on organic N (chitin) mineralization and transport to the plant, in contrast to the large differences observed between mycorrhizal and non-mycorrhizal pots (Figure 5A). Possibly even more interestingly, we did not detect any differences in the retention of carbon originating from the dually labeled chitin in the system due to any of the experimental factors tested (Figure 5B). This may indicate complete mineralization of chitin within 5 weeks, for which time the chitin traps were deposited in the substrate of Experiment 2, and thus complete decoupling of the N and carbon cycles, without detectable effect of temperature and/or other microclimatic conditions (see Supplementary Table 2 for details). Although there were no detectable interactive effect of mycorrhiza inoculation and microclimatic conditions on the fate of N and carbon supplied with chitin into our experimental system, it seems that the development of AM symbiosis/hyphal network was somewhat slower outdoors. Further, it seems that liquid leaching (due to uncontrolled rainfalls) might have contributed to 15N partitioning in our experimental pots outdoors in contrast to those placed in the glasshouse, where leaching was experimentally excluded. We deduce this from the fact that (at least some) of the molecular indicators of mycorrhizal development (Figure 7) were stronger outdoors, pointing to ontogenetically younger hyphae in those pots (Jansa et al., 2008; Voříšková et al., 2017). Furthermore, indication for N leaching in the outdoors settings is due to the fact that less 15N was recovered from the root-free zone (where it probably moved from the labeled traps by diffusions) in the NM treatment outdoors than in the glasshouse (Figure 5A).

Another important observation was that the mycorrhizal effect on organic N (clover biomass) mineralization and use by the host plants was not strongly dependent on AM fungal community composition (Figure 6). In spite of the communities obviously being very different in terms of their composition (Figures 9, 10) and showing distinct patterns in colonization of roots and substrate (Figure 8), resembling the most contrastive life history strategies according to Hart and Reader (2002), their effects on the fate of organic N in our experimental system were surprisingly similar (Figure 6). Yet, there were some subtle differences in 15N partitioning between the different system compartments due to the identity of AM fungal communities. Particularly, whereas Rhizophagus alone and the Mix community tended to efficiently transfer the N from the clover biomass to the plant, there is evidence that the AM fungi from the unsterile LT soil tended to hoard the N in the hyphae more than the other fungi. Particularly, we observed that there was higher reallocation of 15N originally supplied with the clover biomass, from the labeled to unlabeled substrate traps in the LT treatment as compared to the other inoculation treatments.

Another important finding that we like to stress here was that chitin was actually decomposing very rapidly—and faster compared to clover biomass. Although the fact that chitin is not particularly recalcitrant to decomposition in soil has already been reported (Fernandez and Koide, 2012), there still is widespread perception that chitin should be counted among the recalcitrant organic compound – which obviously is not true unless complexed with tannins, for example (Adamczyk et al., 2013). The fact that the AM fungal hyphae were able to efficiently exploit this rapidly disappearing nutrient resource and reduce environmental losses thereof was likely because the plants were inoculated with the AM fungi and pre-grown for 4 weeks in the plant compartments prior to settling up the large experimental pots with chitin traps. Thus, the plants and especially the AM fungi experienced a head start when subsequently moved into the 10 L pots with the freshly established hyphal traps.

More efficient exploitation of organic N by the mycorrhizal as compared to non-mycorrhizal plants seems like a clear take-home message from our experimental work. Indeed, this may be important in terms of environmental issues such as efficient use of N fertilizers and mitigating N pollution. However, care should be exercised not to over-interpret the current results. One weakness of our experiments is the fact that mycorrhizal and non-mycorrhizal plants grew very differently (and we eluded to the possible consequences thereof above). Second weakness is application of restrictions to root growth (root barriers), which is a very artificial feature, not really having any parallel in nature. Studies in more realistic experimental settings or directly in the fields would be very valuable in this respect indeed. And so it would have been very enlightening to carefully and to a greater (taxonomic) depth analyse microbial communities in the different system compartments of our two experiments. Here we present just a teaser—showing that soil microbes are generally much more numerous in zones supplemented with organic N, in contrast to mineral (nitrate and phosphate) amendments. We also show that at least some of the microbial guilds (e.g., bacteria and fungi) could be stimulated by the presence of AM fungal hyphae, whereas ammonia oxidizers were strongly suppressed by the AM fungus (Figure 4), replicating previous findings (Bukovská et al., 2018). These results allow us to speculate that it is the rather immobile ammonium ion that is taken by the AM fungal hyphae from the soil solution, depriving the ammonia oxidizers of their only energy resource, leading to dropping their abundance in mycorrhizal treatments. The literature on the effects of AM symbiosis on nitrifier communities is particularly full of contradictions (Veresoglou et al., 2012, 2019; Bukovská et al., 2018; Wattenburger et al., 2020), yet it seems that at least part of the problem is the fact that those prokaryotes are usually very slow growers and it is difficult to establish relevant sizes of their communities in previously sterilized substrates. In our experiments, we circumvented this limitation by adding significant amounts of microbially active mock inoculum to the potting substrate before planting. But clearly, field studies would be even more appropriate in this regards and should thus be particularly paid attention to and promoted in the future.
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During and after the green revolution in the last century, agrochemicals especially nitrogen (N) were extensively used. However, it resulted in a remarkable increase in crop yield but drastically reduced soil fertility; increased the production cost, food prices, and carbon footprints; and depleted the fossil reserves with huge penalties to the environment and ecological sustainability. The groundwater, rivers, and oceans are loaded with N excess which is an environmental catastrophe. Nitrogen emissions (e.g., ammonia, nitrogen oxide, nitrous oxide) play an important role in global climate change and contribute to particulate matter and acid rain causing respiratory problems, cancers, and damage to forests and buildings. Therefore, the nitrogen-polluted planet Earth needs concerted global efforts to avoid the disaster. Improved agricultural N management focuses on the synchronization of crop N demand and N supply along with improving the N-use efficiency of the crops. However, there is very little focus on the natural sources of N available for plants in the form of diazotrophic bacteria present inside or on the root surface and the rhizosphere. These diazotrophs are the mini-nitrogen factories that convert available (78%) atmospheric N2 to ammonia through a process known as “biological nitrogen fixation” which is then taken up by the plants for its metabolic functioning. Diazotrophs also stimulate root architecture by producing plant hormones and hence improve the plant’s overall ability to uptake nutrients and water. In recent years, nanotechnology has revolutionized the whole agri-industry by introducing nano-fertilizers and coated/slow-releasing fertilizers. With this in mind, we tried to explore the following questions: To what extent can the crop N requirements be met by diazotroph inoculation? Can N input to agriculture be managed in a way leading to environmental benefits and farmers saving money? Can nanotechnology help in technological advancement of diazotroph application? The review suggests that an integrated technology based on slow-releasing nano-fertilizer combined with diazotrophs should be adopted to decrease nitrogen inputs to the agricultural system. This integrated technology would minimize N pollution and N losses to much extent.

Keywords: nitrogen fixation, rhizobia, slow-releasing fertilizers, nitrogen use efficiency, nitrogen pollution
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GRAPHICAL ABSTRACT. A road map to lowering nitrogen pollution in the atmosphere.



NITROGEN FERTILIZER: TRENDS, USE EFFICIENCY, AND PROBLEMS OF EXCESSIVE USAGE

Nitrogen (N) is a vital element for life. Apart from being an integral component of DNA, it is part of amino acid, NAD, and ATP in the cells of living organisms. The nitrogen available for plant uptake is the key determining factor for plant yield as it plays an important role in plant metabolism and food quality (Massignam et al., 2009). N deficiency in plants leads to pale yellowish-green plants with slow growth, smaller flowers and dormant buds, and reduced tiller and fruit development. The N moves from organic form (plant materials) to inorganic form in soil upon decomposition, and in this way, soil fertility is also maintained (Dong et al., 2015).

The global N cycle has been altered more than that of any other basic element intentionally by using it as a fertilizer or unintentionally as a by-product of fossil fuel combustion. The global population directly or indirectly relies on N fertilizer for food supply. The fertilizer trends (Figure 1A) show a synchronized growth of the population and N usage. The 2nd half of the 20th century showed an 80% increase in N usage from 11 million tons in 1961 to 119 million metric tons in 2018 (Liu et al., 2015; FAO, 2017). The Asia-Pacific region is the largest consumer of the total N-fertilizer market (Figure 1B), accounting for 60% of the total global N-fertilizer usage. Although N fertilizer is necessary for most of the crops, yields have nearly reached their biological maxima whereas farmers keep on adding more and more fertilizers. Overall, N added to the field is about 10-fold higher than it is consumed (Erisman et al., 2013) because crops have low N uptake (30–40%) and thus low N-use efficiency (20–40%; Zhu et al., 2016; Omara et al., 2019). Excess fertilizer does not become part of the plant, but it leaches down and becomes part of the soil or is emitted to the atmosphere (Sharma and Bali, 2018). This shows that agriculture is the primary source of about two-thirds of global N pollution.
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FIGURE 1. Fertilizer usage and population growth trends in the last 100 years and future prediction (source: Meer, 2016; A). Map showing the region-wise N-fertilizer input into the agricultural system (source: Mordor Intelligence; B).


Nitrogen emissions (e.g., ammonia, nitrogen oxide, nitrous oxide) play an important role in global climate change and contribute to particulate matter and acid rain causing respiratory problems, cancers, and damage to forests and buildings. Nitrous oxide (N2O) is a potent greenhouse gas, over 300 times more effective in trapping heat than carbon dioxide, and remains in the atmosphere for ≈114 years (Good and Beatty, 2011). Excessive N accumulation alters the atmospheric concentration of three anthropogenic greenhouse gases CO2, CH4, and N2O, and plays a crucial role in climate change. Mitigation of N use can lower the atmospheric burden of these greenhouse gases, thereby slowing the rate of climate change over the coming years.

Apart from the climate change, excessive use of N has led to increased pest infestation, e.g., aphids (Nevo and Coll, 2001), and accumulation of heavy metals (e.g., lead, chromium, and cadmium), radionuclides, and carcinogenic compounds (e.g., nitrosamine) as well as accumulation of NO2 and NO3 (Savci, 2012). Excessive use of N causes serious health concerns related to respiratory ailment, cardiac arrest, and several vector-borne diseases like malaria and cholera in cattle and humans (Ward et al., 2018). In Europe alone, the environmental and human health costs of N pollution are estimated to be 70–320 billion euros per year (Sutton et al., 2011). The continuous enrichment of N in the water leads to excessive growth of algae and other plants, a phenomenon known as “eutrophication” leading to the development of “dead zones.” These dead zones do not support any life forms due to the lack of oxygen and are found in any lake or coastal area. Eutrophication mediates the growth of harmful algal blooms (HABs; Paerl et al., 2011), and water becomes contagious for fisheries and drinking due to the increased growth of algae and oxygen shortage caused by their decomposition. The overall processes of HABs lead to global warming, salinization (drought), and longer seasons affecting plant growths as well. Excessive use of N also disrupts the growth and development of agronomic plants, especially affecting the phenolic, flavonoid, oil, and sugar contents in oil crops (Sesamum indicum) as well as antioxidant activity (Elhanafi et al., 2019). The ecological response to elevated nitrogen may increase allergenic pollen production in plants (Reinmuth-Selzle et al., 2017). Moreover, processes like nitrification, mineralization, and ammonia volatilization in air, water, and soil leachate leads to high nitrite nitrogen in drinking water, rivers, and crops, posing potential health hazards to ecosystems (Jia et al., 2015).

Management of N is a challenging goal and needs combined efforts to improve its efficiency. To avoid the problem from worsening, scientists warn that the global N use must cut back and N efficiency be increased in agriculture farms. European countries, being the leaders in “green policies” along with UN Environment Programme through the combination of the best nutrient management practices (BNMPs), International Nitrogen Management System (INMS), advances in fertilizer technology, and plant genetics, collectively aim to reduce worldwide N applications by 20–30% till 2050, saving US$ 150B annually.



BIOLOGICAL NITROGEN FIXATION TO REPLACE FERTILIZER N

The process through which atmospheric nitrogen (N2) is converted to ammonia (NH3) is referred to as the biological nitrogen fixation (BNF), and the nitrogen-fixing bacteria are known as “Diazotrophs” (Shin et al., 2016). The BNF in legumes was described by Hellriegel and Wilfarth (1888) and Franche et al. (2009), and in cyanobacteria by Stewart (1969). The BNF is a highly energy-expensive process that is undertaken by symbiotic bacteria inside the root nodules and in soil or on plant roots by nonsymbiotic bacteria. This process is the natural and major source of nitrogen for plants within a range of ecosystems (Angus and Grace, 2017) and the key contributor to the N economy in the biosphere providing ≈128 Tg of N per annum globally (Vitousek et al., 2013), which is equal to 60% of total fixed N. Under field, diazotrophs fix ≈30–50% of N (Ormeño-Orrillo et al., 2013) contributing up to 15% of the total plant’s nitrogen. A low level of combined nitrogen and a high level of carbon compounds trigger the nitrogen-fixing activity of microorganisms. The process requires 1 mol of N2, a supply of electrons and protons, and 16 moles of ATP to produce 2 mol of ammonia as shown in the following equation:

[image: image]

The formation of ammonia from molecular hydrogen and nitrogen has an overall negative enthalpy of reaction (ΔH°= −45.2 KJ mol−1 NH3); the energy barrier to activation is generally insurmountable (EA°= 420 KJ mol−1) without the assistance of catalysis. The enzyme, therefore, requires a great deal of chemical energy, released from the hydrolysis of ATP (16 mol of ATP for each mole of N2 reduced), and reducing agents, such as dithionite in vitro or ferredoxin in vivo.



PLANT-MICROBE INTERACTION CONCERNING BNF AND SUITABLE MODIFICATIONS TO HARNESS THE POTENTIAL OF BNF

The diazotrophs are phylogenetically diverse (Figure 2) comprising of organisms of varying physiological properties and belong to taxonomically diverse groups of bacteria from alphaprotobacteria, betaprotobacteria, gammaprotobacteria (Shin et al., 2016). Major genera include Azospirillum, Azorhizobium, Pseudomonas, Rhizobium, and phyla cyanobacteria, and Firmicutes. The three major types of bacteria that fix the nitrogen are rhizospheric, endophytic, and nodulating bacteria (Brusamarello-Santos et al., 2012) with a varying range of nitrogen fixation (Table 1). The associative and symbiotic diazotrophs are detailed below.
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FIGURE 2. List of different diazotrophs and their hosts.




TABLE 1. Estimated nitrogen fixation rates of diazotrophs.
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Associative Diazotrophs

Diazotrophs present in the soil mostly belong to this group and form a subset of the plant growth-promoting rhizobacteria (PGPR) which are directly beneficial for plant growth and yield. They reside on the surface of roots specifically in the zone of elongation or in root hairs. The bacteria found inside the shoot/root of the phyllosphere of the plants are classified as endophytic diazotrophs, and those found on the root surface are associative diazotrophs (Bashan et al., 2004). In a relative comparison of plant growth promotion and nitrogen assimilation by the plants, endophytic diazotrophs have an advantage over associative diazotrophs due to the establishment of better and stable niche within the plant tissues for nitrogen fixation and further assimilation of fixed nitrogen compounds by the plants (Moyes et al., 2016). The presence of these diazotrophs in the proximity to roots helps in the nutrient acquisition of plants, ultimately influencing the growth and yield in various crops (Wani et al., 2013).

They are omnipresent and belong to different genera, such as Cupriavidus, Frankia, sulfate-reducing bacteria, Pseudomonas, Azoarcus, Azospirillum, Burkholderia, Azorhizobium, Gluconacetobacter, Citrobacter, Klebsiella, Enterobacter, and Herbaspirillum (Santi et al., 2013). Examples are Herbaspirillum and Burkholderia which fix nitrogen in vesicular and intercellular spaces of sugarcane (Van Deynze et al., 2018), and Azospirillum, which is a facultative endophytic diazotroph of cereals. They move with the help of flagella to migrate to a micro-aerophilic condition where the nitrogenase enzyme is protected from oxygen (Steenhoudt and Vanderleyden, 2000). Azospirillum frequently exists in different regions of the world and develops an association with a wide-ranging species of plants (Pereg et al., 2016).



Symbiotic Diazotrophs

One of the best-studied symbioses is the symbiotic nitrogen fixation that involves plants (both legumes and non-legumes) and specific diazotrophs (rhizobia and Frankia). During this symbiotic relationship, a niche and carbon molecules are provided to the microorganisms by the plant in exchange for nitrogen fixation (Schwember et al., 2019). The symbiotic nitrogen fixation is the most efficient fixing system which approximately fixes 170–300 kg of nitrogen per hectare per year. Symbiotic diazotrophs are dominant in the soil environment, where they arrive inside the root of the plant and form a nodule on the plant where the symbiotic dialogue takes place (Tu et al., 2016). This process is controlled by several genes like nod, nif, and fix genes. The main function of the nodule is to produce an environment that restrains oxygen-free flow and triggers the nitrogen fixation process (Oldroyd, 2013).


Rhizobium-Legume Symbiosis

Rhizobia are classical legume symbionts belonging to Betaproteobacteria and Alphaproteobacteria. They form an effective nodule mainly on the root and in a few cases on the stem of the legume host with few exceptions of non-legumes (i.e., Parasponia). Parasponia nodules have a tissue organization and ontogeny different from that of legumes but very similar to that of actinorhizal nodules (Pawlowski and Bisseling, 1996). Some legumes belonging to the genera Neptunia, Aeschynomene, and Sesbania bear nodules on both roots and stems. The rhizobial species are distributed among 18 genera of different families including Methylobacteriaceae, Rhizobiaceae, Bradyrhizobiaceae, Phyllobacteriaceae, Brucellaceae, Hyphomicrobiaceae, Burkholderiaceae, and Xanthobacteraceae (Mousavi, 2016; De Lajudie et al., 2019). Some genera (e.g., Azorhizobium, Pararhizobium Allorhizobium, Neorhizobium, Sinorhizobium, and Mesorhizobium) are known as promiscuous hosts while others (e.g., Rhizobium) are highly specific.



Frankia-Non-legume Symbiosis

Nitrogen fixation in the nodules of non-legumes usually takes place by the symbiotic association with Frankia. Frankia is a filamentous, Gram-positive actinomycete that forms a symbiotic relationship with plant species of 25 genera belonging to eight different families (220 species) of dicotyledonous plants including Betulaceae, Casuarinaceae, Myricaceae, Elaeagnaceae, Rhamnaceae, Rosaceae, Coriariaceae, and Datisticaceae (Normand et al., 2014). Most of these nitrogen-fixing non-legumes are found in poor, sandy soils low in nitrogen. The common examples are alder, bayberry, sweet fern, sweet gale, buffalo berry, bitterbrush, pine, and olives. Their ability to fix nitrogen is a significant factor in their survival under conditions that would be inhospitable to ordinary plants. There are two ways through which Frankia forms an association with actinorhizal plants; i.e., the intracellular and intercellular penetration (Carvalho et al., 2014). It has different types of cells, e.g., vesicles and spores, located on the sporangia and the vegetative hyphae. Vesicles are the actual cells that are formed under limited N conditions and contain enzymes responsible for N fixation.




Cyanobacteria

Nonsymbiotic fixation of nitrogen involves fixation through heterotrophic or autotrophic organisms or by free-living diazotrophs called cyanobacteria. Cyanobacteria are the Gram-negative oxygenic photo-autotrophs that developed during the Precambrian period and reformed the anoxic earth’s atmosphere into oxic, which is appropriate for the process of oxygenic metabolism (Kaushik et al., 2017). Cyanobacteria have great agricultural importance. In freshwater and marine systems, they are the key N2 fixers which provide a great source of fixed nitrogen in the marine ecosystem in the world’s oceans. In terrestrial environments including rainforests and deserts, they abundantly grow and are involved in nitrogen fixation. Because of their special adaptations like nitrogen fixation and desiccation resistance ability, they can survive in harsh conditions. In modern agriculture, cyanobacterial mats have been used as biofertilizers as they provide more than 70% of the nitrogen fixed to the agricultural systems (Benavides et al., 2013; Berthelot et al., 2015). In the Baltic Sea, A. flos aquae fixes 75 percent nitrogen (Klawonn et al., 2016).

Under aerobic and anaerobic conditions, they can fix nitrogen in structures called cyanobacterial mats besides the progression of molecular H2. Cyanobacteria especially blue-green algae are the key players in the regulation of nitrogen and carbon cycling. These also have a positive effect on the inhibition of different diseases of plants through the population of host-pathogen and herbicides (Smith and Crews, 2014). Heterocystous cyanobacteria (e.g., Nostoc, Anabaena, and Aulosira) develop associations with roots (Prasanna et al., 2013). The nitrogen fixation capability is restricted not only to heterocystous cyanobacteria, but there are many non-heterocystous cyanobacteria which are filamentous and unicellular (e.g., Aphanothece, Oscillatoria, Gloeothece, Gloeocapsa, and Plectonema) which also fix nitrogen significantly.




THE DETAIL OF DEEP-DOWN SYMBIOTIC BNF DIALOGUE

The overall symbiotic process is a highly specific and sophisticated exchange of signals (Figure 3A) between both the partners involved; “the macrosymbiont and the microsymbiont.” The first symbiotic signal comes from the host in the form of “Flavonoids” which induce the expression of different genes (nod, noe, nol, and others) in the rhizobia within the vicinity of the root. The nod genes encode the synthesis of Nod factors decorated with host-specific modifications which act as the second symbiotic signals. Nod factors are released in the rhizosphere where they serve as the first rhizobial determinant of host specificity (Spaink, 2002). The Nod factor triggers several responses such as ion changes, calcium oscillations, and gene expression. Rhizobia are attracted to host plants by chemotaxis and attach themselves to the root hair with the help of exo/lipopolysaccharides. This attachment leads to root hair deformation and curling which provides a site for infection thread (IT) initiation (Nanda et al., 2010). Curling of the root hairs occurs due to the localized presence of Nod factor molecules. Simultaneously, root cortex cells are stimulated to reinitiate mitosis, leading to the formation of nodule primordia and the formation of a functional nodule starts.
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FIGURE 3. The overall process of Rhizobium-legume symbiosis showing the locks and keys of the symbiotic specificity of (A) nodulation genes (B) and details of nitrogen fixation genes (C) present in the rhizobia (figures drawn from the available literature from different sources).


Root hair curling results in the entrapping of attached bacteria within the deformation. Local lysis of the root hair cell wall is followed by invagination of the plant cell membrane. The process starts with the curling of root hairs, and a tube-like structure called an infection thread (IT) is formed through which the bacteria enter the plant. Infection threads are plant-derived structures originating from plasma membrane invagination accompanied by external deposition of the cell wall material. The IT grows inwardly toward the base of the root hair and the dividing cells in the nodule primordium. Intracellular infection is facilitated by the cell division in cortical cells. During IT development, rhizobial surface polysaccharides (lipopolysaccharides, exopolysaccharides, capsular polysaccharides, and cyclic glucans) interact with the host plant. Successful symbiosis depends on their correct composition, making them the second rhizobial determinant of host specificity (Perret et al., 2000). Bacteria reach the nodule primordium infecting several primordium cells and are released into the host cytoplasm by a process resembling endocytosis. During this release, the bacteria become surrounded by a plant membrane, and a symbiosome is formed. When the symbiosome divides, the infected cells become fully occupied with the microsymbiont. In actinorhizal symbioses and also in some legumes, bacteria are not released from the infection threads; rather, infected cells are filled with branching infection threads containing the microsymbionts, which is now called bacteroid. These bacteroids are surrounded by the plant membrane “peribacteriodal membrane” which forms a symbiotic interface with the host.

After infection, nodules are developed from the root cortical cells which are mitotically reactivated to form the nodule primordium (Mus et al., 2016) where thousands of bacteroids are present. Nodules are mainly of two types: “indeterminate” and “determinate.” The indeterminate nodules originate from cell divisions in the inner cortex and have a persistent meristem at their apex, and a clear “spatial developmental gradient” is formed from the distal meristem to the proximal root attachment site where these developmental zones can be characterized by the expression of specific plant genes. The determinate nodules originate from cell divisions in the outer cortex and do not have a persistent meristem, because the meristem of the nodule ceases to divide at an early stage of development and undergoes “temporal developmental stages” which are similar in the whole nodule. Legume nodules have a stem-like anatomy with peripheral vascular bundles and infected cells in the central tissue, while actinorhizal nodules have a root-like anatomy and develop from primordia formed in the pericycle.

The early stages of the symbiosis are controlled by highly specific chemical signals; the later stages by the expression of certain bacterial genes. During nodule morphogenesis, decreasing oxygen concentrations are maintained by the combined effects of specialized plant cells acting as an oxygen diffusion barrier and an abundant nodulin: the leghemoglobin. During this dramatic physiological switch, rhizobia initiate the expression of both nitrogen fixation genes and genes encoding a high-affinity terminal oxidase.

During nitrogen fixation, cyanobacteria usually differentiate into heterocyst which is the particular N2-fixing cells at consistent intervals of every 10–20 vegetative cells (Hilton et al., 2016). A nitrogen-fixing cyanobacterium (Cylindrospermopsis raciborskii) which lacks a patL ortholog at each end separates the trichome by almost a hundred vegetative cells and serves as a special site for the biosynthesis of nifH and activation of nitrogenase enzymes (Plominsky et al., 2013). A unicellular, photoheterotrophic bacteria (Candidatus Atelocyanobacterium thalassa) which lives with the genus Braarudosphaera (prymnesiophyte), the host usually attains fixed nitrogen from Candidatus Atelocyanobacterium thalassa. This heterotrophic nitrogen-fixing cyanobacterium has a Gamma A nifH phylotype, which is a dominant characteristic of a large aquatic proteobacterial nifH group.


Nitrogenase Enzyme Complex

Fixation is the process in which nitrogen from the atmosphere moves into the soil. The symbiotic and associative N2 bacteria reduce the dinitrogen to ammonia using the nitrogenase enzyme. There is sufficient evidence showing the horizontal transfer of genes among the different prokaryotic species, for example green sulfur bacteria, proteobacteria, methanobacteria, and cyanobacteria (Ivleva et al., 2016). The nitrogenase enzyme consists of two metalloproteins (Figures 3B,C), (i) molybdenum-iron (MoFe) and (ii) Fe protein, which are named according to their metal composition. The molybdenum-iron protein, encoded by nifD and nifK, is a heterotetramer (α2β2) where actual binding and reduction of N2 take place. The Fe protein is a homodimer (α2) that is encoded by the nifH gene and responsible for providing electrons to the MoFe protein. These genes are part of the same operon and frequently appear as nifHDK (Dixon and Kahn, 2004). Besides, several genes such as nifBEN genes play a role in the biosynthesis of the iron-molybdenum cofactor of dinitrogenase, nifA, which is a regulatory gene, and nifF and nifJ genes encoding electron transport proteins are also present in the core operons. Thus, nitrogen fixation is regulated by nif regulon which is a set of various operons comprising genes encoding nitrogenases, proteins involved in electron transfer, and regulatory genes (Shin et al., 2016).

In addition to the molybdenum-iron nitrogenase system, two alternative vanadium and iron-only nitrogenases have been identified in Azotobacter vinelandii and Rhodobacter capsulatus that contain vanadium and iron at their active sites (Mus et al., 2018). These enzymes comprise VnfHDK and AnfHDK subunits that are homologous to the NifHDK subunits of Mo nitrogenase but only expressed under Mo-depleting conditions. Moreover, these nitrogenases contain either vanadium-iron or iron-iron cofactors at their active sites as well as additional components like VnfG and AnfG subunits with unknown function (Dixon and Kahn, 2004).

The BNF requires a reductant (flavodoxin, ferredoxin, or sodium dithionite) which delivers electrons for reduction of N2. In principle, six electrons are required for the reduction of N2 to NH3, but this process is also coupled with the generation of 1 mol of H2 (Newton, 2007). Therefore, in most of the diazotrophs, eight high-potential electrons are provided by reduced ferredoxin. The transfer of electrons from reductase to nitrogenase is also coupled with ATP hydrolysis by reductase.



Nitrogen Assimilation and Metabolism

The prime assimilation of nitrogen through plants comprises of the utilization of a diverse kind of NO3− or NH4+ (inorganic N), based on the availability of nitrogen, adaptation, and species of plants. The accumulation and sufficient assimilation of the secondary ammonia group (NH4+) also take place in the plants toward re-assimilating the ammonium ion which usually produces endogenously for different processes such as biosynthesis of phenylpropanoid, photorespiration, and amino acid catabolism in the plants (Betti et al., 2014).

The ammonia produced in legume nodules crosses the bacteroid membranes via diffusion and is taken up by the plant cell as NH4+ and/or NH3. To ensure the loss of ammonia via recovery by a bacterium from a plant cell, the bacterial NH4+ transporter AmtB is repressed in bacteroids which transports NH4+ in the opposite direction (Mus et al., 2016). The ammonia is then protonated in the acidic environment of the symbiosome and crosses the membrane through an NH3 channel and/or cation channel for K, Na, and NH4+ transport and subsequently assimilated into organic form in the cytoplasm (Day et al., 2001). The ammonia is assimilated into amino acids glutamine and glutamate through the action of enzymes such as glutamine synthetase (GS) and glutamate synthase which are produced during nodule development. The enzymes interact with different membrane transporters for efficient assimilation of ammonia; for instance, the cytosolic GS involved in the assimilation of ammonia to glutamine physically interact with nodulin 26, which can transport NH3 (Masalkar et al., 2010). Glutamine and glutamate act as nitrogen donors for the biosynthesis of essential amino acids and serve to translocate organic nitrogen to various parts in legumes as well as non-legumes.

Initially, glutamine and glutamate are used for the biosynthesis of aspartate and asparagine. Aspartate is an important part of the malate-aspartate shuttle that is involved in the translocation of electrons from mitochondria and chloroplast into the cytoplasm. It is a precursor for two main pathways: (i) synthesis of asparagine and (ii) synthesis of aspartate-derived amino acids such as lysine, methionine, isoleucine, and threonine (Xu et al., 2012). Asparagine is an important nitrogen storage and transport compound in legumes and non-legume plants and synthesized through the transfer of the amide group of glutamine to aspartate via the action of asparagine synthetase (Lomelino et al., 2017). Asparagine is catabolized to form ammonia through the asparaginase enzyme, and the produced ammonia is subsequently re-assimilated through the glutamate synthase cycle. The essential amino acids of the aspartate family appear to be synthesized in the chloroplast; however, the methylation of homocysteine which converts it into methionine has been shown to take place in the cytoplasm. Different amino acids are used to produce different proteins which constitute about 80% of plant N. Moreover, the purines which are components of nucleic acids contain nitrogen and are derived from two amide-N of glutamine, one amino-N of aspartate, and one amino-N of glycine. Similarly, pyrimidines are derived from aspartate and carbamoyl phosphate. The N of carbamoyl phosphate comes from the amide-N of glutamine via a reaction by carbamoyl phosphate synthetase with 2 ATP.



Termination of the Symbiotic Dialogue (BNF)

Usually, the nodules have a limited lifespan and the symbiotic process is terminated gradually. Nodule senescence can occur at various developmental stages of the legume or may be triggered by some environmental stresses. It is commonly believed that after infection and differentiation, bacteroids of indeterminate nodules are terminally differentiated and are unable to return to a free-living state, while bacteroids of determinate nodules are thought to retain the capacity for free-living growth and can undergo a reverse differentiation process upon nodule senescence (Dixon and Kahn, 2004). It is, therefore, hypothesized that polyhydroxybutyrate (PHB) accumulation by bacteroids in the determinate nodules and by undifferentiated cells in the infection thread of indeterminate nodules may function to give the rhizobial cells a competitive advantage when released into the soil after nodule senescence.




REGULATION AND PLANT GROWTH DURING BNF

BNF is an extremely complex biological process known to be very sensitive to environmental conditions. The development of advanced molecular biology and next-generation sequencing technologies has shown us details of basic machinery and regulatory networks during BNF. The basic mechanism and machinery are similar to those already described in rhizobia-legume symbiosis. Diazotrophs fix atmospheric nitrogen, which improves the nitrogen contents, and are found within the roots and in the phyllosphere of various C3 and C4 crops (Li et al., 2019). In addition to providing fixed-N, diazotrophs also improve the N uptake from the soil which may be due to a general increase in the root surface area (Islam et al., 2013) as a positive correlation has been demonstrated between N uptake and root architecture. Evidence shows that diazotrophic bacteria exhibit several other traits that are considered important for plant development and yield. Production of phytohormone, siderophores, HCN, and antibiotics; solubilization of phosphorus, zinc, and potassium; calcite degradation; and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity are some of the growth-promoting mechanisms exhibited by associative and symbiotic diazotrophs (Hakim et al., 2020).

Plant growth is a complex phenomenon. Plants themselves continuously produce and secrete compounds, including organic/amino acids, sugars, phenolics, and other secondary metabolites into their surroundings for the selective assemblage of those microbes which help out the plants through multiple ways on practical grounds (Ali et al., 2020). On the other side, there is always a competition between the soil microbes for the successful colonization of the roots, and in most cases, microbes exhibiting high affinity for the roots and having multiple traits are favored by the plants. The PGP activities of diazotrophs have a well-documented effect on overall plant growth and yield in natural environments as well as experimental settings (Dobbelaere et al., 2003). Studies also demonstrate their role in stress alleviation under drought, salt and heavy metal stress (Valentine et al., 2018), restriction of the phytopathogens (Rosenblueth and Martínez-Romero, 2006), and increased bioaccumulation of metals from the soils to the biomass of plants (Ullah et al., 2015). Moreover, cold-adapted diazotrophs have also shown their potential to alleviate cold stress (Suyal et al., 2014, 2019; Kumar et al., 2020). Compared to synthetic fertilizers (N) which provide a single source of nutrients, diazotrophs serve as a multipurpose fertilizer and plant growth stimulator. Important plant-beneficial traits of diazotrophs important for BNF are discussed in detail in the following section.


Role of Phytohormones

Phytohormone production by symbiotic and associative diazotrophs is the major mechanism promoting the growth of the host plant. Many plant hormones/growth regulators (auxins, gibberellin, cytokinin) are produced by these bacteria, and this ability is widespread (>80% inhabiting the rhizosphere) in the microbes. These hormones are important regulators of plant development, regulating different processes involved in root proliferation, early plant growth, root and shoot growth, plant elongation, etc. The secondary roots and root hairs are the preferred colonization sites for these diazotrophs. Rhizodeposition also takes place on the junctions of primary roots and rootlets for better and stable attachment to initiate nitrogen fixation and other cellular processes (Naqqash et al., 2020). Therefore, microbes act on the initiation of secondary roots and root hairs, cell division, and elongation in the roots. The bacterial association also regulates the plant’s inherent ability of hormone production, thus improving plant health (Carvalho et al., 2014). Microbial association and phytohormone production improve root growth and the root surface area, which facilitate the plant to harbor maximum sources of soil nutrients. A few examples of diazotrophs that produce phytohormones and their role in plant growth and development are described in Table 2.



TABLE 2. List of few diazotrophs with multi-trait characters important for the regulation of BNF and plant growth during BNF.
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Role of Soil Nutrients

The BNF is a complex exchange of nutrients between the partners. Both organisms change their metabolic routine to fine-tune and accommodate the BNF which is monitored and regulated by both partners. Apart from C and N, several other compounds are made available to symbiotic microbes especially in the case of symbiotic (endophytic) diazotrophs which rely on the host for their functioning. Nutrient application (e.g., P) improves the overall soil microbial N and soil N fixation rates (Reed et al., 2007) because P is essential for the metabolism of both the host and the microsymbiont. Nodules are strong sinks for P, and limited P decreases the BNF (Yelenik et al., 2013). The studies also support the fact that high plant P contents are required for the development of symbiotic BNF in legumes (Divito and Sadras, 2014). Iron is an essential component of nitrogenases as well as leghemoglobin and is usually transferred across the symbiotic membrane. Likewise, sulfur is also an essential component of the nitrogenase enzyme and transported through the symbiotic membrane (Krusell et al., 2005). Besides, diazotrophs required cobalt, molybdenum, and vanadium (Bellenger et al., 2008) and deficiency of any of these elements result in the development of nonfunctional nodules.

Multi-trait associative or symbiotic diazotrophs (enlisted in Table 2) solubilize the unavailable compounds of different nutrients (e.g., P, Zn, Ca, Fe, etc.) and convert them into plant-available forms, thus increasing their uptake to aerial parts of the plants (Dobbelaere et al., 2003) and having an overall positive impact on plant growth and BNF (Piceno and Lovell, 2000). Moreover, the stimulation of BNF in legumes has been reported by the addition of P-solubilizing arbuscular mycorrhiza (Pueschel et al., 2017).



Oxygen Regulation

The BNF enzyme “nitrogenase” is extremely sensitive to oxygen and rapidly inactivated in the presence of oxygen. Legumes, as well as non-legumes like Parasponia and actinorhizal plants, maintain microaerobic conditions through various mechanisms using various physiological strategies: (i) anaerobic growth to avoid high oxygen level, (ii) increased rate of respiration involving a specialized cytochrome, (iii) conformational protection under oxygen stress conditions which involve the association of a FeSII protein with nitrogenase thus temporarily inactivating the enzyme (Maier and Moshiri, 2000), and (iv) oxygen diffusion barriers through the production of an alginate capsule (Sabra et al., 2000). The microaerobic conditions trigger a signaling cascade in rhizobia which involves the activation of FixL which is an oxygen sensor protein. FixL induces the expression of transcriptional activator FixJ, which in turn activates nifA and fixK, subsequently inducing the expression of various proteins involved in BNF. Furthermore, the rhizobia express a heme-copper cbb3-type oxidase with high oxygen affinity. The nitrogenase enzyme of Streptomyces thermoautotrophicus is unaffected by the presence of oxygen. The enzyme contains manganese superoxide dismutase as nitrogenase reductase which shows no homology with nifH (Ribbe et al., 1997). Moreover, this Mo nitrogenase requires significantly lower energy as compared to standard nitrogenases.

In nitrogen-fixing cyanobacteria, different ecological, biochemical, and morphological adaptations are established to reduce the oxygen-associated complications. The paradox of oxygenic photosynthesis diazotrophs is resolved by the segregation of oxygen-sensitive machinery for the fixation of nitrogen in heterocysts. Oxygenic photosynthesis is separated from nitrogen fixation spatially or temporally in non-heterocystous cyanobacteria. In temporal separation, BNF happens during the shadowy period and photosynthesis during the light period, while in the spatial separation, the dominant non-photosynthetic cells develop and are involved in BNF and the upper green cells become photosynthetic (Issa et al., 2014).



BNF Under Stress

Several of the environmental conditions limit the growth and activity of the N2-fixing plant as well as the diazotrophs. BNF is mostly suppressed under different biotic and abiotic factors, e.g., pathogen, salt, drought, acidity, alkalinity, heavy metals, fertilizers, etc. (Zahran, 1999). These stress factors suppress the growth and BNF potential of most of the diazotrophs. Salt and drought stress inhibit the initial steps of BNF, i.e., root hair curling and infection thread development. A high stress level reduces the nodule number and size, or complete inhibition of nodulation, and nitrogen fixation is reduced due to a reduction in nodule respiration. Similarly, high temperature (above 35–40°C) affects root hair infection, bacteroid differentiation, nodule structure, and functioning (reviewed by Zahran 1999). Diazotrophs are highly sensitive to fertilizer-managing practices which reduce the diversity, abundance, and the structure of diazotroph community (Reardon et al., 2014; Wang et al., 2017; Xiao et al., 2020). T-RFLP profiling of N2-fixing bacterial communities in the rhizosphere was found decreased at higher N-fertilization rates, showing a negative influence of fertilizer on the abundance of diazotrophs (Meng et al., 2012). Metatranscriptomic analysis revealed a diverse set of diazotrophs associated with switchgrass roots with enrichment of a subset of diazotrophs in roots of N-deficient plants that exhibited the highest nitrogen fixation rates. Higher levels of N fertilization resulted in lower levels of associative nitrogen fixation (ANF) in the roots where at the maximum level (180 kg N/Ha) it essentially abolished the ANF (Bahulikar et al., 2020).

Many of the diazotrophs have ecologically evolved to manage these stresses by different mechanisms. Some of the diazotrophs are enlisted in Table 2. For adaptation under salinity, two distinct classes of osmoprotectants exist in diazotrophs: one such as proline, glycine betaine, and glutamate, and another which acts as a chemical mediator such as ectoine (Zahran, 1999). Drought-tolerant and heat-tolerant diazotrophs produce different enzymes and proteins and produce 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which lowers the concentration of ethylene in plant roots by catabolizing ACC, a precursor of ethylene. Consequently, the plant can cope with a variety of ethylene-inducing stresses and proliferate its root system. Diazotrophs can inhibit the growth of a diverse range of plant pathogens causing various diseases by producing antibiotics, hydrogen cyanide (HCN), and siderophores or inducing systemic resistance in the plants (Das et al., 2017; Ali et al., 2020). So, the development of diazotrophic inoculants with dual attributes of nitrogen fixation and antagonism against phytopathogens can contribute to increased plant growth and productivity.

Other diazotrophs, e.g., Cyanobacteria, are usually recognized from an extended evolutionary past due to their distinctive traits such as high yield of biomass, production of beneficial biofuels and by-products, and oxygenic photosynthesis, improving the fertility of the soil and saline soil reclamation.




CROPPING SYSTEM MODIFICATIONS TO UPSCALE BNF FOR AN ECOSYSTEM BENEFIT

The review and potentials, opportunities, and limiting factors of BNF suggest that many priority issues be addressed for researchers and policymakers. The involvement of diazotrophic microorganisms in the BNF process is one of the important agricultural practices to improve crop yield as well as environmental quality. Diazotrophs and host plants positively interact with each other, which help in reducing the demand of N fertilizers (Ai’shah et al., 2009). The total annual terrestrial inputs of N from BNF have been estimated from 139 to 175 million tons of N where symbiotic associations account for 25–30% (35–44 million tons of N) and permanent pasture accounts for the other 30% (45 million tons of N; Paul, 2000). Although the accuracy of the estimates of N inputs through BNF may be open to question, its relative importance in cropping and pasture system can be improved to substitute a part of the million tons of N fertilizer applied to the agriculture system annually (dos Santos et al., 2017).


Bioinoculants

BNF is no doubt an environment-friendly approach for the improvement of soil fertility and the production of crops (Bashan et al., 2004). Maximum benefits from BNF can be obtained by diazotrophic inoculation to different cropping systems. Several reports illustrate (few enlisted in Table 3) that the application of diazotrophs completely or partially eliminates the need for chemical N fertilizers. Inoculation of different rhizobia on respective hosts increases plant growth comparable to N fertilizer treatment (Jensen et al., 2020). An experiment with a combined application of N-15-labeled nitrogen and diazotrophs on pine reveals that 30% less nitrogen fertilizer is required when diazotrophic bacteria were applied (Bal and Chanway, 2012). In some cases, inoculated plants are even better as the bacteria contain multiple properties that stimulate a plethora of plant growth parameters rather than the sole N nutrition. These results and many more signify the fact that the diazotrophs partially fulfill the N needs of the plants and their inoculation at reduced N fertilizer gives similar growth and yield responses as those grown with full N fertilizers. This natural and eco-friendly crop fertilization will reduce the input of synthetic fertilizers to agriculture and reduce overall GHG emissions in the atmosphere.



TABLE 3. List of few diazotrophs’ inoculation under field conditions for BNF under reduced application of N fertilizer.
[image: Table3]

The main thing to consider is to have a clear understanding of the factors affecting BNF under field conditions for improving inoculum quality and ultimately strengthening the capacities of farmers. The need for improvising the BNF, particularly by fertilizers or in the symbiosis of N-fixing microbes, must be addressed internationally. The best tool for reducing the yield gap is the integration of BNF to plant-breeding programs and to develop better formulation technologies for bioinoculants. Furthermore, a significant percentage of the bioinoculants should be subsidized for small farmers like the chemical fertilizers.



Ecological Intensification and Crop Diversification

With ecological intensification (EI), it is possible to increase food production by redesigning agricultural lands in such a way that both biodiversity and ecological processes are not hampered. EI increases crop production per area by exploiting ecological processes that assist beneficial organisms by diversifying croplands and enhances profitability by minimizing the need for costly processes. The agricultural matrix can be made both more permeable and habitable to biodiversity by planting a variety of crops into landscapes which will help in conserving biodiversity gradually. EI practices facilitate the habitation and resources for colonizing beneficial organisms (e.g., microorganisms or soil invertebrates) that promote crop growth. Beneficial soil microorganisms cycle and/or supply nutrients to plants, while the invertebrates decompose organic matter and aerate soils and prey on crop pests (Kremen, 2020). Analysis of the effect of management (ecological intensive vs. conventional intensive) and comparison of the diazotrophic communities in both systems show that ecological intensive management promoted a beneficial N-related microbial community composition involved in N-cycling processes (Lori et al., 2020).

Crop diversification (CD) has proved to be beneficial to improve crop production as well as to reduce market and production risks which are caused by tremendous price fluctuations and uncertain water availability, respectively. These practices have reduced the risk of pests, drought, and diseases, hence increasing the overall productivity of the system without compromising the yield (Manjunatha et al., 2013). Many models and meta-analyses have reported that crop diversification is positively correlated with increased profitability and productivity (Letourneau et al., 2011; Davis et al., 2012; Avasthe et al., 2020). The CD practices include cultivation of diverse crops (Renard and Tilman, 2019), mixed cropping (Bedoussac et al., 2015), rotation of diverse crops (Reckling et al., 2016), and cultivation of region-adapted crop varieties (Yang et al., 2019). Crop rotations and cropping sequence diversity are essential factors influencing bacterial assemblages and species diversity because different crops produce different root exudates which attract different bacterial population. Soil fertility management, crop protection, and crop rotation have all been shown to exert significant effects on the soil microbial communities present in the agricultural soils. The effect of fertilization rate and crop rotation analysis on cyanobacterial diazotrophs community structure showed that rice-mustard-moong (RMM) crop rotation is more suitable for cyanobacterial nitrogen fixation than rice-wheat-maize rotation. Furthermore, nitrogenase activity was found higher in the cropped plots than fallow plots. The low fertility coupled with RMM rotation was found to be best suited for promoting nitrogen fixation by cyanobacteria to supply the rice plants (Jha et al., 2001).



Legume Integration

Legumes are regarded as agricultural and ecological wonders because they utilize the normal sources of nitrogen available in the air through BNF and improve soil fertility. The BNF ability of different legumes is variable; e.g., Leucaena 325, Lucerne 250, pigeonpea 220, cowpea 210, mung bean 200, soybean 110, groundnut 100, chickpea 102, and common bean 50 kg N Ha−1 (Serraj, 2004). The introduction of legumes into the pastures has been seen as the best strategy to improve nitrogen nutrition of grasses (between 75 and 97 kg N ha−1 in 97 days growth of Stylosanthes guianensis; Viera-Vargas et al., 1995). It was observed that the denitrification rate was lower in the unfertilized non-legume-cultivated areas in contrast to the legume-cultivated areas. This is an indication that by growing legumes and mineralization of the lower carbon-nitrogen ratio of its residues, the availability of soil nitrogen will increase (Zilli et al., 2020).

The addition of any legume crops in the current cropping system will have lasting benefits along with the enhanced crop productivity and profitability (Choudhury and Kennedy, 2004). The legumes in the cropping system will improve the abundance of diazotrophs (Joshi et al., 2007; Zou et al., 2020). Similarly, the addition of Pisum sativum in the agriculture system enhanced the abundance of free-living diazotrophs in Eastern Oregon, USA (Reardon et al., 2014). Rahman and Chima (2016) established a diagnostic model for crop diversification and revealed a significant correlation between diversifying a system into multiple crops and profit generation. So, crop diversity magnanimously contributes to overall sustainable agriculture.



Technological Development

Available information indicates that the current application of BNF at a large scale is generally constrained by the poor effectiveness and competitiveness of the technology compared to other alternatives for soil fertility management. This requires a concerted effort for improving the efficiency and stability of the technology, especially in a stressful environment. Different organic fertilizers, e.g., livestock manure and crop residues, contribute to the reestablishment of the diazotroph population (Liao et al., 2018). These properties of fertilization on rhizospheric diazotroph may be direct, due to the increased availability of several nutrients, for example phosphorus, carbon-nitrogen ratio, availability of nitrogen, and soil organic carbon, and indirect by different soil features, such as pH of the soil (Wang et al., 2016, 2017). Furthermore, the diazotrophs in the environment are prone to different harsh conditions of weather which may affect their stability and population. Investment in the BNF will ensure economic profitability, energy efficiency, environmental quality, and agricultural sustainability.

Nanotechnology holds great promise for upgrading the conventional fertilizer industry. Many nano-formulations of chemical fertilizers are being tested in the agriculture system that have low leaching losses, are not easily volatilized, and do not cause any deterioration to land quality. Nano-based products, e.g., nano-sensors, nano-pesticides, nano-fertilizers, nano-films, nano-magnets, and nano-filters, are available in the market which will change the agricultural production if applied on larger scale. Nanotechnology has materialized the concept of bacterial encapsulation where single and composite polymers are used as carriers of beneficial plant microorganisms to increase the performance and consistency of bioinoculants and minimize costs and the effect on the environment (Pacheco-Aguirre et al., 2017). Due to their smaller size, nanoparticles provide a large surface area for the diazotrophs to grow and enable plants to uptake nutrients slowly and sustainably as needed by plants. The coating shields diazotrophs from unfavorable environments and control a gradual release in the soil.

A new frontier would be to combine the benefits of nano-formulations of chemical fertilizers with the diazotrophs to formulate hybrid fertilizers. These fertilizers may be coated with biodegradable polymers that degrade slowly in the rhizosphere. It will function as a single multipurpose fertilizer that serves the purpose of biological nitrogen fixation and as a slow-releasing chemical fertilizer. It will minimize the chemical fertilizer input into the agriculture system, thus saving billions of dollars to the economy and the ecosystem. On the other hand, it will boost the fertilizer industry to a new hybrid fertilizer industry that will have more acceptability at the farmer level and national level and in the scientific community because it will be safer for future generations and the environment. This approach has been explained well in the Graphical Abstract.




SUMMARY AND IMPLICATIONS

Nitrogen is the major element required by the crops and is critical for growth yield. It has played a phenomenal role in the success of the Green Revolution but at the cost of adverse impacts on the quality of the overall environment. Chemical fertilizers are not available to everyone everywhere, and they cannot completely maintain the equilibrium of the ecosystem. The potential economic and environmental benefits of BNF favor investing in the diazotroph technology. Although BNF is already making a large contribution in total N-fixed globally, in agriculture, its use and benefits can be maximized by adding legumes in the cropping systems. Legumes have a large scope (species >3,000) with open prospects for developing ecologically sustainable and economically viable agricultural cropping systems. Field data of diazotroph inoculation to legumes and non-legumes presented in this review show that BNF can substitute 30–50% of the fertilizer-N demand of different crops. This not only saves the farmer input (by saving fertilizer) but also improves overall returns (by decreasing pollution and increased sustainability). Despite a lot of research and investment in BNF, problems like old-fashioned technology, inadequate availability, nonuniformity of product and results, and climate issues render the wide-scale adaptation by the farmers. To harness the maximum potential of BNF, technology should be improved and refined using the advancements made in the 21st century. Developing nano-hybrid formulations will improve not only efficacy, application, stability, and shelf life but also product uniformity. It will revolutionize the whole biofertilizer industry. Governments should encourage the private sector to come forward and develop a nano-hybrid inoculant industry. Farmer participation should be increased in technology development and evaluation. A holistic approach and better consideration of the market, agricultural policies, legislation, and investment of private sector will support the BNF to maximize the benefits for the ecosystem and beyond.
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Dynamic consortium of microbial communities (bacteria, fungi, protists, viruses, and nematodes) colonizing multiple tissue types and coevolving conclusively with the host plant is designated as a plant microbiome. The interplay between plant and its microbial mutualists supports several agronomic functions, establishing its crucial role in plant beneficial activities. Deeper functional and mechanistic understanding of plant-microbial ecosystems will render many “ecosystem services” by emulating symbiotic interactions between plants, soil, and microbes for enhanced productivity and sustainability. Therefore, microbiome engineering represents an emerging biotechnological tool to directly add, remove, or modify properties of microbial communities for higher specificity and efficacy. The main goal of microbiome engineering is enhancement of plant functions such as biotic/abiotic stresses, plant fitness and productivities, etc. Various ecological-, biochemical-, and molecular-based approaches have come up as a new paradigm for disentangling many microbiome-based agromanagement hurdles. Furthermore, multidisciplinary approaches provide a predictive framework in achieving a reliable and sustainably engineered plant-microbiome for stress physiology, nutrient recycling, and high-yielding disease-resistant genotypes.
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INTRODUCTION

Scientific research advances over the eons of time have propelled microbial coevolution and diversification as important forces in sculpturing and carving every accessible part of nature (Saleem et al., 2017). The taxonomically diverse microbial communities interacting with different components of ecosystem are acknowledged to be a major trait in terrestrialization of plants. Therefore, this multiorganismal assemblage and its synergistic relationships with the host shape the “holobiont” framework (Cooke et al., 2019). The holistic and interactive colonization of plants by ecologically diverse microbial communities is designated as plant microbiome (Foo et al., 2017).

The microbiota can exist persistently in, on, and around different tissues during plant life cycle (Nelson, 2018). Bacteria, fungi, protozoa, archaea, and viruses comprise diverse microbiota teaming with the plant. The study of multitrophic interactions between the two has greatly elaborated ecoevolutionary and functional understanding of host-microbe interactions. Rhizosphere, endosphere, and phyllosphere are the major microecosystems where bidirectional chemical dialog directly contributes to plant development, physiology, and systemic defenses and indirectly produce root exudates and other metabolites acting as nutrient sources and signals for modulating microbial composition (Mueller and Sachs, 2015). Host genotypic traits, developmental stage, soil properties, and environmental conditions harmonize the structural and functional dynamics of microbiome (Rossmann et al., 2017). This symbiotic interactome confers many adaptive advantages to plant growth and development viz. nutrient acquisition, stress resilience, modulation of hormone levels, disease resistance, enable toxin production, and increased root exudation (Singh et al., 2020).

Opening up of new high-throughput community analyses methods, next-generation sequencing techniques and meta-“omics” tools have greatly unraveled the multitrophic interactions present in the black box of plant microbiome (Ahmad et al., 2019). With the advent of these high-throughput technologies, plant beneficial microbes can be manipulated. In this scenario, microbiome engineering may be an alternative way to understand, manipulate, and develop corresponding technologies for developing microbial communities crucial to plant health and productivity (Prasad et al., 2018). The present review fosters various practical ways by which plant-microbial mutualism can be manipulated to enhance plant performance and agricultural productivity.



INTERACTIVE DIALOG WITHIN PLANT MICROBIOME

Decades of research have predicted that plants are naturally colonized by a congregation of microbes. The recognition was converted from single entities to a community conception. These microbes are aggregated in micropockets thriving either outside (rhizosphere), inside (endosphere), or on (phyllosphere) the plant. These three main microecosystems (Figure 1) are regions of chemical communications and are interconnected (Vandenkoornhuyse et al., 2015). The critical interface where plant roots interact intimately with the physicochemical and biotic components of the soil thereby harboring tremendous diversity of microbial communities is referred to as rhizosphere (Wang et al., 2020). Plant-root exudation and microbial substrate utilization traits are the main driving forces for promoting the abundance and metabolic synchronization of microbial communities (Brunel et al., 2020). Santoyo et al. (2016) have reviewed rhizosphere as a nutrient-rich reservoir for facilitating establishment and development of endophytic community. The plant endosphere is defined by complex microbial communities inhabiting and enduring within plant tissues with nonharming nature. Unlike rhizosphere, it receives additional advantage as one habitat without being affected by microenvironment variation and dynamics (Compant et al., 2019). In addition, phyllosphere is another microhabitat which comprises aboveground portions of plant forming an oligotrophic environment for hosting diverse microbial communities.
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FIGURE 1. The three main microecosystem involved in plant-microbe interactions.


Evolutionary experiments have underpinned the crucial role of microbial phylotypes in ecosystem functions (Liu et al., 2020). These dynamic microenvironments represent a fundamental way to connect bottom-up and top-down microbial diversity with each other. Collective microbial environments pose additional advantage by coupling Green Revolution and agricultural sustainability. The beneficial microbes in the microhabitat offer multifarious prospects to agroecological systems viz. nutrient solubilization, phytohormone production, nitrogen fixation, bioremediation, improved tolerance to biotic and abiotic stresses, alter plant phenology, modify morphological and size-related traits, and ultimately play a major role in mediating plant responses to climate change and variation (Han et al., 2016; Carrion et al., 2019; Liang et al., 2019). Molecular signaling and trophic interactions between the plant-shaped microhabitat mold the composition and activities of associated microbial populations (Chen X. et al., 2020). Furthermore, mounting evidence have highlighted the potential of beneficial microbes in enhancing plant beneficial traits (Table 1).


TABLE 1. Beneficial traits conferred by microbial communities on host plant.
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Knowledge of the chemical communication between plant and plant, microbe and microbe, and plant and microbe is essential to unveil the complexity of these interactions. Reductionist approaches reveal that plants produce an impressive cocktail of insoluble and soluble low molecular weight organic compounds, known as root exudates/semiochemicals (Quiza et al., 2015; Zhang et al., 2015). This arsenal of secondary metabolites causes inducible structural and physiological modifications in the rhizosphere for the establishment of the microbial communities (Senthil-Kumar and Mysore, 2013). Most of these plant metabolites are synthesized through complex isoprenoid, phenylpropanoid, alkaloid, or fatty acid/polyketide biosynthetic trackways. Flavonoids, coumarins (phytoalexins), benzoxazinoids, strigolactones, terpenoids, malic acid, camalexin, and ethylene are important chemical mediators in the beneficial plant-microbe interaction (Stringlis et al., 2019). The plant exudates are either actively produced or elicited when exposed to certain threats and environmental conditions (Morel and Castro-Sowinski, 2013). These rhizodeposits generate quorum sensing response in microbial communities and also secrete various signaling compounds such as antibiotics, volatile molecules, phytohormones, organic acids, amino acids, sugars, and surface receptors (pattern-recognition receptors) (Zhang et al., 2015; Arif et al., 2020).

Literature reports have addressed the importance of exudates in aboveground and belowground “signalomics,” encouraging symbiosis, minimizing diseases, combating herbivores and pathogen attack, and upregulating growth-promoting traits (Velmourougane et al., 2017; Chagas et al., 2018). The importance of root exudates in modifying the structure and activity of rhizosphere microbiome is well investigated by Lombardi et al. (2018). Their study demonstrated that the roots of stressed plants release peroxidases and oxylipins which act as a chemoattractant for establishing the growth of biocontrol fungus Trichoderma harzianum. Shaposhnikov et al. (2020) also demonstrated the role of root exudates in creating a favorable environment for promoting the growth of beneficial rhizobacteria over phytopathogens. They assessed that barley root releases a repertoire of aromatic carboxylic acids as antimicrobial compounds for suppressing the growth of phytopathogenic fungus Fusarium culmorum. In contrast, fewer antimicrobial root exudates were released in the presence of antagonistic bacterium Pseudomonas fluorescens, therefore, enhancing the assembly of root-beneficial rhizobacteria. Another study conducted by Jin et al. (2019) reported the potential of maize root exudates in inducing chemotactic response, swarming motility, and biofilm formation. Their study establishes that the various components of maize root exudates such as organic acids, amino acids, and sugars significantly enhanced the chemotaxis, cluster movement, and biofilm formation of Bacillus velezensis in rhizospheric soil and root tissue. These observations gained significant focus in understanding plant-microbe interaction via plant root exudates/semiochemicals. It is worthwhile to understand and manipulate the functions of this “second genome” for future diagnostics and therapy in plants.



MICROBIOME ENGINEERING

Amidst climate change and human population growth, the global demand for increasing crop production is expected (Hamilton et al., 2016). For sustainable agriculture, plant-microbial mutualism will help by imparting resistance against biotic and abiotic stresses by enhancing plant health and productivity.

The diversity and composition of microbiota culminates in imparting unique characteristics to the host plant and exert a selection pressure in both natural and managed environments. Lumibao et al. (2020) reported elementary insights on how rhizospheric microbial variation in an engineered ecosystem can greatly influence plant provenance. Their study established the crucial role of feedback mechanisms at plant-soil-microbe interface in shaping the plant intraspecific variation in a depauperate ecosystem. However, the reverse hypothesis recognizing the role of plant genotype in leaving phylogenetic signatures on the rhizosphere microbiomes has been proved experimentally for the first time by Perez-Izquierdo et al. (2019). Their finding establishes a good communication between host-genotypic effects and the environmental effects leading to better performance.

Similarly, engineering the banana endospheric bacterial cell walls (Enterobacteriaceae) with 1-aminocyclopropane-1-carboxylate (ACC) deaminase serves as a promising method in imparting resistance against Fusarium wilt progression in banana. Synthetic microbial community has been implicated in studying the priority effects and keystone species in the phyllosphere of gnotobiotic Arabidopsis model system (Carlstrom et al., 2019). Such a valuable approach helps in testing the fundamental principles responsible for shaping community structure in the phyllosphere. Therefore, engineering the incredible diversity of microbes associated with the host plant serves as a stepping stone in the elucidation of microbiota structure and gene functions. Herein, undermentioned techniques have been enlisted to modify/engineer beneficial microbiome function and services that ensure plant productivity through several generations.


Soil Amendments

The interconnection of climatic, edaphic, and biotic conditions collectively regulate the physicochemical properties of the soil. Soil structure, organic matter, pH, texture, temperature, quality, and quantity of carbon inputs (root exudates) and nutrient status create conducive environment for the distribution and functional activities of microbial species (Gomez-Sagasti et al., 2018 and Igiehon and Babalola, 2018). Plant metabolites in the root region exert feedback effects on the selection of the microorganisms for colonization. This elicits several responses leading to healthier ecosystem functionality. Such characteristics pay dividend to both plant health and soil-type–specific microbial assembly (Luo et al., 2017).

Soil amendments can include organic additions which may optimize productivity leading to stable agroecosystem function. Organic amendments initiate a cascade of events between different ecosystem trophic levels by manipulating soil biophysical properties, heterogenous distribution of microbial species, and plant traits. The application of organic amendments influences the composition, distribution, and structure of microbial community (Cesarano et al., 2017). They possess multitude advantages propagating with significant changes in soil fertility, plant and microbial biomass, root traits, tissue elemental composition, substrate utilization, and decomposability (Ganesh et al., 2015).

The essential role of organically managed soil systems over conventional systems have been potentially studied by Lupatini et al. (2017). They assessed the composition and diversification of microbial taxa by employing next-generation sequence techniques based on the 16S rRNA gene. Their study provides a comprehensive insight into the phylogenetic richness, diversity, and heterogeneity of soil microbiota being effected by various soil health treatments. This notion that organic amendments positively influence the soil chemistry, microbiota composition, and crop productivity (Eruca sativa) was further supported by the study of Bonanomi et al. (2020). Frequent addition of organic substrates like biochar, alfalfa hay, and glucose offers a reliable and effective approach for the sustainable management of soil fertility. Similarly, Obermeier et al. (2020) also studied the effects of pelletized spent mushroom substrate (organic substrate) in combination with mineral fertilizer on agricultural soil health and performance of Hordeum vulgare L. Their results highlighted the effect of organic additions in enhancing plant performance and soil bacterial diversity.

Bonanomi et al. (2020) focused on the conducive effects of organic manipulation strategies in inducing plant growth and suppression of plant pathogens. The substantial organic additions work by enhancing the decomposition process which triggers symbiotic microbial colonization and indirectly results into pathogen suppression either by direct parasitism or by production of secondary metabolites with biocontrol potential. The idea of using microbial amendments to enhance crop productivity as investigated by their studies reap potential benefits to the agroecosystem by alleviating the toxic effects of oligotrophication and reduced external inputs. A comprehensive understanding on marked functional implications of soil amendments in manipulating plant-microbe links has been overviewed by Tosi et al. (2020). They reviewed latest trends in optimizing the unique scenario of interactive microbiome at plant-soil interface. Besides organic additions, agricultural practices like rotation, cover crops, intercropping, tillage practices, and multicropping leverage benefit in shaping the diversification of rhizospheric and endospheric microbiota.

In general, application of organic amendments regulates soil nitrogen cycle, improves soil water retention, and improves carbon sequestration and mitigation of climate change effects which ultimately influences plant health and productivity.



Microbe-Based Manipulations

Host-associated microbial community forms synergistic relationships and displays population-based behavior having immense implications for human food security, biodiversity, and agricultural productivity. These interactions influence the physiology of the host by addressing urgent environmental challenges. Hence, it represents an appealing target for in situ microbial engineering.

The frequent application of microbial communities as bioinoculants for increased nutrient mobilization, stress resilience, and plant growth-promoting traits has been well documented (ALKahtani et al., 2020; Alok et al., 2020). Magallon-Servin et al. (2020) designed a consortia of phosphate rock-solubilizing bacteria for testing their capacity in phosphate solubilization, biofilm formation, and root colonization. Their study underscores the promotion of maize seedling growth in low-phosphorus soil amendments under greenhouse conditions by using selected biocompatible multispecies consortia. Similarly, Veeramachaneni and Ramachandrudu (2020) conducted a study for assessing the influence of bioinoculants on oil palm seedlings (Elaeis guineensis Jacq.). They reported the efficacy of microbial-based crop amendment in modulating the dynamics and enzymatic potential of rhizospheric microbes thereby promoting the establishment of healthy oil seed crop. Integration of reductionist approaches by vertical transmission of microbial species is of paramount importance in agricultural settings for upregulating plant growth and development, some of the examples of which have been tabulated (Table 2). This is often associated with navigating the plant system for manipulating genetic, biochemical, physical, and metabolic parameters of the plant (Agler et al., 2016; Qiu et al., 2019; Vannier et al., 2019; Khan et al., 2020).


TABLE 2. Microbial inoculations enhancing plant growth-promoting traits.
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Recently, there is a surge of interest in accelerating the progress of microbiome research with profound effects on environmental fluctuations. In this context, a series of reductive experiments were carried out for evaluating the capability of endophytic Salicaceae consortia in mitigating abiotic stresses (Aghai et al., 2019). The results of the study affirmed the employment of multispecies consortia as seed or field amendment in garnering a positive conifer seedling performance. Similar to this, Syed et al. (2020) also developed a consortium of plant growth-promoting rhizobacteria (PGPR) in introducing resistance mechanisms against early-stage diseases in Arachis hypogaea. Therefore, such an addition of PGPR consortia is not only significant as biocontrol agent but also imparts multitude growth characteristics to the plant.

For addressing the knowledge gaps between microbe and microbe interaction dynamics, synthetic biology has emerged as an effective probe. It is a field for designing, predicting, and manipulating the behavior of natural microbial populations with focus on specific applications. Recent advancements in next-generation sequencing (NGS) platform, gene editing technologies, culture independent analysis, meta-“omics” and bioinformatics tools have provided a top–down approach for creatively synthesizing synthetic microbial consortia. Synthetic biologists are honing their ability for revolutionizing agricultural productivity by introducing genes from other photosynthetic microorganisms or by in vivo construction of synthetic metabolic pathways (Ogawa et al., 2015; Long et al., 2016; Schwander et al., 2016).

Recently, a novel strategy was introduced known as synthetic microbial communities (SynComs) based on tailoring plant-microbe interactions by recruiting and manipulating microbial consortia with enhanced colonization, prevalence, and stress-resilient traits. Such synthetically designed microbial inoculants bridge ecology and genetics of microbial communities in sustainable agricultural outcomes (de Souza et al., 2020). Such microbial-based manipulations hold great promise in challenging the global stagnation in terms of crop production, biomass requirement, and climate uncertainties.



Plant-Based Manipulations

To address the global and environmental challenges including climatic variations, desertification, salinization, emergence of new diseases, and resistance to biotic and abiotic stresses, there is a need to look for holistic and sustainable approaches that ensure the global conservation of food resources (Garcia et al., 2020 and Ulian et al., 2020). In this context, plant-based manipulation strategies focused on advanced molecular biology techniques, biochemical approaches, mutagenesis, selection, and breeding of crop varieties have significantly unraveled the plant system against various environmental changes (Table 3). Furthermore, the continued success of renowned Green Revolution can be achieved by high-throughput transcription profiling, identification of specific protein network on large scale, molecular modeling and their association with environmental changes for improved agricultural traits and increased yields (Mahfouz et al., 2016; Jangra et al., 2017).


TABLE 3. Methods adopted for plant based microbiome engineering.
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With the emergence of site-specific nucleases (TALENs), targeted mutagenesis, genome-editing tools like CRISPR/Cas systems, the discovery of novel traits, trait development, site-specific genome modifications have been enabled across the plant kingdom. The use of CRISPR/Cas systems in the targeted engineering of crop traits has been well studied. Butt et al. (2018) studied the CRISPR/Cas9-mediated targeted disruption of carotenoid cleavage dioxygenase (ccd7) in rice (Oryza sativa), controlling a key step in strigolactone biosynthesis and resulting in increased tillering ccd7 mutants. Such an unprecedented engineering of plant architecture traits underpins the single-base level control of CRISPR/Cas systems. In concomitant with the previous study, IR64 rice lines resistant to rice tungro spherical virus (RTSV) were developed by targeted mutagenesis of eIF4G. The CRISPR/Cas9-induced mutations resulted in the generation of novel eIF4G alleles for the production of RTSV resistance varieties (Macovei et al., 2018). The application of CRISPR/Cas9 system has also been reported in preferable endogenous gene modifications (Okuzaki et al., 2018). Gene editing of an agronomically targeted fatty acid desaturase 2 gene (FAD2) in Brassica napus using the CRISPR/Cas9 system resulted in desirable mutant alleles with increased oleic content. Such a cutting edge plant-genome engineering techniques stand poised in shaping and sustainably conserving the architecture of “Green Revolution” (Sedeek et al., 2019).

Simkin et al. (2017) generated transgenic Arabidopsis plants with altered combinations of sedoheptulose 1,7−bisphosphatase (SBPase), fructose 1,6−bisphophate aldolase (FBPA), and the glycine decarboxylase−H protein (GDC−H) gene coding for three different enzymes of the Calvin–Benson cycle and photorespiratory pathway. This multigene stacking results in cumulative increase in photosynthesis, biomass, and seed yield. Designing synthetic carbon-conserving photorespiration bypass routes by metabolic engineering can also be used as a strategy in this direction. Trudeau et al. (2018) used this strategy for two enzymes namely, acetyl-CoA synthetase and propionyl-CoA reductase. These enzymes enable the formation of glycolate reduction module, i.e., recycling of glycolate to ribulose 1,5-bisphosphate without the loss of CO2. Lopez-Calcagno et al. (2019) engineered tobacco plants for increased biomass by overexpressing photorespiration-limiting H-protein of the glycine cleavage system using the leaf−specific promoter ST−LS1. CRISPR/Cas9−mediated editing of SlJAZ2 has been used to prevent stomatal reopening and thus providing resistance. Ortigosa et al. (2019), designed tomato resistant varieties against Pseudomonas syringae pv. tomato (Pto) DC3000 pathogen (causing bacterial speck disease) using this strategy.

The prerequisite for targeted improvement of traits is the use of molecular scissors capable of introducing site-specific double-stranded breaks (DSBs). Such nuclease-induced breaks stimulate the cell’s DNA repair machinery for repairing these DSBs either by nonhomologous end-joining (NHEJ) or by homology-directed repair (HDR). NHEJ results in frameshift mutations creating functional knockouts of a gene. Unlike NHEJ, HDR introduces specific point mutations or a new gene sequence by precisely modifying/repairing genome with oligonucleotide template with homologous ends or arms to the DSB flanking sequence. Such programmable site-specific techniques are used for targeted improvement of crop traits (Butt et al., 2018; Sedeek et al., 2019). Therefore, harnessing engineered variants of eukaryotic genes will pave way for significant improvement in plant yield and food security. Also, key advances in functional genomics will anticipate forward synergies in genomics and plant-breeding techniques for improved crop genetic resources, new cultivar development, and targeted crop improvement.

From an agronomic perspective, key gene players of biosynthetic and metabolic pathway can be targeted at the transcriptional, posttranscriptional, and posttranslational levels for the manipulation and better understanding of pathways. Gene clusters like Phenylalanine ammonia lyase (PALs), Flowering Locus T-Like (FTL), Calcium–dependent protein kinases (CDKs), and other regulatory networks has undergone substantial editing with better performance-tailored plants (Nagegowda and Gupta, 2020; Yadav et al., 2020 and Schulz et al., 2021).

Furthermore, the introduction of microbial genes in plant system for improving biomass yield and photosynthetic efficiency has been well presented in the study of Hay et al. (2017). They transformed the soybean (Glycine max cv. Thorne) with cyanobacterial inorganic carbon transporter B (ictB) gene and found that transgenic plant showed increased photosynthetic rates and biomass production. In accordance with this finding, constitutive expression of cyanobacterial fructose-1,6/sedoheptulose-1,7-bisphosphatase in Glycine max leads to significantly higher carbon assimilation and seed yield under elevated CO2 and temperature conditions as reported by Kohler et al. (2017). Not only this, diverse strategies focusing on improving nutrient uptake, use of broad-host range plasmids for engineering microbes, and improved CO2 fixation efficiency were also targeted. The genetic transformation of cytochrome c6 (UfCyt c6) gene from Ulva fasciata Delile in tobacco was reported for the first time by Yadav et al. (2018). The study reported higher quantum yields of PSII, stomatal conductance, and transpiration rate in transgenic tobacco plants, hence, providing deeper insights into in vivo realization of photosynthetic enhancement by improving photosynthetic electron transfer and water use efficiency. Another feasible approach focused on improving carbon fixation efficiency was studied by Yu et al. (2018). They reported the in vitro designing and investigated the in vivo functional demonstration of synthetic malyl-CoA-glycerate (MCG) pathway in Escherichia coli and photosynthetic organism Synechococcus elongates PCC7942o for optimal synthesis of acetyl-CoA. Nonetheless, the elucidation of data from omics−based system biology has come up as an innovative and powerful tool for heterologous engineering of plant traits.

Therefore, deep understanding of various techniques at soil, microbe, and plant level will surely open a new window in harmonizing the complex assemblages of phytomicrobiome. Furthermore, combined analysis will act as selective force in sculpting intrinsically complex, heterogenous, and dynamic microbiome assembly. However, these manipulation strategies are hindered by current technical gaps, thereby hampering future commercialization and adoption strategies. These include root exudate composition, root architecture, induced systemic response, competition by indigenous soil microflora (at root-soil interface), poor microbial colonization, environmental stress conditions, limited persistence, inability of mutual recognition (at plant-root interface), host genotype, lack of in situ manipulation tools and standardization protocols (at the host level). These knowledge gaps can further be addressed by QTL mapping and integration of various meta-omics approaches (metagenomics, metatranscriptomics, and metabolomics). Implementation of synthetic biology techniques for the discovery of novel phages, plasmids, and transposable elements for in situ microbiome engineering will possibly help in the establishment and success of healthier microbiomes.




CONCLUDING REMARKS

In view of the complexities of microbial interactions, “microbe-friendly” plants or genetically engineered/edited plant genome will lead to field success by strengthening plant health and preparedness against environmental fluctuations. This microbial fortification will enhance gene expression, enzymatic parameters, nutrient uptake, and biocontrol response. Thus, strategic manipulation and inoculation of microbial multispecies will have more impactful response on plant growth performance by minimizing chemical farm inputs. In this scenario, microbiome engineering offers exciting opportunities for understanding and engineering individual organisms to the entire ecosystems. This envisioned technology will reveal a vast diversity and elegance underlying natural microbial ecosystems at the frontier of nutritional and ecological demands. The transcendental role of microbes in the field of basic sciences, human health, and agriculture is worth mentioning at the frontier of synthetic biology strategies. However, many of the associated technologies of bioengineering are still in its infancy and require a regulated framework for examining its future in crop improvement programs.
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Properties Bacillus sp. TS2 Bacillus sp. Enterobacter
STL7 sp. BC-8
Plant Triticum aestivum Solanum S. tuberosum
tuberosum
Organ Stem Leaves Leaves
Cell morphology Rod Rod Rod
Gram'’s reaction + + -
Spore forming =2 + -
Grow at 4°C - - -
Grow at 50°C = - -
Grow at 60°C = - -
Anaerobic — - £
conditions
Amylase + + -
Protease + + +
Gelatinase e = =
Lipase e ~= =
Catalase + + +
RNase + + -
Acid from + + +
glucose
Gas from glucose - - +
Acid from + + +
sacharose
Acid from + + +
mannitol
Acid from lactose = + =
Growth on -+ -+ +
Simmons’s
medium (citrate)
Urea hydrolysis + - -
Voges-Proskauer + + +
NHs production - - +

Indole production
H»S production
Pigment
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Mean monthly temperature,°C

May June July
2019 14.91 17.39 18.05
2020 13.87 15.83 20.1
Average (2004-2019) 13.3 16.7 18.5
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Variant/ Bacillus sp. Bacillus sp. Bacillus Bacillus B. subtilis B. thuringien- Enterobacter  B. thuringiensis
parameter TS2 STL7 thuringien- subtilis 26D sis sp. BC-8 B-5689
sis 11VM B-5351

B-6066
RNase, 6.45+1.03a 5.87 £ 0.96a 6.02 £+ 0.86a 3.04 £ 0.55b 3.97 £0.77a 1.32 £ 0.08¢c od 2.64 £ 0.04b
OD/min-ml of
culture medium
Endophyticity, 120.0+ 14.2a 3.5+01b 90.0 £ 13.4¢ 80.0+128¢ 350.0 + 15.6d 70.0+£12.3¢ 0.01 £0.001e 3.04+0.11b

CFU * 10%/g of
wet mass

—, none detected.
Data represented as mean values + standard error;

Values followed by the same alphabet within a row are not significantly different from each other by Tukey HSD test P < 0.05.

CFU, colony-forming units; HSD, honestly significant difference.
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Heat shock proteins

Heavy metal resistance
Cobalt-zinc-cadmium resistance

Magnesium transport

Copper homeostasis

Zinc homeostasis

Zinc, cadmium, lead and mercury homeostasis

Zinc homeostasis

Manganese homeostasis

Drought resistance

Gene name

CspA
CSpA
CcspA
smpB
hsiR
ibpA
ibpB
hspQ

czcD
corA
corC
CcobA
CopC
CopD
CUSA
cusB
cusF
cusC
cusk
cusS
CcopA
ZnuA
znuC
znuB

zupT
zntA
adhP
htpX
zntB
mntR
mntH

nhaA
chaC
chaB
chaA
proB
proA
proQ
proV
proW
proX
proP
proS
betA
betB
betT
gabD
irkA
trkH
trkH
kup
kdpE
kdpD
kdpC
kdpB
kdpA
kdpF

Gene annotation

Cold-shock protein CspE
Cold shock-like protein CspF
Cold shock-like protein CspC
SsrA-binding protein
Heat-shock protein Hsp15
Heat-shock protein
Heat-shock protein IbpB
Heat-shock protein HspQ

Cobalt-zinc-cadmium efflux system protein

Magnesium transporter CorA

Magnesium and cobalt transporter

Cob(l)yrinic acid a,c-diamide adenosyltransferase

Copper resistance protein C

Copper resistance protein D

Cu(l)/Ag(l) efflux system membrane protein CusA/SIIA
Membrane fusion protein, Cu(l)/Ag(l) efflux system
Cu(lyAg(l) efflux system periplasmic protein CusF

Outer membrane protein, Cu(l)/Ag(l) efflux system
Two-component system, OmpR family, copper resistance phosphate regulon response regulator CusR
Two-component system, OmpR family, heavy metal sensor histidine kinase CusS
Cu™-exporting ATPase

Zinc ABC transporter substrate-binding protein

Zinc ABC transporter ATP-binding protein ZnuC

Zinc ABC transporter permease

Zinc/manganese transport system substrate-binding protein
Zinc/manganese transport system ATP-binding protein

Zinc transporter ZupT
Zinc/cadmium/mercury/lead-transporting ATPase
Zinc-dependent alcohol dehydrogenase

Zinc metalloprotease HtpX

Zinc transporter ZntB

Transcriptional regulator MntR

Manganese transport protein

Mn-containing catalase

Nat:H+ antiporter, NhaA family

Cation transport protein ChaC

Cation transport regulator

Ca?*:H+ antiporter

Glutamate 5-kinase

Glutamate-5-semialdehyde dehydrogenase

ProP effector

Glycine betaine/L-proline ABC transporter ATP-binding protein
Proline/betaine ABC transporter permease Prow
Glycine betaine ABC transporter substrate-binding protein
Proline/betaine transporter

Proline—tRNA ligase

Choline dehydrogenase

Betaine-aldehyde dehydrogenase
Choline/glycine/proline betaine transport protein
Succinate-semialdehyde dehydrogenase [NADP (+)]
Trk system potassium transport protein TrkA

Trk system potassium uptake protein

Trk system potassium uptake protein

Potassium transporter Kup

DNA-binding response regulator

Two-component sensor histidine kinase
Potassium-transporting ATPase subunit C

K* -transporting ATPase subunit B
Potassium-transporting ATPase subunit KdpA

K -transporting ATPase subunit F

E.C. number

2.713.3
3.6.3.54

3.63. -

3.6.3.33.6.3.5
1.1.14
3.4.24.

2.7.2.11
1.21.41

3.6.3.32

6.1.1.15

1.1.991

1.2.1.8
1.21.161.21.791.2.1.20

27133
3.6.3.12
3.6.3.12
3.6.3.14

Chromosome location

1250628-1250837
2524947-2525147
2829049-2829258
3578158-3578640
4329724-4330125
10924-11379

115616-11944

1617738-1618055

1346027-1346959
4489170-4490120
1274635-1275558
2652149-2652739
2849097-2849468
2848226-2849095
2326056-2329196
2329207-2330454
2330466-2330804
2330833-2332218
2332380-2333063
2333053-2334507
1099416-1101914
2864950-2865981
2865972-2866727
2866724-2867509
3653025-3653882
3654781-3655434
3987096-3987869
282265-284436

2407431-2408441
2834324-2835202
2581221-2582204
1415279-1415752
3360108-3361283
2257406-2258278

683880-685010

2718487-2719182
2719360-2719590
2719861-2720961
913547-914650

914662-915915

2837467-2838153
3632168-3633370
3633363-3634427
3634437-3635432
389805-391307

865261-866979

1187889-1189553
1189567-1191039
1191769-1193802
589996591366

4256588-4257964
4458220-4459671
3960701-3962176
4660743-4662611
1302671-1303348
1303345-1306032
1306033-1306608
1306621-1308669
1308688-1310367
1310867-1310570
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Cysteine synthase A
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Ste Soilgroup pH(S) pH(S) ToalN TotalN(mg/o) TotalC  TotalC(mg/g) TotalP Total P(mgg) Tomatobiomass(SF) Al  Altide Latitude Longitude Collection

(mg/g)(S) ) (mgg)(s) (A (mao)(s) (P (dry weightin g) Date
AL Praczem 72 60 0623 1721 1653 9108 0000 016 0221 488 140 20849 103855 1182014
NAY2 Cambs 57 61 683 16667 19347 22088 0463 0284 0083 565 38 218 105083 1182014
JAS Luvisol 65 68 3% 1779 02863 25683 0475 0263 0000 461 182 20821 102798 1162014
NAY3 Cambsd 69 69 2027 11584 9924 18560 0157 o197 0204 a1 4 22142 -105261 1182014
SLPI Kastanozem 69 78 9702 ss8 7038 14637 04d7 0287 o767 21 210 21988 101277 11102014
201 Cambsol 50 72 6433 12961 a9 5117 o324 0347 0017 25 2221 22818 102696 11/102014
SN Praczem 78 74 7523 2005 682 26452 0877 042 0223 208 25 22088 105880 1182014
JAS Uitosol 74 79 2188 26011 5067 5427 0235 o1e 0199 4 138 21179 104500 1182014
AL Pamosol 75 76 182 1.3%9 .48 145 ome o164 0313 20 110 21162 101853 1162014
AGST Parosol 80 83 5671 1246 19616 2201 0268 028 0260 202 2009 2188 -102121 11102014
GTO! Vetsd 83 86 12208 13357 22733 1856 0378 0323 0250 320 1708 20580  -100947 11112014
GTO8 Versd 84 84 2620 6008 1089 10378 0271 0323 0180 202 2012 2087 100678 111172014
JA2 Praczem 86 90 2075 8646 1499 13285 001 0336 0219 82 791 21253 102208 1162014
GTO2 Vertsd 86 87 7089 18048 18008 17722 04 0417 0156 338 710 20721 101329 11112014
0GO1 Pamsol 89 89 5018 083 2336 28778 0251 0208 0156 338 1906 24006 104385 9112014
SN2 Regosd 91 88 18578 491 49131 5008 1103 0157 o314 2 10 23208 106470 O/112014

Sois were classiied according 10 the United Nations" FAO edaphological charts. The main aftrbutes of the sois used n this work are samping locaton, altiude (m..s.) Lang's Adity Index (A and contents of
carbon, nitrogen, and phosphorus. initial refers o source sol (Si) and final fo common garden experiment output soll (FS) measurements.
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Species.

Tricholoma matsutake
Wikcoxina mikolae.

Suillus granulatus
Oidiodendron echinuiatum

Pseudogymnoascus
pannorum

‘Cladosporium sp.

Fusarium oxysporum
Cadophora finlandica
Leptosphasria sp.
Tiichocladium sp.

Chaetomium sp.

Suils uteus.
Tomentela sp.

Cylindrocarpon
Ppauciseptatum

Iiyonectria sp.

Penicillum ochrochioron
Phiglocephala fortini
Dactylonectria sp.

Trchoderma virde
Paraphacosphaeria
sporosa

Xenochalara juniperi
Hyaloscyphaceae sp.
Helotiales sp.

Tichoderma sp.
Oidodendron odogenum
Penicilium sp.
Oidiodendion sp.

Knufia sp.
Entrophospora sp.
Fusarium sp.

Talaromyoss sp.
Exophiala sp.

Sebacina sp.
Corynascola inaequalis
Pseudogymnoascus
pannorum

Cadophora finandica

OTUs in bold font indicate keystone taxa.
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T. matsutake
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NCBI blast result

Tricholoma matsutake
Wilcoxina mikolae

Suilus granulatus
Oldodendion echinulatum
Geomyces pannorum

(= Pseudogymnoascus
pannorum)

Cadosporium
cladosporioides

Fusarium oxysporum
Cadophora finlandica
Leplosphaeria sp.
Tiichociadium sp./
Humicola grisea
Trichocladium griseurn)
Chastomium
angustispirale/Humicola
grisea

Suils luteus

Tomentela tedersooi
Dactylonectria pauciseptata
(= Cylindrocarpon
Ppauciseptatum)
Iyonectia
lifodendriflyonectria
destructans

Peicilfum ochrochioron
Phislocephala fortini
Dactylonectria
torresensis/Dactylonectria
alcacerensis

Trchoderma virde
Paraphacosphacria
sporulosa

Xenochalara juniperi
Hyalosoyphaceae sp.
Helotiales sp.

Tichoderma sp.
Oidiodendron odogenum
Penicilium sp.
Oidiodendron
tenuissimum/Oidiodendron
griseum

Knufa sp.

Entrophospora sp.
Fusarium acuminatum/
Fusarium trcinctum
Talaromyces amestolkiae
Exophiala sp.

Sebacina sp.

Corynascela inacqualis
Pseudogymnoascus
pamorum

Gadophora finandica

Accession
No.

JF908729

JQ310817.1
AY898617.1
AF062791.1
IX131873.1

MK268136.1

MT453206.1
KT182905.1
238777

MT348608.1/
MHB50093.1

MT453288.1/
MHB60993.1

KX213740.1
NR121350.1
MK602783.1

MK602788.1

MK450704.1
KF313097.1

MKE02787/
MKB02786

KU202217.1
MT576023.1

IX869564.1
AB986450.1
LC218319.1
MK871291.1
AF062803.1
MKA50684.1

MHB54345.1/
AF062797.1

KX610444.1
AY035666.1
MT294407.1/
MT453281.1
MN511323.1
MF619956.1
KY271862.1
MT453282.1
MHB54616.1

Q0690451

Identity

100.00%
9071%
98.50%

100.00%
100.00%

100.00%

100.00%
97.82%
100.00%

100.00%/
100.00%

100.00%/
100.00%

100.00%
95.00%
100.00%

100.00%

100.00%
100.00%

100.00%/
100.00%

100.00%
100.00%

100.00%
97.61%
100.00%
100.00%
100.00%
100.00%

99.69%/
99.69%

98.79%
90.12%
100.00%/
100.00%
100.00%
100.00%
96.61%
90.41%
99.70%

99.08%

E-value

00
26179
00
1E-166
9E-173

76174

26174
3E-153
46176

4E-176/
4EAT76

46176/
4E-176

00
7E-180
00

00

00

3E-167
26180/
26180

00
1E176

BE-172
6E-160
4E-166

00
4E-166

00
4E-166/
6E-165.

8E-164
3172
00/
00
€A77
00
3178
1172
4E1T1

3153
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Parameters Treatments 30 Days 60 Days 90 days Percentage
change over
control at 90 days

GT11 GXB9 GT11 GXB9 GT11 GXB9 GT11 GXB9
Plant height (cm)  Control 2522 +0.38° 26.65+0.40° 37.32+056° 42.40+0.64°  56.81 +0.85° 61.32 £092°  — —
BY4 4129+0.622 4029+0.60° 56.85+0.852 56.85+0.852  75.91 +1.14b 87.60 +£1.31> 34 43
AA7 36.43+0.55° 37.43+0.56° 554940832 5850+0.88  87.60 + 1.312 9297 £ 1408 54 52
Shoot weight (g) ~ Control 10.44 £ 0.16° 1079 +£0.16° 31.75+0.48° 37.99+0.57°  66.14 +0.99° 80.04 £1.20°  — -
BY4 2052 +0.312 1997 £0.308 73.40+1.108 62.72 £0.942 12272 4+1.842 11786+ 1.77° 86 47
AA7 1475+ 0220 1861 +£0.28° 57.704+0.87° 5966 +£090° 111.13+1.67° 12533+1.882 68 57
Root weight (9) ~ Control 1214+002° 1.85+0.03° 229+0.03° 3.40 + 0.05° 9.57 +0.14° 11.32 £0147° = 2=
BY4 467 £0.077 497 £0.072 597 4+0.092 687 +£0.108  14.30 £0.21P 16.76 £ 0.252 49 48
AA7 3214005 4.31+£006° 5424+008> 652+010° 15.05+0.23 17.31 £ 0268 57 53
Leaf area (cm?)  Control 30.78 £ 0.46° 31.38 +0.47° 168.82 +£2.53° 177.24 +2.66° 641.83+9.63° 78858 + 11.84° — =
BY4 40.48 £ 0.61%  34.84 +£0.52° 303.82 + 4.56% 312.65 + 4.96° 1319.71 £19.81% 1222.88 + 18.35° 106 55
AA7 33.45+0.50° 45.35+0.68% 261.05+3.920 263.41 £ 395 1129.11 £16.95° 129572 + 19.452 76 64
Chlorophyll Control 15434+ 0.23° 1639 +0.25° 31.62+0.47° 33.81+0.51°  36.55+0.55° 3297 £049° - —
content (SPAD
units)
BY4 19.414+ 0297 20.80 +0.312 36.36+0.53% 37.60 +£0.56°  43.48 +0.65% 423540642 19 28
AA7 18.834+ 0287 1049 +0.29° 3559+ 0.552 40.44 +£0.612 4529 +0.682 4378 £0.662 24 33
Photosynthesis  Control 5684 0.09° 675+0.10° 838+0.13° 976+0.15°  11.23+0.17° 12.36 £ 0.19°  — -
(v mol CO2
m—2 3—1)
BY4 971 £0.15% 10.78 £0.162 16.924+0.252 1827 £0.27%8  19.50 + 0.29° 27.38 £ 043> 74 122
AA7 9.01+£0.14®  9.80+0.15° 15534+0.23° 1870+ 0282  22.47 +0.372 28.83+0.41% 100 133

Means followed by the same letter are not significantly different (P < 0.05).
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Strain code 1AA (. g mL—1) ARA (nmoL C,H4 mg protein h—1) ACC (nmol o -ketobutyrate mg=1 h—1)
A-tryptophan P-tryptophan

AA1 14.97 4+ 0.08X 69.20 + 0.52° 2218 +2.63°f —

AA2 15.37 £ 0.16K 59.92 + 0.45P 20.58 4 2.49b-f 164.89 + 1.68'

AA3 13.25 £ 0.12%™m 69.78 £ 0.71° 20.55 + 2.68°f —

AA7 24.23 +0.11f 195.60 + 0.939 24.82 + 2.81aP 209.75 + 3.73%

AA10 44.88 + 0.394 903.31 + 4.692 22.41 +2.58°-¢ 700.30 + 19.16b

AN3 15.93 + 0.307 772.99 + 1.25° 23.75 + 2.88°° -

AN4 21.35 + 1.539" 41.35+0.199" 11.44 + 1.46Y -

AY3 64.36 +2.32¢ 635.93 + 3.34¢ 19.63 + 1.83°79 473.43 + 6.24°

AY5 13.38 £ 0.45Kk—m 731.55 + 3.16° 22.28 + 2.23°-¢ 254.96 + 3.79

BA18 12.44 +0.09™ 693.51 + 8.244 23.21 +2.83°-d 157.80 + 2.59'

BN4 16.45 £ 1.37V 149.88 + 0.88' 23.52 4 2.190¢ 282.01 & 2.10V

BY1 13.38 £ 0.45Kk—m 75.96 + 0.67° 24.73 + 2.642P 207.25 + 1.34K

BY4 29.59 + 0.19° 570.47 + 5.19' 28.97 + 3.102 468.77 + 21.26°

BY5 14.21 £0.142-m 138.02 + 0.98 10.01 £ 1.14V 422.30 + 9.95!

CA2 15.24 £0.15—K 130.96 + 1.79K 412 +5.20K —

CA3 100.63 £ 0.987 568.41 + 6.62f 7.88 4+ 0.69 185.59 + 1.89%!

CA9 23.20 4+ 0.2819 187.82 4+ 1.879 17.87 + 1.55/9 601.23 + 11.62°¢

CA11 15.21 + 0.41-k 85.34 + 1.08” 9.39 4+ 0.84Y 380.39 =+ 7.88¢9

CN8 92.73 £ 1.71° 128.09 + 0.74K 18.55 + 1.77°79 288.75 + 9.10/

CN18 14.92 +0.21! 36.45 4+ 0.34" 18.96 + 1.739-9 -

CN19 17.21 £0.15 4514 + 0.239 18.38 + 1.82¢~9 206.44 + 5.25K

CoA3 12.56 4+ 0.32'™ 73.31 £ 0.19° 4.96 4+ 0.25¢ =

CoA8 15.08 + 0.19X 117.63 + 0.39' 2.86 +0.32' 542.64 + 9.334

CoA9 20.28 £ 0.09" 41.35 4 0.199" 22.03 +2.27b-f 950.40 + 13.282

CoA11 1317 £0.13k—m 57.92 + 0.29° 22.24 + 2.29°—¢ -

CoA12 12.43 +0.09™ 96.16 & 0.317 12.26 + 1.25N —

CoN2 15.86 + 0.797 170.08 + 1.270 16.12 + 17490 32472 £1.19"

A-(absence) of tryptophan; P-(presence) of tryptophan. Values (means of three repeats) not sharing a common letter differ significantly (P < 0.05) from each other.
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Strain code Phosphate Siderophore Ammonia HCN ACC Biocontrol activity
S. scitamineum C. paradoxa

AA1 +++ +++ ++ — —
AA2 +++ +++ ++ — +++
AA3 - +++ +++ — — ++ —
AA7 +++ ++ ++ o et +++
AA10 - +++ ++ +++ — +++
AN ++ +++ — — — —
AN4 — — ++ — — + +++
AY3 +++ +++ — — — ++ +
AY5 ++ +++ ++ — ++ —
BA18 +++ +++ — ++ — +++
BN4 +++ — — — — — ++
BY1 +++ — — +++ — —
BY4 ++ +++ ++ +++ + +++ + ++
BY5 +++ - ++ — — ++ +
CA2 +++ ++ — ++ + ++ —
CA3 - ++ - - + — ++
CA9 +++ ++ — — + — ++
CA11 - ++ +++ ++ + — +++
CN8 +++ +++ ++ - + + ++
CN18 ++ - +++ — — — +++
CN19 - +++ +++ +++ + ++
CoA3 ++ +++ - - — +
CoA8 + +++ ++ — +
CoA9 +++ +++ — — — +++
CoA11 +++ +++ — — - — +++
CoA12 - +++ ++ — — — —
CoN2 ++ +++ ++ — + — +

Strength for all PGP traits: strong activity (+++);, moderate activity (++); and low activity (+); no activity (—).
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99 | Pseudomonas donghuensis strain HYS NR 136501
Pseudomonas wadenswilerensis strain ID2 NR 157778
Pseudomonas hutmensis strain XWS2 NR 165748
Pseudomonas asplenii strain ATCC 23835 NR 040802
Pseudomonas putida strain IAM 1236 NR 043424
Pseudomonas reidholzensis strain ID3 NR 157777
Pseudomonas aestus strain CMAA1215 NR 169429
Pseudomonas guariconensis strain PCAVU11 NR 135703
Pseudomonas entomophila L48 NR 115336
Pseudomonas mosselii strain CFML 90-83 NR 024924
Pseudomonas monteilii strain CIP 104883 NR 112073
Pseudomonas plecoglossicida strain FPC951 NR 024662
Pseudomonas kuykendallii strain H2 NR 118155
Pseudomonas graminis strain DSM 11363 NR 026395
Pseudomonas lutea strain OK2 NR 029103
Pseudomonas gingdaonensis strain JJ3 NR 169411
Pseudomonas baetica strain a390 NR 116899
Pseudomonas moraviensis strain 1B4 NR 043314
Pseudomonas migulae strain CIP 105470 NR 024927
99 Pseudomonas veronii strain CIP 104663 NR 028706
Pseudomonas benzenivorans strain DSM 8628 NR 116904
Pseudomonas flavescens strain B62 NR 025947
Pseudomonas punonensis strain LMT03 NR 109583
Pseudomonas argentinensis strain CHO1 NR 043115
98 Pseudomonas straminea strain CB-7 NR 036908

99 — Pseudomonas asuensis strain CP155-2 NR 136445
56 \ | Pseudomonas luteola strain 4239 NR 037134

r Pseudomonas oryzihabitans strain LMG 7040 NR 117269
99 | Pseudomonas oryzihabitans strain NBRC 102199 NR 114041
99 —— Pseudomonas indica strain IMT37 NR 028801
N o | pseudomonas indica strain NBRC 103045 NR 114196
Pseudomonas matsuisoli strain CC-MHHO0089 NR 134793
Pseudomonas hussainii strain CC-AMH-11 NR 134139
Pseudomonas borbori strain R-20821 NR 042450
75 Pseudomonas glareae strain KMM 9500 NR 145562
Pseudomonas protegens strain CHAO NR 114749
Pseudomonas taeanensis MS-3 NR 116651
—— Pseudomonas guineae strain M8 NR 042607
99 ——— Pseudomonas peli strain R-20805 NR 042451
99 | Pseudomonas chloritidismutans strain AW-1 NR 115115
Pseudomonas kunmingensis strain HL22-2 NR 133828
Pseudomonas songnenensis strain NEAU-ST5-5 NR 148295
Pseudomonas nitrititolerans strain GL14 NR 169495
Pseudomonas stutzeri ATCC 17588 = LMG 11199 NR 041715
63 Pseudomonas chengduensis strain MBR NR 125523
Pseudomonas toyotomiensis strain HT-3 NR 112808
Pseudomonas oleovorans subsp. lubricantis strain RS1 NR 115874
56 Pseudomonas alcaliphila strain NBRC 102411 NR 114072
Pseudomonas pseudoalcaligenes strain NBRC 14167 NR 113653
Pseudomonas oleovorans strain ATCC 8062 NR 114478
56" Pseudomonas pseudoalcaligenes strain JCM 5968 NR 112065
Pseudomonas mendocina strain NCIB 10541 NR 043421
| E Pseudomonas hydrolytica strain DSWY01 NR 170428
55 Pseudomonas mendocina strain ATCC 25411 NR 114477
——— Pseudomonas khazarica strain TBZ2 NR 169334
99 Pseudomonas fluvialis strain ASS-1 NR 159318
ke Pseudomonas pharmafabricae strain ZYSR67-Z NR 165768
Pseudomonas guguanensis strain CC-G9A NR 135725
99 | Pseudomonas linyingensis strain LYBRD3-7 NR 117838
= —98| L— pseudomonas sagittaria strain CC-OPY-1 NR 118347
Pseudomonas oryzae strain WM-3 NR 133023
99 - Pseudomonas alcaligenes strain ATCC 14909 NR 114472
— | Pseudomonas alcaligenes strain NBRC 14159 NR 113646
68 r Pseudomonas aeruginosa strain ATCC 10145 NR 114471
S1L. @ Pseudomonas aeruginosa strain B18 16S rRNA gene CP058332
S = Pseudomonas aeruginosa strain NBRC 12689 NR 113599
i l Pseudomonas aeruginosa strain DSM 50071 NR 117678
Pseudomonas guezennei strain RA26 NR 114957
98 Pseudomonas otitidis strain MCC10330 NR 043289
95 I: Pseudomonas multiresinivorans strain ATCC 700690 NR 119225

[&

Pseudomonas nitroreducens strain DSM 14399 NR 114975
Pseudomonas knackmussii B13 NR 121733

Pseudomonas delhiensis strain RLD-1 NR 043731
Pseudomonas citronellolis strain ATCC 13674 NR 112069
97 Pseudomonas citronellolis strain DSM 50332 NR 026533
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pH Toc ™ NH, ™ Water K ciN
Number of
Ry —0.147 ~0538 ~028 0371 0035 0.648" 072" —0.245
Alpha diversity  Chaot -0.111 -0.594" -0.266 0273 0203 0634 0832 ~0.364
Diversity —0011 0,007 0.007 0021 0070 0224 049" ~0014
Equitabilty 0011 0077 0,063 ~0.084 0126 0,091 0420 ~0.084
sym 0.182 0.462 -0.161 0,063 0238 ~0.119 0042 o727
Sap 0200 ~0.364 0.224 0,063 0329 0067 0336 ~0.664
Trophic Mode  Sap-Sym ~0.429 —021 ~0.204 0.021 ~0.105 0305 0014 0.189
(relative Pat 0.847 ~0.056 0,490 —0.154 0497 ~0.207 0000 ~0.643
abundance)  Pat-Sym 0261 0811 0629 0490 0231 0364 0371 -0.196
Pat-Sap ~0.197 -0.182 0,028 ~0.308 0070 -0.165 0273 ~0.357
Pat-Sap-Sym 0.143 —~0.483 —0014 0399 0371 0298 ~0.035 —~0.545"
PH Toc ™ NH, ™ Water K cN
g%"w of 0300 ~0.34 ~0.399" 0308 ~0455 0263 0629" -0.049
Apha diversity  Chaot 0536 062" —~0.608" 0606 0281 0585 0692 —0.245
Diversity 0.427 0273 -0.175 0256 ~0294 0175 0.706" ~0.07
Equitabilty 0.406 ~0.287 ~0.182 0.266 0287 0.182 0741 ~0.084
Sym ~0.423 0025 -0.161 -0.179 ~0.427 -02 ~0.112 0308
Sap 0.250 ~0.208 —0.182 0186 ~0.147 0256 0252 —0.224
Trophic Mode  Sap-Sym 0215 0417 0.608" ~0.399 0399 ~0.469 ~0238 ~0.175
(relative Pat 0184 -0.179 0077 0025 0049 0053 0028 -035
abundance)  Pat-Sym 0.490 -0.413" 0378 0578 0392 0599 0497 ~0.455
Pat-Sap 0279 0.483 0.406 ~0.41 ~0.147 ~0.431 ~0559 0413
Pat-Sap-Sym 051" 0375 0014 0525 0657 0494 0280 —072"
“Indicate significant correlaton (p < 0.05).

TOC, total organic carbon; TN, total nitrogen; NH', Ammonium ion; TF total phosphorus; TK, total potassium; G/N, carbon to nitrogen ratio (TOC/TN); Sap, saprotroph;
Sym, symbiotroph; Pat, pathotroph.
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Tree Genus

Carpinus cordata Inocybe
Sebacina
Morterella
Russula
Tomentella
Chaetomium

Metarhizium
Mycosphaerella
Trechispora
Clavuiina
Solicoccozyma
Entoloma
Rhexocercosporidium
Hygrocybe
Mycena
Trichocladium
Fraxinus hynchophylla  Mortierella
Sebacina
Leohumicola
Chaetomium

Metarhizium
Trechispora
liyonectiia

Russula
Solicoccozyma
Trichoderma
Rhexocercosporidium
Penicillum
Neonectria

“Sap, saprotroph; Sym, symbiotroph; Pat, pathotroph; Unk, unknown.

Relative
abundance
(%)

10.981
8792
6.992
5176
4.056
2.082

1.654
1581
1502
1379

1253
1212
1.158

1.022
11.832
5.471
4193
2,525

1.061

Trophic mode*

Sym
Sym
Sap-Sym
sym

sym
Pat-Sap-Sym

Pat
Pat

Sap

Sym

Unk
Pat-Sap-Sym
Pat

Sap-Sym
Pat-Sap

Sap
Sap-Sym
sym

Sap
Pal-Sap-Sym

Pat
Sap
Sap
sym
Unk
Sap
Pat
Sap
Pat

Guild

Ectomycorrhizal

Ectomycorthizal-orchid mycorrhizal-root associated biotroph
Endophyte-iiter saprotroph-soil saprotroph-undefined saprotroph
Ectomycorthizal

Ectomycorthizal

Animal pathogen-cung saprotroph-endophyte-epiphyte-plant saprotroph-wood
saprotroph

Animal pathogen

Plant pathogen

Wood saprotroph

Ectomycorrhizal

Unknown

Ectomycorthizal-fungal parasite-soil saprotroph-undefined saprotroph
Plant pathogen

Undefined saprotroph-undefined biotroph

Leaf saprotroph-plant pathogen-undefined saprotroph-wood saprotroph
Undefined saprotroph

Endophyte-litter saprotroph-soil saprotroph-undefined saprotroph
Ectomycorrhizal-orchid mycorrhizal-root associated biotroph
Undefined saprotroph

Animal pathogen-cung saprotroph-endophyte-epiphyte-plant saprotroph-wood
saprotroph

Animal pathogen

Wood saprotroph

Undefined saprotroph

Ectomycorrhizal

Unknown

Undefined saprotroph

Plant pathogen

Undefined saprotroph

Plant pathogen

Trophic modes and guis were assigned according to FUNGuid database (Nguyen et al, 2016).
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Function Compounds involved  References

Mitigation of Acetoin, Nielsen et al., 1999; Thrane et al.,

pathogens 2-Phenyl-ethanal, 2000; Mathesius et al., 2003; Ryu
2-butanone, et al., 2003; Schuhegger et al.,
2-Non-anone, 2006; Zhang et al., 2007; Arrebola
B-Caryophyllene, et al., 2010; Groenhagen et al.,
28,38 butandiol, 2018; Song and Ryu, 2013;
Benzothiazole, C4-HL, D’Alessandro et al., 2014; Schenk
C6-HL, Tensin, et al., 2014; De Vrieze et al., 2015;
Viscosinamide, Raza et al., 2016; Shrestha et al.,
3-ox0-C14- HSL; 2019; Liu et al., 2020
30C6-HSL,
3-ox0-C16:1-HL

Plant growth 1-Undecene, De Jong et al., 1993; Souleimanov

stimulation Acetophenone, et al., 2002; Delalande et al., 2005;

Enhance plant
nutrient
availability and
acquisition
Mitigation of
weeds

Suppression of
pests
Mitigation of
abiotic stress

2-Methyl-n-1-tridecene,
1-Butanamine,
Benzaldehyde,
4-Nitroguaiacol, m.
Cymene, C10-HL,
C6-HL, C8-HL,
3-OH-C10-HL,
Thuricin17, LCO,

Dimethyl disulfide,
Ferrioxamine B (FOB);
LCO

Anisomycin,
Herboxidiene,
Phosphinothricin
Cyclo(L-Leu-L-Pro),
Avermectin
C14-HL, Thuricin17,
LCO; 30C6-HSL

Almaraz et al., 2007; Khan et al.,
2008, 2011; Lee et al., 2009;
Gutiérrez-Luna et al., 2010; Minerdi
et al., 2011; Velazquez-Bererra
etal., 2011; Bai et al., 2012; Kidaj
et al., 2012; Veliz-vallgjos et al.,
2014; Tanaka et al., 2015; Fincheira
etal., 2016; Han et al., 2016;
Prudent et al., 2016; Rankl et al.,
2016; Schwinghamer et al., 2016;
Vaishnav et al., 2016; Schulz-Bohm
etal., 2017

Crowley et al., 1988; Prithiviraj

et al., 2003; Meldau et al., 2013;
Prudent et al., 2016

Duke and Lydon, 1987; Isaac et al.,
1992; Saxena and Pandey, 2001

Tanaka and Omura, 1993; Song
etal., 2017

Atti et al., 2005; Miransari et al.,
2006; Barriuso et al., 2008;
Prudent et al., 2015; Subramanian
et al., 2016; Zhao et al., 2020
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Treatment Chlorophyll Leaf area Height (cm) Root weight Shoot weight  Photosynthesis  Transpiration Stomatal
(9) (9) (wmoL CO, rate (mmoL conductance
m-2s-1) H,Om=2s-1)  (mmoL H,0

m—2s1)
YC 26.53 + 0.39° 578.86 + 8.56° 23.40 4+ 0.35° 7.37 £0.11¢ 19.42 + 0.29° 16.18 £ 0.24° 1.04 4+ 0.02° 43.81 +0.65°
B18 41.38+0.612 81847 £1210% 2864 +0.422 10.93+0.162 27.94+0.418  28.44 +0.422 287 +0.042 8653 +1.282
SP 2251 +0.33¢ 512.30+7.584 2253+0.33¢ 575+0.09¢9 1853+0279 1535+ 0.23¢ 0.89 £0.019 3559 + 0.534
B18 + SP 2846+ 0.42° 75328 +11.14° 2482 +037° 7.904+0.12° 2031 £0.30°  22.43+0.33° 1.134+0.02°  53.65+0.79°
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Description P. aeruginosa P. aeruginosa Pseudomonas sp.

B18 PAO1 PL10
Accession No CP058332 AE004091 CP019338
Genome Size 6490014 6264404 6661962
Contig No 1 1 1
GC% 66.33% 66.55% 66.12%
Genes” 5981 5678 6076
CcDs* 5950 5572 6057
Pseudogene* 49 19 60
tRNA* 64 63 62
rRNA* 12 13 12
tmRNA* 1 1 1
Genes 5901 5572 5997
Genes in 5655 5467 5635
Homologs
Genes in 246 105 362
Singletons
Homolog Families 5357 5204 5320

*Annotation is given as per Refseq and NCBI Microbial Genome annota-
tion Pipeline.
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PGP Activities

ACC Deaminase
Nitrogen Metabolism
Nitrogen Fixation

Ammonia Assimilation

Siderophores

Siderophore
Enterobactin

Plant Hormones
IAA Production

Phosphate Metabolism

Hydrolase

Biofilm Formation

Biocontrol
Hydrogen Cyanide

Salicylate
Chitinase Activity
Exopolysaccharides

Volatiles
Metabolism

2,3-Butanediol

Methanethiol
Isoprene

Colonization

Oxidoreductase

Gene name

nifU
norD
norB
gitB
gitD
gits
gltR gltT

fes

entD
fepA

troC
troD
troE
trpB
trpA
troE

TC.PIT
pstS
PStA
pstB
phoU

phoD
phoB

phoR

phoH

ribA
folE2
gdhA
bglB
bglX
malQ
treS

efp
flgB
figC
flgD
flgE
flgF
flgG
flgH
flgl
motA
motB
hfq

hcnA
henB
henC
phzM
phzA_B
phzD
phzF
phzG
phzS
pPChA
nagA
algD
alg44
algk
alge
algG
algX
algl
algB

algA

acoR

acoA

acoB

acoR

ivB

ivH

VA

ivC

ivD

ivVE

metH
ispG/gcpE
ispE

lysC

minC
minD
minE

SODA
osmC
katE

Gene Annotation

1-aminocyclopropane-1-carboxylate deaminase

Nitrogen fixation protein NifU and related proteins
Nitric oxide reductase NorD protein

Nitric oxide reductase subunit B

Glutamate synthase (NADPH/NADH) large chain

Glutamate synthase (NADPH/NADH,) small chain

Glutamate:Na + symporter, ESS family

Proton glutamate symport protein

Enterochelin esterase and related enzymes

Enterobactin synthetase component D
Ferric enterobactin receptor

Indole-3-glycerol phosphate synthase
Anthranilate phosphor ribosyltransferase
Anthranilate synthase component |
Tryptophan synthase beta chain
Tryptophan synthase alpha chain
Anthranilate synthase component |

Inorganic phosphate transporter, PiT family
Phosphate transport system substrate-binding protein
Phosphate transporter permease subunit PtsA
Phosphate ABC transporter ATP-binding protein

Phosphate-specific transport system accessory protein
PhoU

Alkaline phosphatase D

Two-component system, OmpR family, phosphate regulon
response regulator PhoB

Two-component system, OmpR family, phosphate regulon
sensor histidine kinase PhoR

Phosphate starvation-inducible protein PhoH and related
proteins

GTP cyclohydrolase |l

GTP cyclohydrolase | FolE

Glutamate dehydrogenase (NADP +)
Beta-glucosidase

Beta-glucosidase

4-alpha-glucanotransferase

Maltose alpha-D-glucosyltransferase/alpha-amylase

Elongation factor P

Flagellar biosynthesis protein FigB
Flagellar basal body rod protein FIgC
Flagellar basal body rod modification protein
Flagellar hook protein FIgE

Flagellar basal body rod protein FIgF
Flagellar basal body rod protein FIgG
Flagellar basal body L-ring protein
Flagellar basal body P-ring protein
Chemotaxis protein MotA
Chemotaxis protein MotB
RNA-binding protein Hfg

Hydrogen cyanide synthase HcnA

Hydrogen cyanide synthase HcnB

Hydrogen cyanide synthase HenC
Phenazine-1-carboxylate N-methyltransferase
Phenazine biosynthesis protein
Trans-2,3-dihydro-3-hydroxyanthranilic acid synthase
Trans-2,3-dihydro-3-hydroxyanthranilate isomerase
Di-hydrophenazine dicarboxylate synthase
5-methylphenazine-1-carboxylate 1-monooxygenase
Salicylate biosynthesis isochorismate synthase
N-acetylglucosamine-6-phosphate deacetylase
GDP-mannose 6-dehydrogenase

Mannuronan synthase

Alginate biosynthesis protein Algk

Alginate production protein

Mannuronan 5-epimerase

Alginate biosynthesis protein AlgX
Poly(beta-D-mannuronate) lyase

Two-component system, NtrC family, response regulator
AlgB

Mannose-1-phosphate
guanylyltransferase/mannose-6-phosphate isomerase

Sigma-54 dependent transcriptional regulator, acetoin
Dehydrogenase Operon transcriptional activator acor

Acetoin:2,6-dichlorophenolindophenol oxidoreductase
subunit alpha

Acetoin:2,6-dichlorophenolindophenol oxidoreductase
subunit beta

Sigma-54 dependent transcriptional regulator, acetoin
dehydrogenase Operon transcriptional activator acor

Acetolactate synthase I/II/Ill large subunit

Acetolactate synthase I/Ill small subunit

Threonine dehydratase

Ketol-acid reductoisomerase

Dihydroxy-acid dehydratase

Branched chain amino acid aminotransferase
5-methyltetrahydrofolate-homocysteine methyltransferase
4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase
4-(cytidine 5’-diphospho)-2-C-methyl-D-erythritol kinase

Aspartate kinase

Septum site-determining protein MinC
Septum site-determining protein MinD
Cell division topological specificity factor

Superoxide dismutase, Fe-Mn family
Osmotically inducible protein osmc
Catalase

E. C. Number

3.5.99.7

1.7.2.5
1.41.131.4.1.14
1.41.131.4.1.14

6.3.2.14

4.1.1.48
24218
4.1.3.27
4.2.1.20
4.2.1.20
4.1.3.27

2.713.3

3.5.4.25
3.5.4.16
1.41.4
3.2.1.21
3.2.1.21
24125
5.4.99.16 3.2.1.1

1.4.99.5
1.4.99.5
1.4.99.5
2.1.1.327
3.3.2.15
5.3.3.17
1.10.3.16
1.14.13.218
5442
3.5.1.25
1.1.1.132
2.4.1.33

5.1.3.37

4223

2.7.7.135:3.1.8

2:2.1.6

22:1.6
4.3.1.19
1.1.1.86
4.21.9
2.6.1.42
21113

117.71117.7.3
2.7.1.148

2724

115611

1.11.1.6

Chromosome
Location

6166698-6167597 —

466486-466872—
1131515-1133353 —
1133355-1134752—
2307717-2312162 +
2312191-2313624 +
6255382-6256596 +
1806593-1807927 +

5314316-5315896—

3777575-3778303—
35638571-3540799 +

1025100-1025936—
1025933-1026982—
1044724-1046202—
1674493-1675701 +
1675698-1676504 +
3595338-3596909 +

2115089-2116357 +
5448298-5449683 +
1942356-1944032 +
1944048-1944881 +
1944977-1945706 +

570477-572039—
1950623-1951312—

1949219-1950550—

652180-653202 +

740436-741053—
1745427-1746323—
2851084-2852421 +
2446884-2448425—
4404697-4406991—
4915439-4917493—
48990024-4902304 +

5903161-5903727—
3675639-3676046 +
3676062-3676492 +
3676505-3677218 +
3677246-3678634 +
3678852-3679601 +
3679648-3680433 +
3680479-3681174 +
3681186-3682295 +
2419987-2420838 +
2420858-2421901 +
2431214-2431462 +

4938725-4939039 +
4939036-4940430 +
4940433-4941686 +
927364-928368—
9295683-930071 +
931321-931944 +
933838-934677 +
934703-935347 +
935527-936735 +
960348-961778 +
399348-400439 +
149271-150681 +
1562288-153457 +
163471-163471 +
164895-156367 +
156388-158019 +
168032-159456 +
1569460-160563 +
1803407-1804756—

1834998-1836437 +

849475-851352—

853544-854518 +

854551-8556570 +

689423-691354—

2714584-2716308 +
2716311-2716802 +
1341468-1342982—
2716845-2717861 +
1317186-1317186 +
2346991-2347914 +
4538474-4542178—
458366-459481—
2752069-2752917—

3509930-3511168 +
6320005-6320796—
6320858-6321673 +
6321670-6321924 +

3012217-3012828 +
1639449-1639874—
2818107-2819648 +
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Features

Genome size (bp)

GC content (%)

Topology

tRNA

rBNA (5S, 16S, 23S)
Protein-coding genes (CDS)
Genes allocated to COG
Genes allocated to GO
Genes allocated to KEGG
Genes allocated to Refseq
Genes allocated to Pfam
CRISPR

Value

6,490,014
66.33
Circular
65

4, 4,4
5919
4512
3601
3245
5882
5172

3
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Parameters

Antifungal Activity

P. aeruginosa B18

Sporisorium scitamineum + ++
Ceratocystis paradoxa + +
Fusarium verticillioides ++
Plant Growth Promoting Traits

Siderophore (%) 68.26 + 1.42
Phosphate (g mL~=1) 95.2 +1.21
Ammonia (wmolL mL~") 4.42 £0.21
ACC +

HCN ++
Abiotic Stress Tolerance

pH 5.0-10.0
Temperature (°C) 20-45
NaCl (%) 7-12
Indole-3-acetic acid (ug mL~1)

Absence of Tryptophan 97.96 + 1.33
Presence of Tryptophan (0.5%) 14493 + 214
Presence of Tryptophan (1.0%) 159.38 + 2.36
Hydrolytic Enzymes (IU mL—1)

Cellulase 363.37 £ 5.37
Glucanase 732.69 £10.84
Protease 181.704+1.95
Chitinase 453.12 £ 6.70
ACC (nmoL a-ketobutyrate mg=" h=") 446.22 + 6.60
ARA (nmolL CoHy mg protein h=1) 11.38 £0.17

(+) = Low activity; (+ +) = Moderate activity; (+ + +) = Strong activity; (—) = No

activity.
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S.No.

Method

Synthetic selection

Artificial microbiome
selection

Single-cell
genomics,
whole-community
metagenomics, and
metaproteomics
Metabolic network
monitoring

Strategy

Designing a microbiome
comprising of few culturable
microbial strains serving as a
streamline model for unraveling
the fundamental principles of
plant-microbe interaction

Synthetically selecting
multispecies assemblages
(culturable and nonculturable)
with desirable traits for
optimizing functional dynamics
of microbial communities
Orchestrating genomic data
with transcriptomic and
metabolomic data for improving
individual microbiome function
and network interactions.

Designing models at species
level for predicting the dynamic
shifts in microbe-microbe
interaction in response to
substrate gradients, metabolic
dependence, competition, and
spatial heterogeneity

References

Vorholt et al.,
2017

Wright et al.,
2019

Hadadi et al.,
2020

Kessell et al.,
2020
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Genome components

Statistical analysis

Gene Total number Total length (bp) Average length Length/genome length (%) GC content
8,801 7,635,828 867.61 84.89 64.88%

Non-coding RNA Type Copy number Average length (bp) Total length In genome (%)
tRNA 50 78 3,888 0.0432
5s_rRNA (De novo) 1 114 114 0.0012
16s_rRNA (De novo) 1 1,477 1,477 0.0164
23s_rRNA (De novo) 1 2,872 2,872 0.0319
sRNA 4 79 3,223 0.0358

Repeat sequence Type Number Repeat size (bp) Total length (bp) In genome (%)
TRF 389 3-828 41,105 0.457
Minisatellite DNA 276 15-63 11,927 0.1326
Microsatellite DNA 13 43,534 565 0.0063

Prophage Phage length (bp) Is complete? Phage start (#) Phage end (#) GC content

1 13,798 Incomplete 4,990,661 5,004,458 65.47%

2 27,957 Incomplete 4,993,296 5,021,252 64.12%

3 7,794 Incomplete 7,773,295 7,781,088 59.25%
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B. diazoefficiens

B. diazoefficiens

M. huakuii 7653R

M. japonicum

S. fredii USDA205

S. meliloti 2011

113-2 USDA110 MAFF303099

Growth rate Slow Slow Medium slow Medium slow Fast Fast

Host plant Soybean Soybean A.sinicus Lotus Soybean Medicago and
Trigonella

Number of 1 1 3 3 255 contigs 3

chromosomes/plasmids/

contigs in genome

Genomic size(bp) 8995154 9105828 6881675 7596297 7152020 6693185

Genomic (G + C)% 64.1 64.1 63.3 62.51 62.2 62.16

Gene numbers in genome 8,801 8,502 6,301 7,107 6,909 6,315

tRNA in genome 50 53 51 b2 51 55

rRNA in genome 3 3 4 6 18 9

Other RNA 41sRNA 4 4 4 4 4
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Diazotrophs N details of the Effect on plant Plant Ref
experiment
Herbaspirillum, Inoculation Produce plant regulators which enhance the  Sugarcane dos Santos et al., 2019a,b
G. diazotrophicus activity and expression of difierent enzymes
involved in the plant metabolism of nitrogen
Nitrospirilum
Paraburkholderia
Herbaspirilum and G. Inoculation Increase in the activity of genes associated Nogueira et al., 2001
dlazotrophicus with reduction and uptake of nitrate in
inoculated plants
H. seropedicae, 33% N Increased a number of different maize Maize Kifle and Laing, 2016;
A brasfense, fertilizer + inoculation metabolites, showing specie specific plant- Brusamarello-Santos et al.,
bacterialinteraction and functional 2017
nitrogenase activity
Height and chiorophyll content were increased
A. brasiense Inoculation Reducing the need of nitrogen fertiizers Maize Longhini et al., 2016
A. brasilense Inter cropping with xaraes  Minimum production of dry mass and Maize Longhini et al., 2017
grass increased crude protein content due to N
coverage fertiization, up to the dose of
120kgha' N
Azospirllum sp. 50% of N Growth of plant especialytiler count was the  Rice Sasaki et al. 2010
fertilizer + inoculation same in low condition and inoculation as in
the standard condition of nitrogen
Herbaspirilum sp Zero N + inoculation Same growth as with 100% N fertiizer Rice de Souza et al, 2013
Burkholderia vietnamiensis Inoculation only Grain yield was increased 29% in comparison ~ Rice da Siva Aratijo et al., 2013;
tothose plants where 100 kg N per hectare Kifle and Laing, 2016;
fertiizer was added
Shinjo et al,, 2020
Increases the seed germination rate and vigor
Increased N accumulation through enhanced
N absorption abilty and root morphology
Azospirilum brasilense, Bacilus 50% N + inoculation Growth performance, nitrogen uptake, and  Sugarcane Hossain et al,, 2020
cereus, Acinetobacter biomass yield were similar to ful fertizer
calcoaceticus
Diazotrophic bacteria Zero N + inoculation Comparable yield increase to that with Sugarcane RB72454  Schuitz et al., 2014

PGPB

Bradyrhizobium sp.

Applied in combination with
reduced N fertiizer

Without any
fertilizer + inoculation

120 kg ha'" N fertiization
Significant increase i the relative chiorophyll
index, tiler units, yield, total nitrogen uptake,
and nutrient concentration of total nitrogen by
‘combining nitrogen fertiizers with PGPB.
Enhances the uptake of nitrogen, calcium,
manganese, iron, and ammonia

Increases the relative chiorophyllindex,
ultimately increasing the yield

Zuri Guinea grass

Similar growth and grain yield as full N fertiizer Soybean

Carvalho et al., 2020

de Lima et al., 2020

Kaschuk et al., 2016
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Diazotrophs PGPR Traits Effect on plant Plant Ref
Azoarcus, Production of phytohormones  Improvement in the lateral roots and ~ Potato Baca and Emerich, 2007;
Azospirlum, Indole-3-acetic acid (A%), 00t hairs interms of number, length,  pice Miyauch et al, 2008;
Azotobacter, B weight, and volume significant S Naher et al., 2009;
Brevundimonas, ) improvement in root initiation, surface  >Udarcane dos Santos et al., 2019a,b;
Gluconacetobacter, Gibberelins. area, fine roots, fresh weight, and dry  Grasses Naggash et al., 2020;
Herbaspirilum, mass wheat
Kiebsiella etc.
Sinorhizobium meliloti Cytokinin Kisiala et al., 2013
Bradyrhizobium AHLs, N2 fixation Increased root hair formation in Soybean, wheat Aletal, 2016
seedings
Rhizobium, Improved P acquisition, N2 Increase the uptake of nutrients to  Cicer arietinum Cassia  Halder et al., 1990; Naruia et al.,
Bradyrhizobium, fxation aerial parts of the plants absus 2002; Baldani and Baldan,
Azospirilum, 2005; Sridevi and Mallaiah,
Azotobacter, 2009; Estrada et al., 2013; Tahir
Burkholderia, Vigna triobata Sesbania g1 a1, 2013; Nosrati et al., 2014;
Herbaspirilum, sesban Verma et al., 2020
Lettuce, wheat
Fice, mustard
Rhizobium, N2 fixation Improved Zn in the plant and grain Wheat, cotton Islam et al., 2013; Naz et al.,
Bradyrhizobium, Malze, ioriato 2016; Shaikh and Saraf, 2017;
Azospirlum, Kallmath and Pati, 2018;
Azotobacter, Red pepper, Mungbean i mawat et al,, 2019; Tagele
Burkholderia, Soybean, Lettuce, green et al., 2019; Velmourougane
Herbaspirilum, gram et al., 2019; Verma et al., 2020
Trabusiella,
Serratia, Kiebsiella
Azotobacter sp. N2 fixation, P solubilization,  Improved plant growth and mineral  Maize, tomato
awins, siderophores nutrition especially Fe
R. thizogenes HCN. Antibiotics, siderophores ~ Control the pathogen Chauhan et al., 2012; Das et al.
N ——— 2017; Zhang et al., 2018; Kerr
Pantoea, Reduced disease incidence of 2nd Blerd; 2020, Kongjstel,
Burkholderia, Ralstonia solanacearum and 2020
Arthrobacter increased root and shoot dry weight
Suppress the growth of Fusarium
Azospirlum spp., Antibiotics and antifungal oxysporum and Rhizoctonia solani
compounds and significantly reduce the disease
Azotobacter incidence Cotton and rice
chroococeum, and
Gluconacetobacter
dazotrophicus
Achromobacter xylosoxidans  Acc-deaminase Increase plant root system, improve Karthikeyan et al., 2012
plant growth, and tolerate salinity stress
Bacilus sp. ACC dearminase, IAA, P Improved growth, induced plant Maize Misra and Chauhan, 2020
solubilzation response for defense enzymes,
EPS chiorophyl, proline, soluble sugars
Azorhizobium, 1AA, P solubllzation Increase in ntrogen uptake and Tomato red pepper Bashan et al, 2004; Islam et al.,
Azospirlum, improved oot and shoot growih 2013
Bacilus,
Burkholderia,
Herbaspirilum, and
Paenibacilus
Actinobacteria mostly IAA, P solubilization, stress Salinity tolerance, high nifH Salicornia europaea L. Hrynkiewicz et al., 2019
Curtobacterium spp.and  tolerance expression in stem and root
Microbacterium spp.

Pseudomonas spp.
Dyadobacter sp.

Clod-tolerant, nitrogen-fixing

Improved growth and soil N Finger miller and pulses

Kumar et al., 2018
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Core-clusters genes Singletons B, Chromatin structure and dynamics
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G, Carbohydrate transport and metabolism
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K, Transcription
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N. Cell motility
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R, General function prediction only

S, Function unknown

T, Signal transduction mechanisms

U, Intracellular trafficking/secretion/vesicular transport

V. Defense mechanisms

W, Extracellular structures

X, Mobilome: prophages/transposons
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Pathogen

Ramularia vizellae
Moniliia sp.
Neofabraea maicortis
Microcyclospora
tardicrescens

Phoma macrostoma
Phaosphaeria
pontiormis

Phoma macrostoma

Cladosporium
cladosporioides
Digporthe eres
Microcyclospora
pomicola

Diaporthe cf. nobilis
Gromoniopsis
idacicola

Deviiesia
pseudoamericana
Phacomoniella
zZymoides
Pyrenophora
tritici-repentis
Ramularia pratensis
Botrytis cinereal
Ramularia eucalypti
Fusarium proliferatum
Fusarium avenaceum

Ramularia eucalypti

Colletotrichum phormii
Sydowia polyspora
Elytroderma deformans
Ramularia eucalypti
Neostagonospora
caricis

Taphrina carpini
Curvularia trfoli
Cryptodiaporthe
pulchella

Devriesia fraseriae

Toxicocladosporium
strelitziae

Pilidium acerinum
Xenostigmina zillri

Mycosphaerella
fragariae

liyonectria radicicola
Taphrina alni

Taphrina communis

Neosetophoma
samarorum

Ciborinia camelliae
Phoma sp.

Boeremia exigua var.
heteromorpha
Drechslera dematioidea

Diplodina microsperma
Diaporthe viticola
Phoma herbarum
Knufia cryptophialidica

Plectosphaerella sp.
Plagiostoma barriae

Strumella sp.
Taphrina weisneri

Rhizosphaera
pseudotsugae

Diaporthe sp.

Teratosphaeria
knoxdaviesii

Catenulostroma
hermanusense

Phacosphaeria
nodorum

Septoria cretae

Host plant

Brassica crops
Malus

Malus and Pyrus
Malus domestica

Malus domestica

Triticum aestivum

Lens esculenta
Vitis vinifera

Vitis vinifera
Malus domestica

Malus pumia
Actinidia deliciosa

Malus domestica
Prunus salicina
Triticum

Rumex crispus
Picea abies
Eucalyptus
Pinus

Phragmites
australis

Corymbia
grandifolia
Phormium

Pinus mugo
Pinus ponderosa
Eucalyptus
Carex

Carpinus betulus
Leucospermum
Salix lucida

Melaleuca
Strelitzia reginae

Aesculus
hippocastanum
Acer
macrophylum
Platanus

Pinus sylvestris
Alus incana

Prunus
americana
Urtica dioica

Hepatica
Rosa rugosa
Nerium oleander

Poaceae grasses

Protea
Fraxinus excelsior
Rosa muitiflora

Populus
balsamitera

Anus glutinosa

Acer
macrophyllum

Alnus incana
Prunus fruticosa

Pseudotsuga
nmenziesii var.
nmenziesii

Actinidlia
Protea

Phaenocoma
proffera

Lolum perenne

Nerium oleander

AorNA

> > > >

> >

NA
NA
NA
NA
NA

NA

NA
NA
NA
NA
NA

NA
NA
NA

NA
NA

NA

NA

NA

NA
NA

NA

NA

NA
NA
NA

NA

NA
NA
NA
NA

NA
NA

NA
NA

NA

NA

NA

NA

NA

NA

Disease

Leaf spot
Fruit rot
Stem canker
Sooty blotch

Fruit rot
Leaf blight

Bioherbicide
Fruit rot

Dieback
Sooty blotch

Dieback
Canker

Sooty blotch
Wood necrosis
Tan spot

Leaf spot
Root rot
Leaf spot
Pitch canker
Leaf blight

Leaf spot

Leaf blight
Neede biight
Neede biight
Leaf spot
Leaf blight

Witches' broom
Leaf spot
Dieback

Leaf spot
Floral lesions

Leaf blight
Leaf spot
Leaf blight

Root rot

Tongues on
female catkins.

Plum pockets
and leaf curl

Fruit rot

Root rot
Root rot

Leaf spot &
dieback

Leaf spot

Leaf spot
Leaf spot
Leaf spot
Stem canker

Stem canker
Anthracnose

Stem canker

Witches' broom
and leaf curl

Needle cast
Leaf spot
Leaf spot
Leaf bract
lesions

Blotch

Leaf spot

Location

The Netherlands
Japan

The Netherlands
Slovenia

Switzeriand
Sweden

Canada
Chile

California, USA
Germany

New Zealand
France

Germany
South Affica

Japan

South Korea
Canada
Australia

The Netherlands

New Jersey,
UsA

italy

New Zealand
Lithuania
Montana, USA
The Netherlands
The Netherlands

Slovakia
Australia
Maryland, USA

The Netherlands
South Africa

The Netherlands
Canada
South Korea

Sweden
Austria

USA
The Netherlands
Japan

Lithuania

United Kingdom
British Columbia,
Canada

New Zealand
The Netherlands

The Netherlands
Alberta, Canada

Latvia
Washington, USA

Latvia
Portugal

Germany
New Zealand
South Africa
South Africa
Denmark

Greece

Pathogen’s GenBank
accession number

EU019286
ABB93917
AF141161

GU570541

HQ166389
KC989090

DQ474001
EU622927

KFO17914
GU570539.1

KC343149.1
KT692607

GU570527

GQ154600

AMB87495

KF251223
KF869924
EF394862
KM231816
KT827258

EF394861

DQ286142.1
GQ412724
AF203469
KF251221
KF251163

AF492085
JIN712459
GU367061

HQ599602
JX069874

NR_119500

FJ839639

GU214691

KF156312
AF492076

AF492086

KF251162

AB516659
KF646102
JX467690

INT712466

JIN712461
KC343230
KF251212.1
JN040501.1

JF340251.1
EU254997.1

GU062276
AF492126.1

EU700369

KC145848

EU707866.1

JF499833

KF251177

KF251233.1

% of total seqs

1.8
1.4
<1
<1

<1

<1

<1

<1

<1

37
1.7

it

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1
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Scenario Scenario

Scl

Scll

Sclll

Sclv

ScV

ScVi

depiction

CT-RW

Partial
CA-RW

Partial

CSA-RW

Partial

CSA-MW

CSA-RW

CSA-MW

Drivers of change

Business as usual (Farmer’s
Practice)

Increase food production,
income & nutrition through
intensification and best
management practices

Deal with rising scarcity of labor,
water, energy, malnutrition,
degrading soil health and
emerging climatic variability

Sustainable intensification (Sl)
with futuristic cropping system
to deal with same issues as in
scenario 3

Sl of RW system with CA + to
deal with same issues as in
scenario 3

Sl of MW systems through
CA + to deal same issues as in
scenario 3

Crop rotations Tillage

Rice-Wheat- Fallow CT-CT

Rice-Wheat- CT-ZT-ZT
Mungbean

Rice-Wheat- ZI-ZT-ZT
Mungbean

Wheat: Drill seeding
Maize-wheat- ZT-ZT-ZT
Mungbean

Rice-Wheat- ZT-ZT-ZT
Mungbean

Maize-wheat- ZI-ZT-ZT
Mungbean

Crop establishment
method

Rice: Transplantin
Wheat: Broadcast

Rice: Transplanting
Wheat: Drill seeding
Mungbean: Dirill/relay

Rice: Drill seeding
Mungbean: Dirill/relay

Maize: Drill seeding
Wheat: Drill seeding
Mungbean: Dirill/relay

Same as in scenario 3

Same as in scenario 4

Residue
management

All residue removed

Full (100%) rice and
anchored wheat
residue retained on soil
surface; full mungbean
residue incorporated

Full (100%) rice and
Mungbean; anchored
wheat residue retained
on soil surface

Maize (65%) and full
mungbean; anchored
wheat residue retained
on soil surface

Same as in scenario 3

Same as in scenario 4

Nutrient management (NPK,

kg/ha)

Rice: 175+ 58 + 0
Wheat: 150 + 58 + O

Rice: 1561 + 58 + 60
Wheat: 151 + 64 + 32
Mungbean: 0 + 0 + 0

Rice: 162 + 64 + 62
Wheat: 151 + 64 + 32
Mungbean: 0 + 0 + 0

aize: 174 + 64 + 62
Wheat: 151 + 64 + 32
ungbean: 0 + 0 + 0

Rice: 130 + 64 + 62

Wheat: 121 + 64 + 32
ungbean: 0 + 0 + 0

N in rice- 8 splits & wheat- 4
splits through SSD Fertigation
aize: 139 + 64 + 62

Wheat: 121 + 64 + 32
Mungbean: 0 + 0 + 0

N in maize- 3 splits & wheat- 4
splits through SSD Fertigation

Water management

Rice: Continuous flooding of
5-cm depth for 1 month,
followed by irrigation applied at
hair-line crack Wheat: Need
based irrigation or at critical
crop growth stages

Rice: Continuous flooding of
5-cm depth for first 15-20 days
after transplanting ‘fb’ irrigation
at —40 to —50 kPa matric
potential at 15-cm depth till

1 wk before flowering

‘Wheat: Flood irrigation at —40
to —50 kPa matric potential
Rice: Kept soil wet for first

20 days ‘fb’ irrigation at —20 to
—30 kPa matric potential
Wheat: Flood irrigation at —40
to —50 kPa matric potential

Flood Irrigation at —50 kPa in
maize and —40 to —50 kPa
matric potential in wheat

Sub surface drip irrigation
(SSDI) at —20 to —30 kPa in
rice and —40 to —50 kPa
matric potential in wheat

Sub surface drip irrigation
(SSDI) at —50 kPa in maize and
—40 to —50 kPa matric
potential in wheat

Where: CT, conventional tillage; ZT, zero till; CA, conservation agriculture; Si, sustainable intensification; SSD, sub surface drip; SSDI, sub surface drip irrigation; N, nitrogen; P, phosphorus; K, potassium.
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Scenario?

Scl
Scll
Salll
SclvV
ScVv
ScVI

Shannon

9.20 + 0.09a°
9.37 £ 0.35a
8.24 £ 0.33b
8.58 £ 0.19ab
8.00 £+ 0.40b
8.76 + 0.06ab

Simpson

0.993 + 0.00a
0.993 + 0.00a
0.978 £ 0.01ab
0.984 + 0.00a
0.964 £0.01b
0.987 £ 0.00a

Chao1

4643 £ 97b
5306 + 108a
4551 £ 36b
4688 + 50b
4446 £ 22b
4670 £ 93b

oTu

3278 £ 43b
3765 + 127a
3055 + 48b
3185 + 62b
3034 + 60b
3288 + 69b

Where, Scl, conventional rice-wheat system; Scll, partial CA based rice-wheat-
mungbean system; Sclll, partial CSA based rice-wheat-mungbean system; SclV,
partial CSA based maize-wheat-mungbean system; ScV, full CSA based rice-
wheat-mungbean system with sub surface drip irrigation; ScVI, full CSA based
maize-wheat-mungbean system with sub surface drip irrigation. ®Refer Table 1
for scenario description. ®Means followed by the same letters within each column
are not statistically different (p < 0.05, Duncan’s multiple range test). Values are the
average of three replicates (n = 3); means =+ standard error SE.
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Scenario? pH EC (dSm-') SOC (gkg~') N(kgha=1) P(kgha-') K(kgha=') Zn(mgkg~') Cu(mgkg-') Fe (mg kg~') Mn (mg kg~1)

Scl 7.41 £0.09b° 0.35+0.02a 5.7+ 0.01d 119.01 £ 0.58d 16.06 + 1.04c 137.1 £ 1.15c 7.7 £0.15b 29+0.12a 43.7+1.81b 53.4+1.22¢c
Scll 7.07 £0.04c 0.34 £0.01a 9.2+0.08c 144.12+£2.00c 23.14 1.06b 2255+ 1.00a 8.8 £0.44ab 39 +£0.15a 74.94 1.46a 60.5 £ 0.83b
Salll 7.704+0.07a 0.32+0.02a 10.7 £0.02b 171.07 £ 1.00a 24.92 + 0.79b 217.8 £ 1.58b 9.7 £0.35a 28 +£0.15a 23.1+0.87c 66.8 £1.71a
Sclv 7.4940.02b 0.32 £0.03a 12.5 £ 0.03ab 165.91 £3.21b 29.7 £ 1.04a 226,56 £2.31a 3.7+ 0.32c 2.7+ 0.21a 20.6+0.44c 72.4+1.31a
ScV 7.49 4 0.06b 0.28 £0.02a 13.1 £0.02a 171.32 &+ 2.31a 30.52 £+ 1.34a 210.1 £ 3.61b 10.1 £ 0.44a 2.6+ 0.31a 21.5+0.74c 68.6 + 1.87a
ScVi 7.744+0.06a 0.27 £0.03a 11.94 0.01ab 157.25 + 1.63b 24.20 + 2.00b 217.8 £ 3.79b 3.6 £0.46c 2.3 £0.21a 1524+ 1.15c 48.8 £ 1.55¢

Where, Scl, conventional rice-wheat system; Scll, partial CA based rice-wheat-mungbean system; Sclll, partial CSA based rice-wheat-mungbean system, SclV, partial
CSA based maize-wheat-mungbean system; ScV, full CSA based rice-wheat-mungbean system with sub surface drip irrigation;, ScVI, full CSA based maize-wheat-
mungbean system with sub surface drip irrigation. 2Refer Table 1 for scenario description. ®Means followed by the same letters within each column are not statistically
different (p < 0.05, Duncan’s multiple range test). Values are the average of three replicates (n = 3); means + standard error SE. EC, electrical conductivity; SOC, soil
organic carbon; N,P, K, available nitrogen, phosphorus and potassium; Zn, Cu, Fe, Mn, DTPA extractable zinc, copper, iron and manganese.
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Treatments Plant height Number of Number of leaves Maximum leaf Maximum leaf Dry matter production g plant*1 Bacterial CFU g*1
(cm)*** primary branches plant—1*** length (cm)* width (cm)* rhizosphere (roots along
plant—1* Root*** Shoot** with soil)***
Ty 4967 +1.1be 533+ 0.58¢ 1538+ 0588 2533+2.08b 17.67 £4.04d 1.93+0.01f 13.26 £ 0.48d 3.15E+5 + 6.36E+4 d
T 58.00 £ 3.00 a 6.67 £ 0.58 ab 28.004+2.00a 28.00 £ 1.00 ab 24.00 £+ 3.00 abc 289+0.04a 17.26 £ 0.23 abc 4.33E+10 £ 2.47E+9 bc
Ts §56.00 + 1.00 be 6.67 +1.16ab 21.004 2.00 ab 27.33+2.31ab 19.33 £ 1.53 cd 273+0.04b 18.02 £ 0.08 ab 4.18E+10 £ 1.06E+9 ¢
Ta 54.00 + 1.00 bc 533+ 0588¢ 18.38 4+ 0.58 bed 26.33+0.58b 21.00 4 0.02 ed 1.99 +0.04 e 15.30 £ 0.30 bed 5.57E+10 £ 4.24E+8 a
Ts 53.87 & 1.58 bed 567 +0.58bc 18.33 4+ 0.58 be 26.33+2.08b 22.00 £ 2.00 abcd 246+0.04c 15.54 + 0.20 bed 4.5E4+10 £ 7.07E+8 b
Te 53.004 1.73 ed 567 +0.58bc 17.67 + 0.58 cde 27.67 £1.53 ab 23.67 £ 2.52 abe 2.34+0.04d 15.46 £ 0.02 bed 4.37E+10 £ 2.33E+9 bc
T7 56.33 + 1.53 ab 6.33 £ 0.58 abc 20.67 + 3.06 ab 28.00 £3.61 ab 26.67 £5.51a 1.98£0.04e 16.72 £ 0.20 abc 4.28E+10 + 7.07E+8 bc
Ts 51.00 + 1.00 de 5.67 £ 0.8 bc 16.67 £ 1.16 de 27.33 £0.58 ab 21.67 +£2.08 bed 2.33+0.04d 1419+ 0.20cd 4.45E+10 + 4.94E4+8 be
To 56.00 £+ 2.00 ab 7.00£0.02a 2250+1.504a 30.50 £ 1.50 a 26.50 + 0.50 ab 2.35+0.03d 19.88 45894 4.2E+10 + 1.41E49 be

Ty = Without bacterial inoculation, To, Ts, Ta, Ts, Te, T7, Ts, and Tg = Tomato plants inoculated with P. azotoformans ESR4, R poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, S. maltophilia
ESR20, R veronii ESR21, and B. aryabhattai ESB6, respectively. Data are means + standard deviations. Different letters in column imply significant difference among treatments. **, **, *, and * indicate significant
difference at 0.1% (P < 0.001), 1% (P < 0.01), 5% (P < 0.05), and 10% (P < 0.1), respectively.
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Volatile compounds Hydrolytic enzymes

Strains Acetoin Indole  NHj3 HCN ACC Catalase Oxidase Gelatinase Arginine Lipase Cellulase Protease
deaminase dihydrolase
ESR3 - - +++¢ + + + + + + + -
ESR4 - - +++¢ - + + + + + + + -
ESR6 = + +++¢ = + + + + it = + =
ESR7 = - +++° - + + + + + + + ~
ESR9 —~ - +++¢ ~ + + + + + + + ~
ESR12 = + +++¢ = + + + + + + + =
ESR13 - - ++0 - + + + + + + + -
ESR156 - - 4+ 4 + + + + + + + -
ESR16 - + +++¢ - + + + + + + + -
ESR20 - 3 - - + + + + - + + +
ESR21 - + 4 - + + + - + - + +
ESR23 = = +++¢ = + + + + + + + +
ESR25 - - 42 - + + + - + + + -
ESD3 - o+ ++P - + + + + + - + +
ESD8 = - +4 +4 + + = + it + + +
ESD16 + - +2 - + + ~ + ~ + + +
ESD21 = = +++¢ ~ + + ~ + + + + +
ESB6 = + +++¢ = + + = + = + + =
ESB9 + + +++° - + + - + - + + +
ESB18 - + +4 - + + + - + + + +
ESB22 - + +++¢ - + + + - - + + +

+ = Positive, — = Negative, +2 = Weak, ++° = Moderate, and +++¢ = Strong.
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IAA production (ng/mL)

Nitrogen fixation

Phosphate solubilization index

Strains  Spectrophotometric HPLC Growthon N2  Expression  Tricalcium Rock phosphate K Zn solubilization
assay free medium of nifH phosphate solubilization index

ESR3 22.08+1.70de 43.20 +10.02 cd + + 6.43+011a 250+0.24fg + 2.656+0.29b

ESR4 22.85+2.22de 31.23 £ 7.77 defg + + 279+ 0.04ef 2.83+0.24¢€fg + 3.42 + 0.59 ab

ESR6 3117 +220b 59.52 + 9.45 ab + + 557+021b 423+0.80ab = 317+ 1.18 ab

ESR7 18.54 £ 1.57 fg 24.58 + 8.54 fg + + 2.404+0.02h 4.08+0.12 abc + 2.94 4+ 0.62 ab

ESR9 20.69 + 1.74 ef 48.83 + 10.07 bc + + 290+ 0.07e 4.19+0.67 ab + 3.44 £+ 0.09 ab

ESR12  23.88+12.33d 6714 +£4.04a + + 2.69+0.11fg 3.24 £ 0.13 cdef = 3.29 4+ 0.20 ab

ESR13  22.78 £ 1.05de 33.13 + 7.64 defg + + 6.561+0.04a 450+024a - 2.86 4+ 0.37 ab

ESR16  18.25+1.40fg 38.78 + 5.20 cde + + 4.46+012c 4.67+00a + 2404+0.14Db

ESR16  22.80 + 1.09 de 19.30 £8.02¢g + + 2.85+0.06ef 4.21+0.65ab + 3.06 & 0.09 ab

ESR20  21.67 £0.79 de 44.50 + 10.69 cd + + 2.56 & 0.02gh 3.04 + 0.41 def = 2914048 ab

ESR21 20.43 £ 0.70 ef 33.19 + 8.62 def + + 3.694+0.36d 3.50+ 0.24 bcde = 230+0.14Db

ESR23  26.55+1.23c 51.47 + 11.58 bc + + 6.47 £0.35a 3.83 £ 0.24 abcd = 320+ 1.13ab

ESR25  14.32 £ 0.90 hi 28.22 + 11.02 efg + + 279+0.07ef 217+024g = 388+ 0.18a

ESD3 - + + - 467 +£0.47 a + —

ESD8 - + + 2.854+ 0.06ef 4.08+0.59 abc + =

ESD16  59.57 £3.80a 21.52 +4.931g + + 214+ 011j 4.67+047a + =

ESD21 13.59 £ 0.73i 31.45 + 7.08 defg + + 218+ 0.01ij 200+£0.35¢9g = -

ESB6 21.73+0.89de 7170+ 7.00a + =+ 2.384+0.01hi 2.50+0.24 fg - -

ESB9 16.16 £ 1.29 gh 25.64 + 7.94 efg + + 211+ 0.06]j - - -

ESB18 4.83£0.90]j 20.08 + 7.51fg + + - - - -

ESB22 4.55 £0.19] 23.50 +8.02 fg + + - - - -

+ = Positive, — = Negative. The values are mean of the three independent experiments. =+ indicate standard deviation. Values having different letters are significantly

different from each other according to Fisher’s least significant difference (LSD) test (P < 0.001).
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Strains Geographical position Length (bp) Maximum Identity (%) Identified as Accession Gene bank
score number accession
Rajshahi
ESR3 24.03814 N; 90.39731 E 1405 2575 99.72 Pseudomonas chlororaphis AJ550465.1 MN180835
ESR4 24.42656 N; 88.42353 E 1403 2591 100 P azotoformans MK883104.1 MN173418
ESR6 24.42941 N; 88.40231 E 1383 2359 97.47 P poae MK883118.1 MN173419
ESR7 24.43090 N; 88.40452 E 1412 2580 99.65 P, fluorescens KT767924.1 MN173420
ESR9 24.44068 N; 88.40942 E 1414 2584 99.65 P, gessardii MG972901.1 MN173421
ESR12 24.44067 N; 88.40943 E 1414 2603 99.93 P, cedrina KT767922.1 MN173422
ESR13 24.44115N; 88.41311 E 1408 2584 99.79 R veronii MH665745.1 MN180836
ESR15 24.44416 N; 88.41007 E 1415 2603 99.93 P, chlororaphis AJ550465.1 MN173423
ESR16 24.03814 N; 90.39732 E 1402 2590 100 P, cedrina KT767922.1 MN173424
ESR20 24.42657 N; 88.42353 E 1424 2603 99.72 Stenotrophomonas maltophilia KM893074.1 MN173425
ESR21 24.43091 N; 88.40943 E 1416 2608 99.93 R veronii MH665745.1 MN173426
ESR23 24.44068 N; 88.40944 E 1407 2593 99.93 P, cedrina KT767660.1 MN173427
ESR25 24.44419 N; 88.41009 E 1405 2588 99.93 P, fluorescens KY670742.1 MN180837
Dinajpur
ESD3 25.48203 N; 88.86574 E 1429 2582 99.30 Bacillus cereus JQ799048.1 MN173428
ESD8 25.48393 N; 88.86528 E 1429 2639 100 Staphylococcus saprophyticus MK841545.1 MN173429
ESD16 25.48452 N; 88.86705 E 1408 2374 97.09 B. horikoshii KJ534599.1 MN173430
ESD21 25.48635 N; 88.86585 E 1422 2569 99.30 B. cereus JQ799048.1 MN173431
Bogura
ESB6 245136 N; 89.2218 E 1427 2636 100 Bacillus aryabhattai MNO004848.1 MN173432
ESB9 245130 N; 89.2242 E 1431 2438 99.93 B. megaterium KC692173.1 MN173433
ESB18 24.5131 N; 89.2229 E 705 1242 98.44 R parafulva MT089718.1 MT448933
ESB22 24.5128 N; 89.2241 E 1429 2639 100 B. cereus MG937670.1 MN173434
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Category

Plant growth promotion

Plant defense response

Abiotic stress response
and nutrient use
efficiency

Salient findings

Chilling temperatures critically affects growth of Maize in N. hemisphere. This study reported enrichment of
Comamonadaceae and the Pseudomonadaceae in the root endosphere of maize grown under chilling
conditions. Additionally two bacterial strains were identified from the root endosphere that could boost maize
growth under chiling conditions.

A root endophytic bacteria Sphingomonas sp. Cra20 improved growth of Arabidopsis thaliana under drought
stress by stimulating the growth of lateral roots and root hairs. Additionally, the relative abundance of
Sphingomonas increased in the rhizosphere bacterial community in the water-deficit treatment, suggesting the
role of Sphingomonas sp. Cra20 in alleviating drought induced stress.

A community-based culture collection (CBC) approach was undertaken to isolate bacteria from the stalks and
rhizosphere of Sugarcane. Subsequently, a synthetic community was designed by cross-referencing the CBC
with the sugarcane microbiome profile that comprised of highly abundant bacterial groups from roots and
stalks. The synthetic community could successfully improve the biomass of sugarcane, and was found to
displace the native rhizosphere bacteria community.

Willows (Salix spp.) were grown in gamma-irradiated petroleum-contaminated soils. Plants were inoculated with
contaminated rhizosphere soil from a willow that grew well, or with contaminated bulk soil in which the plants
had died. Willows inoculated with bulk soil performed better than those inoculated with rhizosphere soil.
Microbiomes of different treatments were divergent at the beginning, but had converged at the end of the studly,
suggesting lasting effect of inoculated microbiome on plant growth, but not on the rhizosphere microbiome.

Microbiome structure of Banana endosphere in the roots and shoot tips were investigated during plant growth
and wilting processes. The keystone bacterial species belonging to the family Enterobacteriaceae family were
isolated and further engineered to express ACC deaminase. Plants inoculated with engineered
Enterobacteriaceae strains increased resistance to the Fusarium wilt disease. The findings illustrate that the
keystone species in the banana microbiome plays functional role in the wilt resistance.

Composts represent a sustainable way to suppress diseases and improve plant growth. Compost derived
microbial communities enriched in the rhizosphere of Tomato were analyzed for antifungal activity against
soil-borne fungal pathogens. Subsequently, microbial synthetic communities (SynComs) were designed with an
overarching aim to improve plant fitness. SynComs were found to promote tomato growth as well as
suppressed Fusarium wilt symptoms in controlled conditions.

Tomato variety Hawaii 7996 is resistant to the soil-borne pathogen Ralstonia solanacearum, whereas the
Moneymaker variety is susceptible to the pathogen. Rhizosphere microbiome analysis revealed clear differences
in community profile of these two varieties. Transplantation of rhizosphere microbiota from resistant plants
suppressed disease symptoms in susceptible plants. Additionally, a flavobacterium strain isolated from resistant
plant rhizosphere microbiome was found to suppress R. solanacearum in susceptible plants.

A simplified synthetic bacterial community based on maize rhizosphere microbiome was designed representing
most dominant phyla to study their functional attributes in maize seedlings. This synthetic community inhibited
the phytopathogenic fungus Fusarium verticillioides, both in planta and in vitro. This study indicates how
community profile information can be utilized to design beneficial microbial consortia for improving plant fitness
and productivity

Recognition of microbes by plant immune system mediated by phosphate stress was investigated.

A representative synthetic bacterial community (SynCom) was designed that comprised of 35 bacteria isolated
from the roots of Brassicaceae. SynCom enhanced the activity of PHR1, the master transcriptional regulator of
the PSR, in Arabidopsis thaliana grown under limited phosphate. Additionally PHR1, repressed plant’s immune
system in phosphorous starved regime, validating plant’s prioritization of nutritional stress over defense.

Nitrogen-use efficiency of indica varieties of rice is superior to that of japonica varieties. Root microbiome
analysis of these two varieties revealed that microbiota of indica and japonica highly distinct. Further, it was
found that this distinctness was associated with a rice nitrate transporter and sensor NRT1.1B. Based on
microbiome analysis, microbial synthetic communities (SynComs) were designed. It was found that
indica-enriched SynCom improved rice growth in organic nitrogen conditions compared with a
japonica-enriched SynCom.

Root associated microbiome of drought-sensitive pepper plant (Capsicum annuum L.) were analyzed focusing
on role of microbes conferring plant growth under water limitation. Subsequently pepper root associated
culturable bacteria were isolated and evaluated for plant growth promotion and drought tolerance abilities. The
composition of the cultivable community associated to rhizosphere and root surrounding soil fractions shared a
high similarity. Most of these isolates were able to promote plant growth and alleviate drought-induced stress
with enhanced abilities observed in Bacillus and the Rhizobacteria strains.

Community profiling microbiome associated with superior halo-tolerant seepweed Suaeda salsa revealed that
rhizospheric and endophytic bacterial community were enriched in genes responsible for salt stress
acclimatization. This suggest that S. salsa preferentially recruit halotolerant taxa to confront soil salinity. Based
on root endosphere core microbiota, halotolerant bacterial and fungal strains belonging to Pseudomonadales
and Montagnulaceae were isolated. It was demonstrated that these core microbiome members were
successfully able to improve growth and salt tolerance in the non-host rice plant.
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9.21E-174
2.62E-13
3.04E-110
6.39E-16
1.24E-138

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
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Gene ID

CL10565.Contig2_All
CL4104.Contig1_All
Unigene16276_All
Unigene33856_All
CL7287.Contig3_All
CL8632.Contig1_All
Unigene21534_All
CL2943.Contig1_All
CL6172.Contig2_All
Unigene14727_All
Unigene15571_All
CL2217.Contig10_All
CL2217.Contig4_All
CL2217.Contig5_All
CL2217.Contig6_All
CL2217.Contig7_All
CL2217.Contig8_All
CL2217.Contig9_All
CL65172.Contig3_All
CL7966.Contig5_All
CL7966.Contig6_All
Unigene1517_All

Pathogenesis-related (PR)protein

Pathogenesis-related protein 1-like (PR-1)
Pathogenesis-related protein 1-like (PR-1)
Pathogenesis-related protein 1-like (PR-1)
Pathogenesis-related protein 1-like (PR-1)

Chitinase (PR-4)

Chitinase (PR-4)
Pathogenesis-related thaumatin family protein (PR-5)
Pathogenesis-related thaumatin family protein (PR-5)
Pathogenesis-related thaumatin family protein (PR-5)
Pathogenesis-related thaumatin family protein (PR-5)
Pathogenesis-related thaumatin family protein (PR-5)

Ribonuclease-like (PR-10)
Ribonuclease-like (PR-10)
Ribonuclease-like (PR-10)
Ribonuclease-like (PR-10)
Ribonuclease-like (PR-10)
Ribonuclease-like (PR-10)
Ribonuclease-like (PR-10)
Pathogenesis-related protein bet VI family protein

Defensin (PR-12)

Defensin (PR-12)

Defensin (PR-12)

Note: NM = uninoculated with S. tortuosa, NMP = NM inoculated with C. lentis.

log2FoldChange

6.914960844
3.276764958
2.472089136
4.82001244
6.208040452
3.637342745
4.494370584
1.5734712
1.6562097894
1.697620019
2.898047044
3.409959051
3.165161051
3.127873382
2.882958125
3.544779339
4.65338736
1.299242287
2.186973416
1.133964
1.43156
9.488391

g-value

0
2.66E-11
4.67E-09
9.11E-05

0
7.49E-26

0
9.27E-15
1.18E-41
4.15E-13

0

0
1.01E-58

0
1.41E-55

0

0

0

0
7.41E-13
3.19E-42
4.26E-64

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
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Treatment Shoot biomass(g/plant) Root biomass(g/plant) Plant height (cm) Root length (cm) Root area (cm?)

NM 5.83 + 0.092 1.72 £ 0.15P 9.18 + 0.07° 12.17 £ 0.05P 20.08 +0.13°
AM 6.09 + 0.09 3.23 4 0.547 14.51 +£0.112 17.32 £ 0.232 3453 +0.172
NMP 5.92 +0.172 1.37 £ 0.31° 9.33 +0.13° 11.91 £0.110 22.31 +0.08°
AMP 5.98 + 0.232 2.91 +0.372 13.26 4 0.072 17.66 =+ 0.372 34.22 + 0.292

Note: NM = uninoculated with S. tortuosa, AM = inoculated with S. tortuosa, NMP = NM inoculated with C. lentis, and AMP = AM inoculated with C. lentis, Different
lowercase letters on the bars means there is significant difference across treatments at P < 0.05 by Tukey’s HSD test.
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Enterobacter ludwigii (KX024731)

Enterobacter mori (KC851827)

Enterobacter tabaci (MK641315)
Enterobacter cloacae- ACA7
Enterobacter cloacae (MK621330)

64| Enterobacter cloacae- AHI1

Enterobacter cloacae (MG774409)

Enterobacter ludwigii (JN644550)

33 ‘ Enterobacter roggenkampii- EDS
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Organisms

Bacteria

Fungi

Viruses

Nematodes

Actinomycetes

Algae

Species

Azorhizobium caulinodans

Sinorhizobium meliloti

Herbaspirillum rubrisubalbicans

Soybean Bradyrhizobium faponicum,
Bradyrhizobium elkanii, and Rhizobium fredii

Bacillus aryabhattai and Pseudomonas
auricularis

Pseudomonas syringae
Agrobacterium tumefaciens
Enwinia amylovora

Xylela fasticiosa

Ralstonia pseudosolanacearum
Talaromyces pinophilus

Microbotryum lychnidisdioicae

Fusarium proliferatum

Rice necrosis mosaic virus

Tobacco mosaic virus (TMV)
Cucumber mosaic virus

Bacterivorous nematode

Meloicogyne incognita
Aphelenchoides bessseyi

Streptomyces rochei and Streptomyces
thermolilacinus

Streptomyces coelicolor, Streptomyces
olivaceus, and Streptomyces geysiriensis
Streptomyces ipomoeae and Nocardia
vaccinii

Nostoc

Cephaleuros virescens
Cephaleuros parasiticus

Activities

Nitrogen fixation
Nitrogen fixation
Production of growth regulators
Nitrogen fixation

Nutrient solubilization

Canker diseases
Crown gall

Fire blight diseases
Plerce’s diseases
Bacteria wilt

Production of plant growth-promoting
metaboltes

Responsible for anther smut disease

Leads to dark brown necrotic spots on
leaves and wilting of tomatoes stem

Plant growth induction and synthesis of
metabolite similar to cytokinin
Mosaic-like mottling discoloration on leaves

Leaf deformation, curling, and green yellow
mosaic

Organic matter decomposition and
solubiity of nutrients

Root knot disease

Green stem and foliar retention
Production of plant growth-promoting
metabolites and stress tolerance.
Synthesis of siderophore, IAA, and
ammoria

Sweet potato scab, bud and gall
proliferation

Indole acetic acid (IAA) synthesis

Algal leaf spot
Red rust

Plant Host

Sesbania
Medicago sativa
Saccharum officinarum
Soy Glycine max

Cameliia oleifera Abel

Kiwi fruit

Tectona grandis

Pears, quince trees, and apple
Grape

Tomatoes

Waito-C rice seediings

Silene latifolia

Solanum lycopersicum

Ludwigia perennis and
Corchorus olitorius

Tobacco and pepper
Pimpinella brachycarpa

Lolium perenne

Patchouli
Soybean

Tiiticum species

Triticum aestivum

Sweet potato andblueberry
plant

Colocasia esculenta and Vigna
unguiculata

Manikara zapota
Neoregelia Bromeliads

References

Ondieki et al. (2017)
Ondieki et al. (2017)
Dos Santos et al. (2017)
Ondiek et al. (2017)

Wu et al. (2019)

Wang et al. (2018)

Borges et al. (2019)
Doolotkeldieva et al. (2019)
Overall and Rebek (2017)
Kiass et al. (2020)
Khalmuratova et al. (2015)

Kuppireddy et al. (2017);
Schirawski and Perlin (2018)
Gao et al. (2018)

Ghosh et al. (2012)

Islam et al. (2018)
Yoon et al. (2017)

Gebremikael et al. (2016)

Borah et al. (2018)
Meyer et al. (2017)
Jog et al. (2012)

Yandigeri et al. (2012)

Anandan et al. (2016)

Ashok et al. (2017)

Sunpapao et al. (2017)
Sanahuja et al. (2018)
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Stage

Yellowing

Color-fixing

Stem-dring

Total

Position

Up
Middle
Lower
Average
Up
Middle
Lower
Average
Up
Middle
Lower
Average

Sample

Al
Al12
A13

A31
A32
A33

Petiole
Shannon Simpson Chao1 ACE oTU

517 £0.77 0.92 £ 0.04 549 + 58 557 £ 60 564 + 66
542 £ 0.17 0.91 £ 0.01 643 + 27 644 £+ 23 634 + 16
5.07 £0.73 0.86 £+ 0.08 623 + 21 639 £ 20 644 + 34
5.22 +0.63 0.90 + 0.06 604 + 56 614 + 56 608 + 72
3.24 £1.04 0.61 £0.20 522 £ 72 540 £ 73 537 £ 71

6.63 £ 0.33 0.97 £ 0.01 729 +£ 18 732 +£18 717 £ 35
6.35 £ 0.05 0.97 £ 0.00 675 £+ 31 674 £ 28 678 + 31

5.40 + 1.66 0.85 + 0.20 642 + 99 649 + 93 644 + 92
5756 +£0.45 0.93 £ 0.04 715 £ 82 729 £ 79 745 +£ 74
6.39 + 0.11 0.97 + 0.00 748 £ 2 760 £5 759 £ 19
6.34 £ 0.15 0.95 £ 0.01 821 +£ 80 823+ 77 824 +£ 73
6.16 + 0.40 0.95 + 0.03 761 £ 80 771 +£75 776 £ 70
5.60 + 1.10 0.90 +£0.12 670 £+ 102 678 + 100 676 + 106

Sample

B11
B12
B13

B21
B22
B23

B31
B32
B33

Lamina
Shannon Simpson Chao1 ACE oTU

6.35 +0.06 0.96 + 0.00 708 + 45 707 £ 50 714 £ 51

5.50 £0.84 0.91 £0.69 614 £+ 49 620 + 48 622 + 67
4.96 +0.64 0.88 +£0.07 561 + 58 567 + 51 568 + 50
5.60 +0.83 0.92 +£0.07 628 +79 613 £ 76. 635 + 83
5.44 +0.64 0.90 +0.08 678 +£3 682 + 6 695+ 6

6.19 +£0.28 0.96 +0.02 696 + 24 707 £ 25 717 £ 16
5.66 £ 0.55 0.95 +£0.02 622 + 122 632 +£ 118 645 £ 117
5.67 +0.60 0.93 +0.50 666 + 78 673 £ 76 686 + 75
5.63 £0.13 0.92 +£0.02 730 £16 740 £ 14 736 £+ 20
6.65 +0.19 0.97 +0.00 737 £38 737 £ 35 749 £ 25
6.89 +£0.15 0.98 +0.01 855 + 31 862 + 31 879 + 33
6.39 +0.57 0.96 +0.03 774 £65 780 + 65 788 £ 70
5.92 +£0.75 0.94 +0.53 689 + 95 695 + 94 703 £ 99

Richness and diversity estimation of the ITS sequencing libraries from the sequencing analysis. Shannon and Simpson are used to assess the community diversity, while Chao and Ace are used to evaluate the
community richness. The values of mean + SD of Three samples are shown in the table.
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Stages

Yellowing

Color-fixing

Stem-drying

Total

Leaf-position

Petiole

Lamina

Petiole

Lamina

Petiole

Lamina

Samples

A1
Al12
A13
B11
B12
B13
A21
A22
A23
B21
B22
B23
A31
A32
A33
B31
B32
B33

Alternaria

20.80%
23.56%
8.55%
7.81%
9.74%
16.62%
59.59%
417%
3.81%
28.27%
1.60%
6.61%
14.14%
4.45%
1.30%
5.90%
2.57%
4.44%
12.38%

Phoma

11.91%
15.36%
9.49%
16.24%
12.26%
23.24%
2.11%
6.43%
7.93%
12.88%
6.81%
5.78%
3.24%
6.99%
1.64%
7.61%
9.54%
8.66%
9.28%

Boeremia

0.23%
1.27%
2.70%
0.63%
19.31%
3.88%
0.24%
2.40%
2.48%
0.84%
1.41%
8.44%
0.46%
0.43%
0.40%
0.21%
3.09%
0.37%
2.71%

Cladosporium

0.61%
0.89%
24.17%
1.33%
1.39%
8.80%
0.53%
3.06%
4.156%
1.92%
2.07%
6.08%
1.13%
4.60%
2.51%
4.24%
4.156%
3.26%
4.16%

Aspergillus

16.33%
2.95%
1.14%
1.17%
5.31%
2.64%
7.07%
2.31%
0.18%
0.71%
0.21%
0.14%
5.86%
17.94%
4.94%
0.73%
12.11%
0.49%
4.57%

Cercospora

4.65%
3.18%
0.70%
8.50%
3.78%
0.41%
1.32%
11.89%
5.66%
7.46%
15.35%
4.46%
8.35%
4.48%
3.64%
16.46%
4.80%
7.27%
6.24%

Golovinomyces

0.01%
0.04%
0.04%
0.01%
0.00%
0.08%
0.02%
1.42%
0.06%
0.02%
6.73%
0.08%
1.87%
0.06%
0.80%
0.28%
0.06%
0.18%
0.65%

Rhizopus

5.54%
0.07%
0.08%
0.30%
0.04%
0.05%
0.34%
0.45%
0.01%
0.10%
0.00%
0.00%
1.22%
0.72%
0.26%
0.08%
1.60%
0.05%
0.60%

Symmetrospora

0.63%
3.98%
0.86%
3.43%
2.85%
0.25%
0.61%
4.91%
5.94%
2.24%
3.80%
2.75%
3.00%
217%
2.91%
3.20%
3.07%
4.42%
2.84%

Golubevia

0.09%
0.34%
0.08%
0.11%
0.09%
0.02%
0.32%
0.17%
0.28%
5.55%
0.08%
0.10%
2.30%
0.18%
1.26%
4.58%
0.10%
0.43%
0.89%
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Leaf pigments (mg g—! FW) Oxidative stress markers

Treatments ***Relative water **Proline content ***Catalase
content (%) ***Chlorophylla  “Chlorophyll b ***Total chlorophyll ***Carotenoids ***Malondialdehyde **Electrolyte (hg g~ 1 FW) (U mg~" protein)
(wmol g~ FW) leakage (%)

Tq 59.542 £ 6.87 ¢ 1.635+0.01¢c 0.469 +£0.02 ¢ 2.104 + 7.49E-03 e 5.300 +£ 0.63 f 116.77 £ 2.54 ab 2491 +167a 3047 £1.52b 134.70 £ 4.24 e
To 63.278 £ 4.10de  2.181 £0.03 a 1.084 +£0.04 a 3.264 + 7.33E-02 a 8.050 £ 0.16 a 130.72+£0.25a 2414 £ 394 a 2592 +£2.07 ¢ 161.20 £3.53 ¢
T3 57.075 +£8.32¢ 1.832+0.19b 0.659 + 0.36 bc 2.491 £ 1.73E-01 d 6.135 £0.01 e 136.92+2.3a 22.09 + 1.68 ab 3825 +1.49a 166.99 £2.12 ¢
Ty 70.812+4.51cd 1.836+0.09b 0.758 £ 0.11 abc  2.595 + 2.22E-02 d 7.007 £0.10d 60.45 +£ 2.2 de 13.88 £ 0.38 cd 11.18 £ 0.63 ef 148.94 +£4.24d
Ts 82.947 £ 572 a 2143+ 0.08a 1.039 £ 0.06 ab 3.181 £ 3.19E-02ab  7.822 £ 0.01 ab 81.12+0.77 cd 15.40 £+ 0.88 cd 13.04 £0.80 de 160.00 +5.65 ¢
Te 85.742 £ 391 a 2140+ 0.04 a 0.843+0.29abc  2.982 £ 2.47E-01 bc  7.564 £+ 0.05 bc 4960+ 1.4¢ 1213 +1.71d 11.36 + 1.42 ef 161.01 £4.24 ¢
T7 74.071 £4.55bc  2.095 £ 0.06 a 1110+ 0.08 a 3.205 + 1.52E-02ab  7.502 £ 0.01¢ 98.68 + 1.7 bc 18.42 + 3.48 bc 23.31 £1.47¢c 188.78 £7.77b
Tg 72714 £6.86¢C 2.068 £0.02 a 0.821 £0.09 abc  2.889 + 6.84E-02 ¢ 7.579 £0.22 bc 60.45 £ 2.1 de 16.37 £+ 1.49 cd 15.94 +£1.00d 164.94 +£4.94 ¢
Ty 81.021 £7.28ab 2.103 £0.02 a 0.947 £+ 0.06 ab 3.050 + 8.45E-02 abc  7.613 + 0.21 bc 80.85 + 1.34 cde 15.62 £+ 2.24 cd 9.31 £ 1.72f 231.81 £3.53a

T1 = Without bacterial inoculation, Tp, T, T4, Ts, Te, T7, Tg, and Tg = Tomato plants inoculated with P azotoformans ESR4, P poae ESR6, P. gessardii ESR9, P. cedrina ESR12, P. chlororaphis ESR15, S. maltophilia
ESR20, P, veronii ESR21, and B. aryabhattai ESB6, respectively. Data are means + standard deviations. Different letters in column imply significant difference among treatments. ***, *, *, and * indicate significant
difference at 0.1% (P < 0.001), 1% (P < 0.01), 5% (P < 0.05), and 10% (P < 0.1), respectively.
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Parameters

Sugarcane cultivar GT11

Control Treatment Control Treatment
30 days

Chiorophyll (SPAD units) 13.40 + 0.20¢ 15.09 0.23¢ 28.60 + 0.43° 32.04 + 0.48%
Leaf Area (cm?) 312.62 + 4.69° 492.43 4+ 7.39° 670.93 + 10.072 727.75 4+ 10.922
Height (cm) 21.07 +0.32° 22,58 + 0.34¢ 25.09 £ 0.38° 24.08 + 0.367
Root Weight (g) 1.30 £ 0.02 1.91 +£0.03° 8.83 +0.13¢ 9.63 + 0.14¢
Shoot Weight (g) 2.41 + 0.04¢ 411 +0.06° 21.57 £0.32° 26.29 + 0.39°¢
Photosynthesis (umol m=2 s=1) 5.48 + 0.08° 26.48 =+ 0.40° 9.23 + 0.14¢ 33.41 £ 0.50°¢
Transpiration rate (mmol m=2 s~ 1) 1.07 4+ 0.02 1.25 +£0.02¢° 117 +£0.02¢ 2.45 £ 0.04¢
gsw-stomatal conductance (mmol m=2 s~ 1) 27.47 £0.410 43.96 + 0.66° 39.30 + 0.59° 75.21 £ 1.13°
SEM 1.18 1.86 2.53 275

CD (P =0.05) 3.54 5.58 7.58 8.26

CV (%) 4.30 4.20 4.40 4.10

Means with the same alphabets inside a column are not significantly different (o < 0.05) according to DMRT (Duncan’s Multiple Range Test). SEM, standard error of the

difference between means,; CD, critical difference; CV, coefficient of variation.
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Characteristics

Genome size (bp)

GC content (%)

Topology

Chromosome size (bp)
Plasmid size (bp)

Plasmid GC content (%)
Chromosome

Plasmid

tRNA

rBNA (5S, 16S, 23S)

CDS (chromosome, plasmid)
Protein-coding genes (CDS)
Genomic islands

CRISPR

Prophage

Genes assigned to NR
Genes assigned to Swiss-Prot
Genes assigned to COG
Genes assigned to KEGG
Genes assigned to GO
Genes assigned to Pfam

Value

4,702,851
56.05
Circular
4,698,609
4242
45.66

1

1

83

9,8,8
4,343,6
4,349

4347
3818
4028
2839
2949
3964
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PGP activities description

Nitrogen metabolism
Nitrogen fxation
Cyanate hycrolysis
Nirosafive siress

Ammonia assimilation
ACC deaminase

Siderophore
Sidorophore enterobactin

Plant hormones
1AA production

Auxin biosynthes's
Phosphate metabolism

Gene name

o
oV

gt

Gene annotation

Nitrogen fixation protein nifu and related proteins
Cyanate transport protein CynX

Anagrobic nitrc ox e reductase transcription regulator Nor

Anasrobic nilric oxide reductase favorubredoxin
Glutamate synthase (NADPH/NADH) large chein
Glutamate synthase (NADPH/NADH) small chain
1-Aminocyclopropane-1-carboxylate deaminase

Enterocheln esterase and related enzymes
Enterodactin synthase subunit F
Enterobactin exporter entS

Ferric enterobactin raceptor
Iron-enterobacti transporter AT-
Fe transport syste

Enterobactin synthase

Tryptophanyl-trna synthetase
Anttaniate synthase component
Tryptophan synthase subunit beta
Tryptophan synthase suburit aipha.

Auin Effx Garrer

Low-affinity inorganic phosphate transporter
Phosphate ABC transporter subsirate-binding protein
Phosphate transporter permease subunit psiC
Phosphate transporter permease subunit pisA
Phosphate ABG transporter ATP-binding protein

Phos transport system

U

transporter
Giycerol-3-phosphate transporter permease
Glycerol-3-phosphat transporter membrane protein
Alaline phosphatase

Phosphoporin protein E

™ ‘system, ompr famiy,

protein

system, ompr family,

E.C. number

1414314114
1411314114
44115

63214

36334

632.142.78

4114853124
6112
41327
42120

4132724218

Chromosome location

3496630-3497016
2160759-2161919.
3662018-3663532
3663720-3665162
4179778-4184238
4184248-4185666
2930253-2933239

4687024-4688199
1205182-1200039
1212020-1213258.
1201360-1203618
1209127-1209921

1210907121191

120042-1201283

4683468-4684427
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Isolates 1AA (g mL—1) ARA (nmoL ACC (nmol Hydrolytic Enzymes (IU mL-1)
CoHs mg o-ketobutyrate

AT PT (0.5%) PT (1%) protein h~") mg~"h~") Cellulase  Chitinase Endoglucanase Protease
AAT 65.239 167.98/ 14771k 9.91k 508.36/ 123.34K 183.24/ 529.59 154.4219
AH1 140.082 627.97¢d 159.95 14.73" 509.05 125,870k 190.52/ 619.77 157.73¢f
BC1 28.30' 155.34K 272.749 8.23" 837.90° 134.75" 225.51f 691.93" 1517790
BC2 38.13 656.27° 527.422 10.54 405.46™ 128.400 174.32K 583.69¢ 146.497
BD1 39.341 418.85 402.59" 11147 250.409 129.66' 174,51k 574.67% 152.44fdh
CA1 30.710 128.047 131.25M 13.269 717.319 211.52P 202.18" 858.89¢ 168.34%0
C10 26.49 116.00” 235.01" 15.77¢ 424.53™ 104.637 151.24™ 777.659 154.4219
el 20.87™ 76.469 156514k 12.21h 212.73" 122.08¢ 151.44m 658.68 148.47hi
DF1 24.69 160.15K 76.66° 13.059 688.43" 118.32/ 168.69 700.95" 149.799~/
DH1 110.78° 213.94/ 46.169 9.07 758.85 147.599 243.03° 687.42" 1517790
EB3 33.119 617.939 421.26° 9.2¢8 1192.742 122.08¢ 170.14k 786.689 157.73°
EC5 31.519" 635.40° 435.919 13.269 657.94' 193.83° 231.35 849.86% 169.01%
ED4 47.97° 142.89 139.08' 8.25™ 966.23° 127.130k 216.769 601.73K 153.1019"
ED5 123.23P 732.932 517.190 29.602 1096.10P 179.079 205.68° 1355.879 169.6722
EF2 27.291 91.320 92.320 15.36° 683.19" 152.77° 229.89 691.93" 145.83
El 31.110 524.01¢ 471.83¢ 10.54 881.387 93.58" 269.349 592,71k 144.51/
R15 16.86° 70.649 48.979 16.409 424.28M 143.729 338.202 714.49" 163.03%¢
R16 17.66%° 96.33° 84.69%° 20.38° 263.76°9 107.107 278.12¢ 696.44" 148.4700
AS3 33.119 235.61" 200.89 16.549 296.61° 173.76° 161.41 822.78 172.992
AS5 19.07m 534.85¢ 147.71k 20.17P 454.09 156.677 155.60™ 1342.3079 167.01b¢
ACA7 19.87™ 96.53° 128.44™ 16.72¢ 273.74° 146.299 136.71" 1446.33° 172.99
ACD1 25.494 332.559 153.53 18.92° 473.64¢ 449,257 125.09° 1554.922 167.68%¢
ACD2 11.249 81.08°9 107.567" 14,52 372.76" 104.63™ 132.35" 1410.14¢ 161.04e
SEM 0.573 4.000 2.864 0.159 6.806 1.774 2.203 9.572 1.677
CD (P =0.05) 1.632 11.387 8.153 0.453 19.373 5.051 6.272 27.248 4775
CV (%) 2.400 2.300 2.200 1.900 2.000 2.000 1.900 2.000 1.800

Means of the similar alphabet within a row are not significantly different (P < 0.05) according to Duncan’s Multiple Range Test (DMRT). SEM, standard error of the
difference between means; CD, critical difference; CV, coefficient of variation. AT, absence of tryptophan and PT, the presence of tryptophan.
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Circle 1-2:

A:RNA processing and modification
B:Chromatin structure and dynamics
. C:Energy production and conversion
&) D:Cell cycle control, cell division, chromosome partitioning
- E:Amino acid transport and metabolism
. F:Nucleotide transport and metabolism
. G:Carbohydrate transport and metabolism
. H:Coenzyme transport and metabolism
. I:Lipid transport and metabolism
. J:Translation, ribosomal structure and biogenesis
. K:Transcription
=) L:Replication, recombination and repair
. M:Cell wall/membrane/envelope biogenesis
. N:Cell motility
. O:Posttranslational modification, protein turnover, chaperones
. P:Inorganic ion transport and metabolism
- Q:Secondary metabolites biosynthesis, transport and catabolism
R:General function prediction only
- S:Function unknown
. T:Signal transduction mechanisms
. U:Intracellular trafficking, secretion, and vesicular transport
. V:Defense mechanisms
. W:Extracellular structures
. Y:Nuclear structure
. Z:Cytoskeleton

Circle 3:

Il 155_RNA
[ 235_RNA
Il 55_RNA

. tRNA

Circle 1-2:

A:RNA processing and modification
B:Chromatin structure and dynamics
B C:Energy production and conversion
B D:Cell cycle control, cell division, chromosome partitioning
E:Amino acid transport and metabolism
B F:Nucleotide transport and metabolism
H G:Carbohydrate transport and metabolism
] H:Coenzyme transport and metabolism
B I:Lipid transport and metabolism
B J:Translation, ribosomal structure and biogenesis
= K:Transcription
|| L:Replication, recombination and repair
[ M:Cell wall/membrane/ envelope biogenesis
2] N:Cell motility
B O:Posttranslational modification, protein turnover, chaperones
B P:Inorganic ion transport and metabolism
B Q:Secondary metabolites biosynthesis, transport and catabolism
R:General function prediction only
| S:Function unknown
i} T:Signal transduction mechanisms
B U:Intracellular trafficking, secretion, and vesicular transport
[ ] V:Defense mechanisms
B W:Extracellular structures
Y:Nuclear structure
i) Z:Cytoskeleton

Circle 3:

i 16S_rRNA
 23S_rRNA
W S5S_rRNA
B tRNA
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ID isolate Taxonomic assignment GenBank accession number NCBI best match (accession number) Identity (%) Necrosis severity 2

A10 Lasiodiplodia pseudotheobromae MT571538 Lasiodiplodia pseudotheobromae (MN887212.1) 100 1
A1 Fusarium sp. MT571539 Fusarium sp. (MH397492.1) 99.8 2
A12 Fusarium sp. MT571540 Fusarium sp. (MH397492.1) 99.8 1
Al4 Mortierella sp. MT571541 Mortierella sp. (MT366005.1) g9.8 1
A17 Fusarium equiseti MT571542 Fusarium equiseti (MG650603.1) 99.8 2
A18 Scytalidium sp. MT571543 Scytalidium sp. (MH268087.1) 99.8 1
A19 Fusarium sp. MT571544 Fusarium sp. (JF505287.1) 99.0 1
B1 Fusarium sp. MT571545 Fusarium sp. (MH777054.1) 99.8 3
B4 Fusarium solani MT57 1546 Fusarium solani (MN326475.1) 100 1
B5 Fusarium solani MT571547 Fusarium solani (MN326475.1) 97.8 3

2 Values assigned indicate the severity of the internal necrotic lesions observed in wound-inoculated stem segments of avocado after 4 weeks, following this classification:
a value of 0 means no symptoms except discoloration at the wound site (the same as control); a value of 1 indicates moderate vascular damage (necrotic lesions
surrounding the site of inoculation); a value of 2 refers to advanced damage (external necrosis, wilting and extended necrotic lesion through vascular tissue); a value of 3
indicates severe damage (generalized necrosis through the whole stem tissues).
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Observed Shannon Simpson’s

OTUs index (H’) index (D)
Bacteria
Asymptomatic (n = 16) 888 + 71 6.04 £0.04 0.99 £ 0.0001
Symptomatic (n = 14) 810 £ 82 5924013 0.99 £ 0.003
Fungi
Asymptomatic (n = 2) 545 4.56 0er
Symptomatic (n = 2) 574 4.81 0.97

Values represent the means + SE. “n” represents the number of sequencing
libraries. No significant differences were observed in bacterial alpha diversity
metrics (P > 0.05, Mann-Whitney-Wilcoxon test).
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Ndfa = 100 x [1 — (atom% N excess inoculated plant/
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PCs PC1 PC2 PC3 PC4

Eigen value 10.314 4.383 2.681 0.994
% Variance 54.284 23.069 14.085 5.230
Cumulative% 54.284 77.354 91.465 96.695
Factor loading/eigen vector

Proteobacteria 0.838 —-0.519 0.099 0.131
Acidobacteria —0.629 0.374 —0.538 —0.405
Actinobacteria —0.964 0.086 —0.039 0.181
Bacteroidetes 0.209 0.902 —-0.132 —0.160
Chiloroflexi —0.890 0.343 —0.189 0.146
Firmicutes —0.971 —-0.192 0.031 —0.015
Gemmatimonadetes —-0.179 0.920 —0.269 —0.133
Verrucomicrobia 0.199 0.906 —0.159 —0.323
Nitrospirae 0.815 —0.063 0.337 —0.392
pH 0.424 —0.765 —0.286 —0.271
EC —0.838 0.278 0.295 0.178
SOC 0.927 —0.094 0.295 —0.185
N 0.912 —0.228 0.238 0.198
P 0.793 —0.059 0.578 —0.098
K 0.841 0.397 0.259 —0.046
Zn —0.097 —0.082 0.136 0.978
(6]V] —0.360 0.789 0.192 0.444
Fe —0.497 0.775 —0.003 0.390
Mn 0.276 —0.1183 0.937 0.165

Where EC, electrical conductivity; SOC, soil organic carbon;, N,R K, available
nitrogen, phosphorus and potassium; Zn, Cu, Fe, Mn, DTPA extractable zinc,
copper, iron and manganese. Bold letter denotes variables with higher factor
loading.
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Proteobacteria

pH 0.70
EC(dSm~") -0.79
SOC (kg ha™") 0.83
N (kg ha=1) 0.94*
P (kg ha1) 0.74
K (kg ha~ ") 0.53
Zn (mg kg~") 0.10
Cu(mg kg™ —0.63
Fe (mgkg™") —0.77

Mn (mg kg~—") 0.41

Acidobacteria Actinobacteria

—0.26 —0.56
0.43 0.80
—-0.71 —0.93*
—0.85* —0.90*
—0.81 —0.78
—0.47 —0.84
—0.45 0.27

0.25 0.47
0.44 0.62
—0.78 —0.30

Bacteroidetes Chloroflexi Firmicutes Gemmatimonadetes Verrucomicrobia Nitrospirae

—0.43 —0.68
0.11 0.75
0.07 —0.92**

—0.03 —0.93*
0.00 —0.82"
0.59 —-0.71

—0.30 0.19
0.58 0.60
0.52 0.77

—-0.17 —0.45

*Significance at the p < 0.01, **significance at the p < 0.001, **significance at the p < 0.0001.

—0.23
0.81
—0.88"
—0.82
—0.76
—0.85"

0.08
0.21
0.32
—0.21

—0.71
0.24
—0.29
—0.49
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0.11
—0.21
0.66
0.75
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—0.51
—0.05
0.12
—0.14
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—0.43
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—0.25

0.34
—0.75
0.96"
0.72
0.92**
0.70
—0.39
—0.49
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MALDI-TOF/MS Score

Strain TYGS analysis

Taxon d0 - d4 -d6 (%)*
UFMG50 Bacillus megaterium 71.8-721-743
UFMG51 Klebsiella variicola 82.4-92.7-87.0
UFMG54 Pantoea ananatis 86.6-91.9-902
UFMG61 Microbacterium sp. 47.8-268-41.2
UFMG81 Pseudomonas sp. 61.2-38.2-56.0
CNPMS2088 Ochrobactrum pseudogrignonense 71.8-71.4-74.2

Bacillus sp. /2.1 (secure genus identification)
Klebsiella sp. / 2.3 (secure genus identification)
Pantoea sp. /2.0 (secure genus identification)

Microbacterium sp. / 1.9 (probable genus identification)
Pseudomonas sp. / 2.0 (secure genus identification)
Not detected

*Digital DNA-DNA hybridization (dDDH) values (Meier-Kolthoff and Goéker, 2019): do (GGDC formula 1): length of all HSPs divided by total genome length. ds (GGDC
formula 2): sum of all identities found in HSPs divided by overall HSP length. dg (GGDC formula 3): sum of all identities found in HSPs divided by total genome length.
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Treatment Soil P (mg/Kg) Foliar area Plant height Root dry weight Shoot dry weight Plant dry weight Root P (g per Shoot P (g per Plant P (g per

(cm?) (cm) (g per pot) (g per pot) (g per pot) pot) pot) pot)
Soil added with TSP
NI 6.4 +0.62 549.5 + 54.9% 140.0 + 2.5 52+ 0.62 37.8+1.3° 43.0+ 1.3 374052 3524 4.52 38.9 + 4.5
Bacillus megaterium 58+2.02 579.2 + 34.62 149.8 + 2.9 59+0.8 357 +2.8° 41.6+2.9 454114 33.3+0.42 37.8 +1.42
UFMG50
Klebsiella variicola 6.3 +2.72 634.2 + 38.0° 1453 + 2.52 6.7 +0.5P 36.2 £2.20 429+ 1.82 5.6 4 0.75P 39.2 +2.8° 44.7 +3.0°
UFMG51
Pantoea ananatis 754397 814.8 £93.7° 146.7 + 3.0 53+022 36.2 +1.4° 41.4 +1.22 39403 39.5 +3.9° 43.4 + 3.9°
UFMG54
Microbacterium sp. 57 +£1.32 656.0 + 44.82 143.5 4+ 1.24 5.4 +£0.32 372+1.8° 426 +1.82 4.4 +£0.72 425 +7.3P 46.9 +7.9°
UFMG61
Pseudomonas sp. 6.0+1.3 507.1 + 62.82 141.2 +£10.82 6.6+ 0.3° 3284 1.4a 39.4 + 1,52 53+0.3° 3394392 39.2 +3.82
UFMG8T
O. pseudogrignonense 75+212 634.4 + 53.29 147.3 £+ 3.1@ 58+0.72 372423° 43.0+3.07 45+047 34.9 +3.97 39.4 +£4.3
CNPMS2088
Soil added with cRP
NI 447 +3.32 258.3 + 36.4° 99.2 +2.0° 1.9 +0.22 794072 98+0.82 224022 11.4 +£0.7° 13.6 £ 0.72
Bacillus megaterium 64.4 + 6.9° 300.8 + 34.0° 109.0 4 2.2¢ 284 03P 92405 11.9+0.7° 3.4+06° 13.1 £0.9° 16.5 + 1.3°
UFMG50
Klebsiella variicola 422 4+ 4.82 208.6 + 40.82 86.5 + 5.0 204042 7.9+052 994+0.8 2.4 +0.42 11.3+0.8° 137 £ 1.02
UFMG51
Pantoea ananatis 55.147.6° 218.9 + 9.52 92.0 +2.22 204022 7.6+0.3 9.6+ 0.52 234022 11.6 £0.8° 139+ 0.97
UFMG54
Microbacterium sp. 481 + 6.12 253.6 + 8.5° 97.8 + 3.6° 214012 7.8+ 052 9.9+ 0.67 264022 11.4 £ 0.58° 14.0 £ 0.52
UFMG61
Pseudomonas sp. 5314720 327.3 + 45.6° 92.0 4220 1.9 +0.12 7.3+0.22 9.2+0.22 2.3+0.1a 9.8+0.42 121 +0.42
UFMG8T
O. pseudogrignonense 54.7 + 4.6° 221.2 4+ 27.02 105.8 + 6.8° 25+0.7° 10.3 +1.18° 12.8 4+ 1.8° 2.6 4052 13.6 &+ 1.8° 16.2 +2.30
CNPMS2088
Negative control 1.84+0.3 32.4+28 4284 3.3 07402 1.0+£0.2 17403 0.7340.2 0.824+0.2 1.56 £ 0.3

Negative control, no inoculation and no P fertilization; NI, no inoculation.
Data are the mean value of four replicates followed by standard deviation. The inoculation consisted in the addition of 10 mL/pot of the bacterial suspension, adjusted to an O.Dggg of 1.0 at the time of planting. Al traits
were measured after 45 days of cultivation. Means followed by the same letter within the same column do not differ significantly from one another by the Scott-Knott test (p-value < 0.05).
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Origin Phyla/Classes Genera Number
of
isolates
Enrichment culture with Firmicutes Lysinibacillus 1
rhizosphere soil of Bacillus 2
maize plants cultivated
with AP (This study) Proteobacteria/ Klebsiella 9
Gammaproteobacteria Pantoea 3
Enterobacter 1
Enrichment culture with Proteobacteria/ Enterobacter 7
rhizosphere soil of Gammaproteobacteria Klebsiella 5
maize plants cultivated Erwinia 1
without P fertilization Pantoea 1
(This stua) Proteobacteria/ Burkholderia 1
Betaproteobacteria
Actinobacteria Curtobacterium 1
Total 32
Endophyte: Collection Proteobactria Serratia 7
LMA/ UFMG* (Gamaproteobacteria) Pantoea ¥
Enterobacter 7
Klebsiella 6
Acinetobacter 4
Pseudomonas 2
Curtobacterium 2
Obesumbacterium 1
Raoultella 1
Rhizobium 1
Bacteroidetes Flavobacterium 2
Firmicutes Staphylococcus 3
Lactococcus 2
Bacillus 5
Brevibacillus 1
Actinobacteria Microbacterium 3
Arthrobacter 3
Endophyte: Firmicutes Bacillus 5
CMMF-EMS*
Proteobacteria Pantoea 2
(Gammaproteobacteria)  Enterobacter 1
Serratia 1
Proteobacteria Ochrobactrum 1
(Alphaproteobacteria)
Rizhosphere: Firmicutes Bacillus 2
CMMF-EMS*
Total 69

*Applied  Microbiology Laboratory of Instituto de Ciéncias Bioldgicas of
Universidade Federal de Minas Gerais.
**Multifunctional Microorganisms Collection of EMBRAPA Maize and Sorghum.
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P source

Araxa Phosphate
Commercial Rock Phosphate
Super Triple Phosphate

Total P;05 (%)

30
28
46

P,05 in CA'! (%)

5.7
9
40

Gran. 2 (mm)

0.06
0.30

Structure

Fluorapatite/some hydroxyapatite
Fluorine-hydroxy-carbonate apatite

Origin

lgneous
Sedimentary

1Soluble in 2% citric acid.
2Granulometry.
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Period (h) Sample Chamber Air relative Air Wind speed Petiole Lamina Lamina

name position humidity temperature (r/min) wetness (%) wetness (%) temperature
(m) (%) (°C) cC)
Yellowing (42) A11-B11 2.5 91.5 37 960 78 67 35
A12-B12 178 87.5 87:5 960 75 65 35.5
A13-B13 1 84 38 960 73 63 36
Color-fixing (94) A21-B21 2.5 73 47 1450 55 49 45
A22-B22 1.75 66 47.5 1450 48 43 45.5
A23-B23 1 57 48 1450 40 35 46
Stem-drying (140)  A31-B31 25 22 67 960 20 14 65
A32-B32 1.75 12.5 67.5 960 11 8 65.5

A33-B33 1 8.5 68 960 5 4 66
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