

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-3895-1
DOI 10.3389/978-2-8325-3895-1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Plant growth-promoting bacteria as key tool for future agriculture: Agronomic, molecular and omics approaches

Topic editors

José David Flores Félix – University of Salamanca, Spain

Reiner Rincón Rosales – Tuxtla Gutierrez Institute of Technology, Mexico

Víctor Manuel Ruíz-Valdiviezo – Tecnológico Nacional de México/Instituto Tecnológico de Tuxtla Gutiérrez, Mexico

Clara Ivette Rincón Molina – Instituto Tecnológico de Tuxtla Gutiérrez/TecNM, Chiapas, Mexico

Citation

Félix, J. D. F., Rosales, R. R., Ruíz-Valdiviezo, V. M., Molina, C. I. R., eds. (2023). Plant growth-promoting bacteria as key tool for future agriculture: Agronomic, molecular and omics approaches. Lausanne: Frontiers Media SA.  doi: 10.3389/978-2-8325-3895-1





Table of Contents




Editorial: Plant growth-promoting bacteria as a key tool for future agriculture: Agronomic, molecular and omics approaches

Clara Ivette Rincón-Molina, Víctor Manuel Ruíz-Valdiviezo, Reiner Rincón-Rosales and José David Flores Félix

Serratia plymuthica MBSA-MJ1 Increases Shoot Growth and Tissue Nutrient Concentration in Containerized Ornamentals Grown Under Low-Nutrient Conditions

Nathan P. Nordstedt and Michelle L. Jones

Assessment of Bacterial Inoculant Delivery Methods for Cereal Crops

Yen Ning Chai, Stephanie Futrell and Daniel P. Schachtman

Newly Isolated Paenibacillus monticola sp. nov., a Novel Plant Growth-Promoting Rhizobacteria Strain From High-Altitude Spruce Forests in the Qilian Mountains, China

Hui-Ping Li, Ya-Nan Gan, Li-Jun Yue, Qing-Qing Han, Jia Chen, Qiong-Mei Liu, Qi Zhao and Jin-Lin Zhang

Identification of the Phosphorus-Solubilizing Bacteria Strain JP233 and Its Effects on Soil Phosphorus Leaching Loss and Crop Growth

Haiyang Yu, Xiaoqing Wu, Guangzhi Zhang, Fangyuan Zhou, Paul R. Harvey, Leilei Wang, Susu Fan, Xueying Xie, Feng Li, Hongzi Zhou, Xiaoyan Zhao and Xinjian Zhang

Volatile Organic Compounds of Streptomyces sp. TOR3209 Stimulated Tobacco Growth by Up-Regulating the Expression of Genes Related to Plant Growth and Development

Yuxi He, Wenyu Guo, Jieli Peng, Jinying Guo, Jia Ma, Xu Wang, Cuimian Zhang, Nan Jia, Entao Wang, Dong Hu and Zhanwu Wang

Melatonin Attenuates the Urea-Induced Yields Improvement Through Remodeling Transcriptome and Rhizosphere Microbial Community Structure in Soybean

Renhao Xiao, Qin Han, Yu Liu, Xuehai Zhang, Qingnan Hao, Qingqing Chai, Yongfang Hao, Junbo Deng, Xia Li and Hongtao Ji

Broad-spectrum resistance mechanism of serine protease Sp1 in Bacillus licheniformis W10 via dual comparative transcriptome analysis

Lina Yang, Chun Yan, Shuai Peng, Lili Chen, Junjie Guo, Yihe Lu, Lianwei Li and Zhaolin Ji

Rhizobium etli CFN42 proteomes showed isoenzymes in free-living and symbiosis with a different transcriptional regulation inferred from a transcriptional regulatory network

Hermenegildo Taboada-Castro, Jeovanis Gil, Leopoldo Gómez-Caudillo, Juan Miguel Escorcia-Rodríguez, Julio Augusto Freyre-González and Sergio Encarnación-Guevara

Molecular mechanisms of plant growth promotion for methylotrophic Bacillus aryabhattai LAD

Chao Deng, Xiaolong Liang, Ning Zhang, Bingxue Li, Xiaoyu Wang and Nan Zeng

Study of the effect of bacterial-mediated legume plant growth using bacterial strain Serratia marcescens N1.14 X-45

Jiaxin Zheng, Chao Liu, Jiayi Liu and Jia Yao Zhuang

Effect of the application of vermicompost and millicompost humic acids about the soybean microbiome under water restriction conditions

Maura Santos Reis de Andrade da Silva, Lucas Amoroso Lopes de Carvalho, Lucas Boscov Braos, Luiz Fernando de Sousa Antunes, Camilla Santos Reis de Andrade da Silva, Cleudison Gabriel Nascimento da Silva, Daniel Guariz Pinheiro, Maria Elizabeth Fernandes Correia, Ednaldo da Silva Araújo, Luiz Alberto Colnago, Nicolas Desoignies, Everaldo Zonta and Everlon Cid Rigobelo

Application of data integration for rice bacterial strain selection by combining their osmotic stress response and plant growth-promoting traits

Arun Kumar Devarajan, Marika Truu, Sabarinathan Kuttalingam Gopalasubramaniam, Gomathy Muthukrishanan and Jaak Truu

Potential of Bacillus pumilus to directly promote plant growth

Jakub Dobrzyński, Zuzanna Jakubowska and Barbara Dybek

Combination of Aspergillus niger MJ1 with Pseudomonas stutzeri DSM4166 or mutant Pseudomonas fluorescens CHA0-nif improved crop quality, soil properties, and microbial communities in barrier soil

Haiping Ni, Yuxia Wu, Rui Zong, Shiai Ren, Deng Pan, Lei Yu, Jianwei Li, Zhuling Qu, Qiyao Wang, Gengxing Zhao, Jianzhong Zhao, Lumin Liu, Tao Li, Youming Zhang and Qiang Tu












	
	TYPE Editorial
PUBLISHED 17 March 2023
DOI 10.3389/fmicb.2023.1168891






Editorial: Plant growth-promoting bacteria as a key tool for future agriculture: Agronomic, molecular and omics approaches

Clara Ivette Rincón-Molina1, Víctor Manuel Ruíz-Valdiviezo1, Reiner Rincón-Rosales1 and José David Flores Félix2*


1Instituto Tecnológico de Tuxtla Gutiérrez/Tecnológico Nacional de Mexico, Tuxtla Gutiérrez, Mexico

2CICS-UBI - Health Sciences Research Centre, University of Beira Interior, Covilhã, Portugal

[image: image2]

OPEN ACCESS

EDITED AND REVIEWED BY
Trevor Carlos Charles, University of Waterloo, Canada

*CORRESPONDENCE
 José David Flores Félix, jdflores@usal.es

SPECIALTY SECTION
 This article was submitted to Microbe and Virus Interactions with Plants, a section of the journal Frontiers in Microbiology

RECEIVED 18 February 2023
 ACCEPTED 07 March 2023
 PUBLISHED 17 March 2023

CITATION
 Rincón-Molina CI, Ruíz-Valdiviezo VM, Rincón-Rosales R and Flores Félix JD (2023) Editorial: Plant growth-promoting bacteria as a key tool for future agriculture: Agronomic, molecular and omics approaches. Front. Microbiol. 14:1168891. doi: 10.3389/fmicb.2023.1168891

COPYRIGHT
 © 2023 Rincón-Molina, Ruíz-Valdiviezo, Rincón-Rosales and Flores Félix. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



KEYWORDS
plant growth-promoting bacteria, rhizosphere, biostimulant, omics, biofertilizer



Editorial on the Research Topic
 Plant growth-promoting bacteria as a key tool for future agriculture: Agronomic, molecular and omics approaches




Plant growth-promoting bacteria (PGPB) are a fundamental tool in the agriculture of the future because the mechanisms they exhibit are key in improving agricultural efficiency, increasing the integration of agriculture into the environment, and reducing the ecological footprint of agriculture (Bizos et al., 2020). These bacteria have shown to be capable of interacting at different levels with crops, both through direct mechanisms, such as nitrogen fixation or phosphate solubilization, and indirect mechanisms, such as induction of systemic resistance (ISR) or competition for space through the formation of biofilms (Haskett et al., 2020). In recent years, and through the incorporation of omics techniques (genomics, transcriptomics, proteomics, ionomics, and metabolomics), we are starting to understand the depth of plant-microorganism interactions and define a holobiont with the implications that this has for design strategies in agriculture (Riva et al., 2022). These new approaches have shown that an in-depth study of the interactions between PGPB and crops is necessary to understand how to modulate and direct nutrient acquisition and plant improvement to biotic and abiotic stresses through the application of PGPB. The main objective of this Research Topic is to elucidate plant-microorganism interactions through the application of omic techniques and the use of multidisciplinary approaches. Within this topic, 14 articles have been published, providing a deeper understanding of plant-microorganism interactions in agricultural systems and the implications for improving crop productivity.

Nordstedt and Jones studied the potential of Serratia plymuthica MBSA-MJ1 as a PGPB, showing the usefulness of genomic analysis and the ability of this strain to improve the development and vigor of flower crops of Petunia × hybrida (petunia), Impatiens walleriana (impatiens), and Viola × wittrockiana (pansy), as well as increased root, shoot, and leaf development, and nutrient absorption. Dobrzyński et al. also evaluated the capacity of the Bacillus pumilus species through the study of the strains B. pumilus W8, B. pumilus LZP02, B. pumilus JPVS11, B. pumilus TUAT-1, B. pumilus TRS-3, and B. pumilus EU927414 for better plant production. The authors observed improvements in vegetative parameters, substance content (amino acids, proteins, and fatty acids), and oxidative enzymes. Some strains also showed an important capacity to modulate the rhizosphere of the hosts. On the other hand, the study of the rhizosphere, whose diversity is not yet known, is essential in the search for new inoculants. Li et al. described Paenibacillus monticola, a novel bacteria that presented important capacities to promote development in Arabidopsis and Trifolium repens.

Ni et al. evaluated the capacity of the consortium of Aspergillus niger MJ1, Pseudomonas stutzeri DSM4166, and P. fluorescens CHA0-nif mutant strain on the quality of lettuce and cucumber. The authors discovered a positive effect on the production of these vegetables and modulation of the associated microbial populations to these crops, with enrichment in Pyrinomonadaceae and Blastocatellia. The application of PGPB in agriculture is a tool to improve crop efficiency, as shown by Yu et al. through the application of Pseudomonas sp. JP233, a phosphate solubilizing bacterium, which improved the absorption of this nutrient in corn without increasing P leaching.

The inoculation of certain PGPB strains can have a decisive effect on the rhizosphere, such as Serratia marcenscens X-45, whose inoculation not only improves vegetative and productive parameters in Indigofera pseudotinctoria, but also increases the abundance of Bradyrhizobium, an endosymbiont of this legume, from 1 to 42% in its rhizosphere, as demonstrated by Zheng et al.. This work strategy was also used by Deng et al. to study in silico the potential of B. aryabhattai LAD as a PGPB, identifying the main genes involved in growth promotion mechanisms and correlating with improvements in maize development.

Chai et al. studied the assessment method of PGPB, determining that due to the production of lipopeptidoglycans, as well as the need to adapt the inoculation method to the culture, Gram-positive bacteria are less sensitive to the adhesion method used than Gram-negative bacteria. The use of vermicompost and millicompost in conjunction with Bradyrhizobium sp. was studied by da Silva et al.. The authors showed an increase in taxa belonging to Sphingobacteriaceae, Chitinophaga, and Actinobacteria, thus enrichment in Erysiphe diffusa and Thanatephorus cucumeris related to phytopathogens. However, no disease was observed in soybean plants.

Devarajan et al. evaluated the use of statistical data integration methods, namely, principal component analysis (PCA) of concatenated data, multiple co-inertia analysis (MCIA), and multiple kernel learning (MKL), to improve PGPB selection. They demonstrated that data integration methods could complement the single-table data analysis approach and provide better insight into the microbial strain selection process.

The complexity of plant-microorganism interactions is proving to be significant, with elements such as enzymes (i.e., serine protease Sp1 from B. licheniformis) involved in biocontrol processes being capable of inducing upregulation of 150 differentially expressed genes (DEGs) and downregulation of 209 DEGs by RNA-seq technology. Yang et al. demonstrated that new application strategies for bacterial biofertilizers or their derivatives are possible. Another aspect studied in recent years is the role of volatile organic compounds (VOCs) in promoting plant growth and plant health. He et al. showed that the production of VOCs by Streptomyces sp. TOR3209 increases the expression of genes related to the improvement of plant development, such as UDP-glycosyltransferase or glutamate receptors.

In addition, not only are applied assays precise but the use of metatranscriptomic techniques allowed for the proteomic study of symbiosomes in Phaseolus vulgaris inoculated with Rhizobium etli CFN42. Taboada-Castro et al. showed differences in the production of isoenzymes associated with the development conditions of the endosymbiont, allowing us to understand the transcriptional regulations and the design of inoculation strategies.

Regarding the application of treatments to improve crop adaptation, Xiao et al. demonstrated that foliar application of melatonin induced transcriptomic modification on soybean leaves and changed rhizosphere microbial community species but not in alpha diversity, which is different from urea treatment. Their research indicates how foliar application of melatonin might influence soybean yields.

In conclusion, the study of the potential of new biofertilizers is essential for the development of biofertilizers that improve the efficiency of agriculture through in silico and in planta studies. This aspect should be complemented by a transcriptional study to understand and clarify the plant promotion mechanisms used by these bacteria and whose knowledge will allow the establishment of new bacterial biostimulation strategies.
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High fertilizer rates are often applied to horticulture crop production systems to produce high quality crops with minimal time in production. Much of the nutrients applied in fertilizers are not taken up by the plant and are leached out of the containers during regular irrigation. The application of plant growth promoting rhizobacteria (PGPR) can increase the availability and uptake of essential nutrients by plants, thereby reducing nutrient leaching and environmental contamination. Identification of PGPR can contribute to the formulation of biostimulant products for use in commercial greenhouse production. Here, we have identified Serratia plymuthica MBSA-MJ1 as a PGPR that can promote the growth of containerized horticulture crops grown with low fertilizer inputs. MBSA-MJ1 was applied weekly as a media drench to Petunia×hybrida (petunia), Impatiens walleriana (impatiens), and Viola×wittrockiana (pansy). Plant growth, quality, and tissue nutrient concentration were evaluated 8weeks after transplant. Application of MBSA-MJ1 increased the shoot biomass of all three species and increased the flower number of impatiens. Bacteria application also increased the concentration of certain essential nutrients in the shoots of different plant species. In vitro and genomic characterization identified multiple putative mechanisms that are likely contributing to the strain’s ability to increase the availability and uptake of these nutrients by plants. This work provides insight into the interconnectedness of beneficial PGPR mechanisms and how these bacteria can be utilized as potential biostimulants for sustainable crop production with reduced chemical fertilizer inputs.

Keywords: biofertilizer, biostimulant, floriculture, genome analysis, horticulture, nutrient stress, nutrient solubilization, PGPR


INTRODUCTION

The plant rhizosphere, the microscopic environment surrounding plant roots, hosts a diversity of microorganisms. Plants secrete a variety of root exudates into the rhizosphere including sugars, vitamins, and amino acids, which assist in recruiting specific microbial populations (Lugtenberg and Kamilova, 2009; Martín-Sánchez et al., 2020). In return, many of these microbes play essential roles in the rhizosphere ecosystem by influencing both plant and soil health (Vessey, 2003). The study of these beneficial plant growth promoting rhizobacteria (PGPR) and their contribution to agriculture has gained significant interest in recent years (Bhardwaj et al., 2014). PGPR can stimulate plant growth through a variety of mechanisms including modulating phytohormone levels, inhibiting growth of plant pathogens, producing secondary metabolites, and increasing the availability and uptake of nutrients for their plant host (Raklami et al., 2019; Martín-Sánchez et al., 2020).

Plants require 14 essential mineral nutrients to support proper growth and development, and agricultural systems often rely on the addition of chemical fertilizers to provide adequate nutrients to support crop production (Marschner, 2011). However, high rates of fertilizer are frequently attributed to surface and groundwater pollution due to nutrient leaching and runoff (Adesemoye and Kloepper, 2009). The bioavailability of nutrients for plant uptake plays a significant role in plant nutrient use efficiency (NUE), and therefore, the lack of bioavailability increases the susceptibility of nutrients to leaching and runoff (Adesemoye and Kloepper, 2009; Bindraban et al., 2015). This is of particular concern for horticulture crops grown in peat-based soilless substrates, which have lower ion exchange capacities than field soil, increasing the possibility that nutrients will be removed from the substrate via leaching (Bachman and Metzger, 2008). Therefore, it is important that crop producers find sustainable ways to produce crops with high yield and quality while minimizing chemical fertilizer inputs.

Studies have shown that the application of PGPR can increase the NUE of plants, thereby reducing the amount of nutrients that are leached into the environment (Khan, 2005; Adesemoye et al., 2008, 2010; Shaharoona et al., 2008; Arif et al., 2017; Pereira et al., 2020). A meta-analysis of studies evaluating PGPR application on plant NUE showed an average increase in NUE of 5.8kg yield per kg nitrogen fertilizer applied (Schütz et al., 2018). Direct mechanisms that PGPR can utilize to facilitate increased nutrient bioavailability and uptake by plants include nitrogen fixation, nutrient solubilization, sulfur oxidation, and chelation of metals (Lugtenberg and Kamilova, 2009).

The availability of essential plant nutrients including phosphorus, potassium, and zinc is dependent on their solubility in the rhizosphere (Ruzzi and Aroca, 2015). When these nutrients are bound by other salts and metals, plants are unable to access them for growth and development. However, bacterial solubilization can make them readily accessible for plant utilization and less likely to be removed from the growing substrate via leaching (Adesemoye and Kloepper, 2009). Many bacterial species that are plant growth promoters have been identified as efficient solubilizers of phosphorus, potassium, and zinc (Sharma et al., 2013, 2016; Kamran et al., 2017; Borgi et al., 2020). The application of phosphorus-solubilizing Bacillus and Aspergillus strains reduces the level of fertilizer required for optimal yield and tissue nutrient content in strawberry (Güneş et al., 2014). Although many different bacterial enzymes can solubilize these nutrients, bacterial-produced organic acids are thought to be the primary mechanism involved in increasing the availability of insoluble phosphorus, potassium, and zinc (Rodríguez et al., 2006; Hussain et al., 2015; Parmar and Sindhu, 2019).

Iron is an essential nutrient for both plants and bacteria; however, it is not readily available in the required concentrations in its predominant form as a ferric ion (Gupta et al., 2015). Bacteria can produce siderophores that act as chelating agents to make the element available for uptake by plants (Crowley et al., 1988; Sharma et al., 2003; Lurthy et al., 2020). Additionally, siderophores can act similarly to chelate other essential metals, such as copper (Yoon et al., 2010). Application of the siderophore-producing PGPR Chryseobacterium C138 increased the iron content of tomato plants supplied solely with ferric iron (Radzki et al., 2013). Siderophore production by PGPR allows for reduced chemical inputs to meet the demand of available iron to plants (Gupta et al., 2015).

It is advantageous to crop producers and the environment that PGPR increase the availability or uptake of multiple essential plant nutrients, allowing for a reduction in total fertilizer inputs. Formulation of these PGPR into biostimulant products would then make them widely available for commercial greenhouse operations. Therefore, in this work, we have evaluated the model PGPR strain Serratia plymuthica MBSA-MJ1 for its ability to increase plant growth and tissue nutrient concentration of three economically important horticulture crop species produced with low fertilizer inputs. MBSA-MJ1 was previously evaluated for its ability to increase plant growth during recovery from severe water stress (Nordstedt and Jones, 2021). In addition, we have characterized the in vitro and genomic characteristics of this PGPR to begin elucidating different putative mechanisms used to promote plant growth with an emphasis on nutrient availability. This work demonstrates the potential of this PGPR as a commercial biostimulant, allowing growers to reduce chemical fertilizer inputs without sacrificing crop health or quality.



MATERIALS AND METHODS


Bacterial Strain

Serratia plymuthica MBSA-MJ1 originated from a bacteria collection in the laboratory of Dr. Christopher Taylor (Aly et al., 2007), although the environmental source of this strain is unknown. MBSA-MJ1 was recently evaluated for its ability to reduce Botrytis cinerea infection in Petunia×hybrida (South et al., 2020) and to stimulate the growth of plants recovering from severe water stress (Nordstedt and Jones, 2021).



Low-Nutrient Greenhouse Trial

A previously established greenhouse trialing protocol was utilized to evaluate the ability of S. plymuthica MBSA-MJ1 to increase the growth of three economically important ornamental plant species produced with low fertilizer inputs (Nordstedt et al., 2020). Petunia×hybrida ‘Picobella Blue’ (petunia; Syngenta Flowers Gilroy, CA), Impatiens walleriana ‘Super Elfin Ruby’ (impatiens; PanAmerican Seed, West Chicago, IL), and Viola×wittrockiana ‘Delta Pure Red’ (pansy; Syngenta Flowers) seeds were sown in Pro-Mix PGX soilless media (Premier Tech Horticulture, Quakertown, PA) and grown for 3weeks. Seedlings were then transplanted to 11.4cm diameter pots containing Pro-Mix PGX. All plants were fertilized with 25mgL−1 N from 15N–2.2P–12.5K–2.9Ca–1.2Mg water soluble fertilizer (JR Peters Inc., Allentown, PA) at each irrigation to provide low-nutrient conditions. Plants were arranged in a Randomized Complete Block Design by species. Each block contained one bacterial-treated and one untreated control plant with n=13 for petunia, n=14 for pansy, and n=18 for impatiens. Greenhouse temperatures were set at 24/18°C (day/night) and supplemental lighting was provided by high-pressure sodium and metal halide lights (GLX/GLS e-systems GROW lights, PARSource, Petaluma, CA, United States) to maintain light levels above 250mmolm−2 s−1 and provide a 16h photoperiod.

Each plant was treated weekly with 120ml working inoculum of S. plymuthica MBSA-MJ1. Working inoculum was prepared by diluting an overnight culture grown in LB media (OD595=0.8) 1:100 in reverse osmosis (RO) water as described previously (Nordstedt et al., 2020). Diluted uninoculated LB media was used as the control. Plants were grown under low-nutrient conditions with weekly bacterial treatments for 8weeks, at which point all plants had open flowers. Plant performance was then evaluated by counting flower number (open flowers and flower buds showing color) and collecting shoots (including stems and leaves) and flowers for biomass measurements. Shoot and flower biomass was combined to get the total shoot biomass. Potting media was removed from the roots by rinsing in water, and root tissue was collected separately from shoot tissue. Roots, shoots, and flowers were dried at 49°C for at least 96h and then weighed to determine dry weights. Root dry weights and shoot dry weights were used to calculate the root:shoot ratio.



Tissue Nutrient Concentration

Dried leaf and stem tissue (shoots minus the flowers) collected from the low-nutrient greenhouse trial were pooled for tissue nutrient analysis. Each sample consisted of tissue pooled separately for each plant species and treatment (MBSA-MJ1 and control) and contained tissue from three blocks located spatially together in the greenhouse (n=3). Tissue nutrient analyses were conducted at the Service Testing and Research Laboratory (The Ohio State University/OARDC, Wooster, OH). Total tissue nitrogen (N) concentration was determined from a 100mg sample using the Dumas combustion method (Vario Max combustion analyzer, Elementar America, Inc., Germany; Sweeney, 1989). The phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), sulfur (S), boron (B), copper (Cu), iron (Fe), sodium (Na), molybdenum (Mo), manganese (Mn), and zinc (Zn) concentration of the tissue was then determined by inductively coupled plasma spectrometry (model PS3000, Leeman Labs Inc., Hudson, NH) of a 250mg tissue sample following nitric acid microwave digestion (Discover SP-D, CEM Corporation; Isaac and Johnson, 1985).



In vitro Characterization


Sole Carbon Source Utilization

Growth of S. plymuthica MBSA-MJ1was evaluated on media containing different sole sources of carbon, including cellobiose, fructose, galactose, glucose, glycerol, mannitol, sucrose, and ribose. Basal media was prepared according to Pridham and Gottlieb (1948) supplemented with 1% w/v (1% w/w for glycerol) of each carbon source. Cells from an overnight culture of MBSA-MJ1 were resuspended in PBS buffer, and 5μl of inoculum was struck out into each carbon source plate in triplicate (n=3). Plates were incubated at 28°C for 96h and growth on each carbon source was recorded as yes/no.



Phosphate Solubilization

Phosphate solubilization capabilities of S. plymuthica MBSA-MJ1 were evaluated according to Mehta and Nautiyal (2001). An overnight culture grown in LB media was diluted to OD595=0.2 and 80μl was used to inoculate 8ml NBRIP media in triplicate (n=3). Uninoculated LB in NBRIP media was used for the negative control. NBRIP media consisted of (per liter): 10.0g glucose, 5.0g Ca3(PO4)2, 5.0g MgCl2 • 6H2O, 0.25g MgSO4 • 7H2O, 0.2g KCl, and 0.1g (NH4)2SO4. The pH of the media was adjusted to 7.0 before autoclaving. Following inoculation, samples were incubated at 30°C for 72h with 200rpm shaking. After incubation, samples were centrifuged at 4°C and 5,000rpm for 10min to collect bacterial cells and remaining insoluble phosphate. The supernatant was collected, and the pH was measured as an indicator of solubilized phosphate.



Potassium Solubilization

The potassium solubilization ability of S. plymuthica MBSA-MJ1 was evaluated according to a modified protocol adapted from Rajawat et al. (2016). Cultures were prepared similar to those described above for the phosphate solubilization assay, and 80μl was used to inoculate 8ml Aleksandrov (AKV) liquid media. Uninoculated LB in AKV media served as the negative control. AKV media consisted of (per liter): 5.0g glucose, 2.0g Ca3(PO4)2, 0.5g MgSO4 • 7H2O, 0.1g CaCO3, 0.005g FeCl3, and 2.0g montmorillonite as the insoluble form of potassium. The pH of the media was adjusted to 7.2 before autoclaving. After inoculation, samples were incubated at 30°C for 72h with 200rpm shaking. Following incubation, bacterial cells and insoluble montmorillonite were collected by centrifugation at 4°C and 5,000rpm for 10min, and the supernatant was collected. The pH of the supernatant was measured as an indicator of solubilized potassium.



Quantification of Solubilized Phosphate and Potassium

Total solubilized orthophosphate and potassium in defined media were measured as validation of the nutrient solubilization capabilities of S. plymuthica MBSA-MJ1. Cultures were grown and inoculated in NBRIP and AKV media to evaluate phosphate and potassium solubilization, respectively. Samples were prepared similar to the solubilization assays, and after incubation and centrifugation, the supernatant was filtered through a 0.45μm nylon filter and total orthophosphate (PO4) or potassium in the filtrate was determined using Dionex ICS-6000 Ion Chromatograph (Thermo Fisher Scientific Inc., Waltham, MA).




Iron and Copper Chelation

The iron and copper chelation capabilities of S. plymuthica MBSA-MJ1 were evaluated according to Schwyn and Neilands (1987). All labware for media preparation and culturing the samples was washed in a 6M HCl acid bath for at least 24h prior to use. Succinic acid (SA) media consisted of (per liter): 6.0g K2HPO4, 3.0g KH2PO4, 1.0g (NH4)2SO4, 0.2g MgSO4 • 7H2O, and 4.0g succinic acid disodium salt, and the pH of the media was adjusted to 7.0 before autoclaving. The chrome azurol S (CAS) assay solution was prepared in two solutions. Solution one contained 20ml H2O, 6.0ml 10mm hexadecyltrimethylammonium bromide, 7.5ml 2mm CAS, and 1.5ml 1mm FeCl3 or CuCl2 to test for iron and copper chelation, respectively. Solution two contained 4.307g anhydrous piperazine in 30ml H2O, pH adjusted to 5.6 with 12M HCl. Once prepared, solution one was added to solution two and the final volume was brought to 100ml with H2O to make up the working CAS assay solution. The CAS assay solution was stored in a dark polyethylene bottle.

For the assay, 5ml SA media was inoculated with a single colony of MBSA-MJ1 and incubated for 24h. After incubation, cultures were diluted to OD595=0.5, and 80μl diluted culture was inoculated in 8ml SA media in triplicate (n=3). Uninoculated SA media was used as the negative control. Samples were incubated at 28°C for 24h with 200rpm shaking. After incubation, bacterial cells were collected by centrifugation at 4°C and 5,000rpm for 10min. After centrifugation, 750μl supernatant was mixed with 750μl CAS assay solution and incubated in the dark for 15min with 100rpm shaking to allow for color development. Absorbance of each sample was then measured at 630nm, with a decrease in absorbance corresponding to chelation of the respective metal and a color change from blue to orange. The chelation percentage of the MBSA-MJ1 sample was calculated using [(Ac-Ab)/Ac]×100%, where Ac is the absorbance at 630nm of the control sample, and Ab the absorbance at 630nm of the MBSA-MJ1 sample (Dimkpa, 2016).



Statistical Analysis

Statistical analyses for the greenhouse trial and in vitro characterization experiments were conducted in R Studio version 3.5.2 using an ANOVA with the model: Y=μ+treatment+block. The Tukey’s HSD test was used to determine statistical significance between MBSA-MJ1 treatment and the negative control. For the greenhouse trial, each plant species was analyzed independently of each other.



Genome Analyses

Genome sequence data for S. plymuthica MBSA-MJ1 (Nordstedt and Jones, 2021) were used to search for genes putatively involved in increasing nutrient availability, carbon and amino acid metabolism, and heavy metal resistance. Genome sequence data can be found in the National Center for Biotechnology Information data base accession # PRJNA669647. AntiSMASH (v 5.0) was used to identify secondary metabolite biosynthetic gene clusters within the genome of MBSA-MJ1 (Blin et al., 2019). BlastKOALA was used for annotation of KEGG pathways involved in nutrient transport, amino acid synthesis, and carbon metabolism and transport (Kanehisa et al., 2016).




RESULTS


Low-Nutrient Greenhouse Trial

Application of S. plymuthica MBSA-MJ1 increased the visual quality of all three plant species. Overall, plants treated with MBSA-MJ1 were larger and had greener leaves than the control plants that were not treated with bacteria (Figure 1). In addition to increasing the visual quality of plants, impatiens treated with MBSA-MJ1 had significantly more flowers than the uninoculated control, an average increase of six flowers per plant (Figure 2A). Application of MBSA-MJ1 significantly increased the total shoot biomass of all three plant species. Petunia, impatiens, and pansy grown under low-nutrient conditions and treated with MBSA-MJ1 had 24, 41, and 51% greater biomass, respectively (Figure 2B). Petunia and pansy plants treated with MBSA-MJ1 also had significantly lower root:shoot biomass ratio, whereas there was no statistically significant difference in impatiens (Figure 2C).
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FIGURE 1. Petunia×hybrida (petunia), Impatiens walleriana (impatiens), and Viola×wittrockiana (pansy) plants grown under low-nutrient conditions had increased visual quality when treated with Serratia plymuthica MBSA-MJ1. Plants were treated weekly for 8weeks with S. plymuthica MBSA-MJ1 or uninoculated LB (control) as a media drench and fertilized at each irrigation with 25mgL−1 N from 15N–2.2P–12.5K–2.9Ca–1.2Mg water soluble fertilizer to induce low-nutrient conditions.
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FIGURE 2. Treatment with S. plymuthica MBSA-MJ1 influenced plant growth parameters for Petunia×hybrida (petunia), Impatiens walleriana (impatiens), and Viola×wittrockiana (pansy) plants grown under low-nutrient conditions. Plants were treated weekly with a media drench of S. plymuthica MBSA-MJ1 (blue bars) or uninoculated LB (control; white bars). Total number of flowers (A) and total shoot biomass (dry weight) (B) was measured 8weeks post-transplant. The root:shoot ratio (C) was calculated with root and total shoot dry weights. Bars represent mean (±SE) with different letters representing significant differences (p<0.05), and n=13 for petunia, n=14 for pansy, and n=18 for impatiens.




Tissue Nutrient Concentration

Plants grown under low-nutrient conditions and treated with S. plymuthica MBSA-MJ1 had significantly higher concentrations of certain nutrients in the shoot tissue; however, differences varied depending on plant species (Figures 3, 4). Petunia, impatiens, and pansy plants had an increase of 32, 74, and 82% in tissue nitrogen concentration when treated with MBSA-MJ1, respectively. No other nutrients were significantly greater in petunia plants treated with MBSA-MJ1 when compared to the control. The concentrations of potassium, calcium, and sulfur were significantly greater in bacteria-treated impatiens and pansy plants. Only impatiens showed a significant increase in magnesium, boron, copper, molybdenum, and zinc when treated with MBSA-MJ1. Phosphorus was the only element where an increase was only observed in pansy. No significant differences in iron concentration were observed in any of the three plant species, and manganese concentration was found to be significantly greater in the control plants of petunia and pansy compared to those treated with MBSA-MJ1.
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FIGURE 3. Tissue macronutrient concentration of Petunia×hybrida (petunia), Impatiens walleriana (impatiens), and Viola×wittrockiana (pansy) plants grown under low-nutrient conditions: nitrogen (A), phosphorus (B), potassium (C), magnesium (D), calcium (E), and sulfur (F). Plants were treated weekly with a media drench of S. plymuthica MBSA-MJ1 (blue bars) or uninoculated LB (control; white bars). Tissue nutrient concentration was evaluated 8weeks post-transplant. Bars represent the mean (±SE) with different letters representing significant differences (p<0.05) and n=3.
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FIGURE 4. Tissue micronutrient concentration of Petunia×hybrida (petunia), Impatiens walleriana (impatiens), and Viola×wittrockiana (pansy) plants grown under low-nutrient conditions: boron (A), copper (B), iron (C), molybdenum (D), manganese (E), and zinc (F). Plants were treated weekly with a media drench of S. plymuthica MBSA-MJ1 (blue bars) or uninoculated LB (control; white bars). Tissue nutrient concentration was evaluated 8weeks post-transplant. Bars represent the mean (±SE) with different letters representing significant differences (p<0.05) and n=3.




In vitro Characterization

S. plymuthica MBSA-MJ1 was able to grow on basal media containing either cellobiose, fructose, galactose, glucose, glycerol, mannitol, sucrose, or ribose as the sole carbon source, indicating its ability to utilize each as an energy source.

In vitro characterization of MBSA-MJ1’s ability to increase the availability of nutrients showed that the strain was able to solubilize phosphate and potassium. Media containing insoluble forms of phosphorus and potassium had a significant decrease in pH when inoculated with MBSA-MJ1 compared to the uninoculated control (Table 1). The pH of the media decreased by 29 and 32% for the phosphate and potassium solubilization assays when inoculated with MBSA-MJ1, respectively. In addition, defined media with insoluble forms of phosphorus or potassium had a significant increase in available orthophosphate and potassium after inoculation with MBSA-MJ1 (Table 1). MBSA-MJ1 was also able to chelate copper and iron in vitro as indicated by sample color change when evaluated with the CAS assay. Absorbance values of the bacteria and control samples converted to chelation percentages show that MBSA-MJ1 was able to chelate over 62 and 63% of the iron and copper in the media, respectively (Table 1).



TABLE 1. In vitro characterization of nutrient solubilization and chelation abilities of S. plymuthica MBSA-MJ1.
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Genomic Analyses to Identify Genes Putatively Involved in Growth Promotion


Nitrogen Availability and Transport

Annotation files for S. plymuthica MBSA-MJ1 were used to identify genes within the genome that are putatively involved in nutrient metabolism and increasing availability to plants (Supplementary Table S1). Genes encoding for the nitrogen starvation transcription regulation system that are also involved in ammonium transport (glnD, glnK, and amtB) were identified in the genome of MBSA-MJ1(Supplementary Table S1). The genome of MBSA-MJ1 encodes for genes involved in nitrate transport (nrtA), nitrite uptake and reduction to ammonium (nirC), nitrate reduction (nasA), nitrite reduction (nirD) and its cofactor (cysG), and the operons responsible for nitrate and nitrite reductase (narLXKGHJI) and fumarate reductase (frdABCD; Supplementary Table S1). Genes involved in nitrogen assimilation (gdhA, glnA, glnB, glnD, glnL, gltB, and gltD) and periplasmic nitrate reductase (napA) were also identified (Supplementary Table S1).



Phosphate Availability and Transport

Bacteria can convert phosphorus to inorganic bioavailable forms via nonspecific phosphatases, phytases, and phosphonatases (Liu et al., 2018). The genome of MBSA-MJ1 encodes for the appA enzyme, which has both acid phosphatase and phytase activity, a polyphosphate kinase (ppk), exopolyphosphatases (ppx and gppA), a pyrophosphatase (ppa), alkaline phosphatase (phoA), and a nonspecific acid phosphatase (phoC; Supplementary Table S1). Genes encoding for both low-affinity (pitA) and high-affinity phosphate transporters (phnCDE1E2 and pstSCAB) were identified within the genome (Supplementary Tables S1 and S3). We identified components of the bacterial P signaling pathway including the phosphate starvation two-component system (phoBR) and the negative regulator of phosphate transport (phoU; Supplementary Table S1). Genes involved in the catabolism of phosphonates and phosphites (phnGHIJKLMOP) and the negative regulator of PhnCDE (phnF) were also identified (Supplementary Table S1).



Zinc Availability and Transport

The MBSA-MJ1 genome encodes for the high-affinity ABC zinc transporter (znuABC) and its regulator (zur), which are responsible for zinc transport under low-zinc conditions (Supplementary Table S1). Genes encoding for both constitutive (zitB) and regulated (zntABR) zinc export were also identified (Supplementary Tables S1 and S3).



Organic Acid Synthesis

Mineral nutrient solubilization is most often attributed to the production of organic acids (Rodríguez and Fraga, 1999; Rodríguez et al., 2006). Genes involved in the metabolism of gluconic, ketogluconic, acetic, glyoxylic, lactic, and glycolic acid were identified (Supplementary Table S1). In particular, the genome included multiple genes putatively involved in the synthesis of gluconic acid (pqqB, pqqC, pqqD, gcd, gdh, gnl, kdgK, gnd, gntR, and ylil; Supplementary Table S1).



Sulfur Availability and Transport

The genome of MBSA-MJ1 encodes for the master regulator and transcriptional activator under sulfur starvation (cysB) and the sulfate ABC-type transporter complex (sbp and cysPWAT; Supplementary Table S1). The operon responsible for alkanesulfonate transport under sulfur limiting conditions (ssuACBDE), which includes an ABC-like transport system, was also identified (Supplementary Table S1). Additionally, the genome encodes for multiple genes involved in sulfur metabolism (cysND, cysC, and cysHIJ; Supplementary Tables S1 and S3).



Iron Chelation and Transport

The antiSMASH analysis predicted two biosynthetic gene clusters that encode for the siderophores malleobactin and amonabactin (Supplementary Table S2). The genome of MBSA-MJ1 also encodes for other genes involved in iron transport, such as the two-component system to transport ferric iron (basSR), the operon responsible for ferric hydroxamate uptake (fhuADCB), the ferrous iron transporters (feoABC and efeUOB), and two copies of the ferrous ion efflux pump (fieF; Supplementary Table S1). Additionally, the KEGG pathway analysis identified ABC transporters for iron (II; sitACDB), iron (III; afuABC), iron-enterobactin complex (fepBDGC), and the iron (III) hydroxamate complex (fhuDBC; Supplementary Table S3).



Amino Acid and Carbon Metabolism

KEGG pathway analysis identified genes responsible for the synthesis of several amino acids within the genome of MBSA-MJ1, including isoleucine, valine, leucine, lysine, arginine, proline, phenylalanine, tryptophan, and tyrosine. Further, amino acid uptake systems were identified for tryptophan, tyrosine, phenylalanine (aroP), isoleucine (brnQ), asparagine (gltP), glutamate (gltP and gltS), and serine and threonine (sstT; Supplementary Table S1). ABC transporters were also identified for lysine/arginine/ornithine (argT and hisMQP), histidine (hisJMQP), glutamine (glnHPQ), arginine (artJMIQP), glutamate/aspartate (gltIKJL), cystine (tcyABC), methionine (metQIN), proline (proVWX), and branched-chain amino acids (livKHMGF; Supplementary Table S3). In addition to amino acids, genes were identified for both the transport and metabolism of a variety of sugars (Table 2).



TABLE 2. Genes identified in the genome of S. plymuthica MBSA-MJ1 involved in sugar transport and metabolism.
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Heavy Metal Resistance

Multiple copper resistance proteins were identified (copA, cueO, cueR, and pcoC; Supplementary Table S1). Additionally, the genome of MBSA-MJ1 encodes for two lead/cadmium/zinc/mercury resistance proteins (zntA and zntR), two copies of the chromate resistance protein (chrR), two nickel transporters (hypA and hypB), and the two-component system involved in response to heavy metals (basRS; Supplementary Table S1).





DISCUSSION

Although the benefits of fertilizer application are easily recognizable in agricultural production systems, excessive application of these chemicals has negative effects on the environment. Negative environmental impacts of fertilization can often be attributed to low bioavailability and uptake by plants, leaving excess nutrients more prone to leaching (Yang et al., 2009). Therefore, it is important for crop producers to have sustainable options to ensure plants have an adequate supply of nutrients for proper growth and development, without relying on increasing applications of chemical fertilizers. We used a rate of 25mgL−1 N from 15N–2.2P–12.5K–2.9Ca–1.2Mg fertilizer in our greenhouse experiments because it is less than 20% of the average recommended fertilizer rate for ornamental crop species (150–200mgL−1 N; Beytes and Hamrick, 2003). The application of biostimulant products containing plant growth promoting bacteria (PGPR) with the ability to increase the bioavailability of nutrients provides a sustainable approach for growers to ensure proper nutrient supply while reducing chemical inputs (Saravanan et al., 2007; Park et al., 2009; Kraiser et al., 2011; Gupta et al., 2015; Ruzzi and Aroca, 2015; Drobek et al., 2019; Kramer et al., 2020). In this work, we determined that S. plymuthica MBSA-MJ1 can increase the growth and quality of containerized horticulture crops produced with low fertilizer inputs. Our work has utilized the biological and genomic characteristics of this beneficial bacteria to identify different putative mechanisms that MBSA-MJ1 may utilize to increase the availability of nutrients to plants and promote growth under otherwise limiting conditions.

The results obtained from the low-nutrient greenhouse trial provide evidence that MBSA-MJ1 can significantly improve the growth and quality of different plant species grown under low-nutrient conditions (Figures 1, 2). Multiple factors influence host specificity of both endophytic and rhizospheric bacteria, including attraction to plant root exudates, root colonization, and functioning of plant growth promoting mechanisms, contributing to varied host specificity between strains (Drogue et al., 2012; Tabassum et al., 2017; Afzal et al., 2019). Broad host specificity is particularly important for application in greenhouse production, which is characterized by the production of many different plant species. Although the application of MBSA-MJ1 only increased the flower number of impatiens compared to the uninoculated control, application did significantly increase the shoot biomass of all three plant species. Similarly, previous work with the same plant species showed application of Pseudomonas poae 29G9 or Pseudomonas fluorescens 90F12-2 increased the flower number of impatiens, while also increasing the total biomass of petunia, impatiens, and pansy plants grown under similar low-nutrient conditions (Nordstedt et al., 2020).

The growth differences observed between plants treated with MBSA-MJ1 and the uninoculated control are likely a result of MBSA-MJ1’s ability to increase plant nutrient levels. This is particularly apparent with the difference in the tissue nitrogen concentration, where all three plant species had a very large increase in foliar nitrogen when treated with MBSA-MJ1 (Figure 3A), with up to 82% more nitrogen in pansy. This is similar to other reports that show Serratia spp. increase tissue nitrogen and leaf chlorophyll content compared to uninoculated control plants (Martínez et al., 2018). Due to high concentrations of carbon but low concentrations of other nutrients in soilless media, microorganisms have the potential to deplete available nitrogen sources leading to plant nutrient deficiency (Jackson et al., 2009). Nitrogen deficiency in plants often leads to a decrease in leaf chlorophyll content, and therefore a yellowing of the leaves (Boussadia et al., 2010). In our study, leaf yellowing was observed in the uninoculated control plants, but not in the three plant species treated with MBSA-MJ1, even though all plants were grown under similar low-nutrient conditions (Figure 1). Although bacterial nitrogen fixation can be very complex, our genomic analyses identified a variety of genes involved in ammonium, nitrate, and nitrite transport and reduction that likely play a role in MBSA-MJ1’s ability to increase bioavailable nitrogen to the plant when grown under low-nutrient conditions, contributing to the growth promotion observed in the greenhouse trial.

Following nitrogen, phosphorus is the second most important element in plant nutrition. Although phosphorus is often present in abundant amounts, the total phosphorus that is available to plants is typically at very low concentrations due to its poor solubility (Gupta et al., 2015; Wang et al., 2018; Borgi et al., 2020). Phosphorus is usually applied in excess in greenhouse production and is more easily leached from the soilless substrates, leading to increasing environmental pollution (Kim and Li, 2016). Bacterial phosphate solubilization has been widely accepted as a mechanism for PGPR to increase phosphorus bioavailability to plants (Rodríguez et al., 2006; Park et al., 2009; Chen et al., 2014; Goswami et al., 2016), and Serratia spp. have been reported to be phosphate solubilizers (Ben Farhat et al., 2009). Our in vitro characterization of MBSA-MJ1 showed that the strain is an efficient phosphate solubilizer, as indicated by its ability to convert insoluble phosphorus to bioavailable orthophosphate in defined media (Table 1). The tissue nutrient analyses confirmed that this increased availability resulted in increased total phosphorus in the shoots of pansy plants (Figure 3B). Similarly, S. plymuthica BMA1 is an efficient phosphate solubilizer that increased plant growth of Vicia faba (Borgi et al., 2020). The pH reduction observed in the in vitro phosphate solubilization assay (Table 1), coupled with the identification of multiple genes involved in gluconic acid synthesis (Silva et al., 2021), indicates that MBSA-MJ1 could be producing organic acids as a mechanism to solubilize phosphate (Rodríguez et al., 2006). This mechanism for phosphate solubilization has been previously reported in Serratia marcescens strains (Chen et al., 2006; Selvakumar et al., 2008; Ben Farhat et al., 2009). Impatiens and pansy plants treated with MBSA-MJ1 also had significantly greater tissue potassium concentration than the uninoculated control (Figure 3C). Application of Serratia marcescens strains NBRI1213 and MTCC 8708 similarly show increases of phosphorus and potassium tissue nutrient content in maize and wheat plants (Selvakumar et al., 2008; Lavania and Nautiyal, 2013). Our in vitro characterization showed a similar decrease in media pH and increase in soluble potassium in defined media when inoculated with MBSA-MJ1 (Table 1); therefore, it is probable that MBSA-MJ1 is able to utilize organic acid production as a mechanism to solubilize and increase the bioavailability of potassium similar to phosphate (Sharma et al., 2016).

Zinc is essential to many plant physiological processes including chlorophyll synthesis, and zinc deficiency can negatively impact plant growth and development (Hussain et al., 2015). In our work, we showed that impatiens grown under low-nutrient conditions had significantly higher levels of zinc in shoot tissues when treated with MBSA-MJ1 as compared to the uninoculated control (Figure 4F). Bacterial zinc solubilization is one mechanism that can increase the bioavailability of this valuable nutrient to plants, and research has shown that zinc solubilizing bacteria can increase plant growth (Ramesh et al., 2014; Kamran et al., 2017). Similar to phosphate and potassium, zinc becomes more soluble and available to plants at a lower pH (Hussain et al., 2015). Research has shown that phosphate solubilizing bacteria can also increase plant zinc uptake (Salimpour et al., 2012). Considering MBSA-MJ1’s ability to solubilize phosphate and potassium through a reduction in pH, the production of organic acids by MBSA-MJ1 is a potential mechanism allowing this strain to solubilize phosphorus, potassium, and zinc, making them more bioavailable and increasing tissue nutrient levels.

Iron is usually present in abundant amounts in soil, but its availability to plants is often dependent on the production of iron chelators, such as bacterial-produced siderophores (Powell et al., 1980). Microbial-produced siderophores have been shown to increase iron acquisition and reduce iron deficiency symptoms in multiple crops grown under iron-deficient conditions (Sharma et al., 2003; Jin et al., 2006; Zhou et al., 2018; Lurthy et al., 2020). Our in vitro characterization showed that MBSA-MJ1 acts as an efficient iron chelator (Table 1). Additionally, genomic analyses identified biosynthetic gene clusters for two siderophores and multiple genes involved in bacterial iron transport and metabolism. However, our tissue nutrient analysis did not show any significant differences between bacterial-treated plants and the control (Figure 4C). Lurthy et al. (2020) suggests that the impact of siderophores on plant iron acquisition is highly dependent on the type of siderophore and the plant host. Therefore, it is probable that MBSA-MJ1 could assist in iron acquisition when colonizing plant hosts not evaluated in this study.

Copper is another essential metal element; however, it can be toxic to cells above certain levels (Vita et al., 2016). Our tissue nutrient analysis showed that impatiens plants treated with MBSA-MJ1 had significantly higher copper levels than the untreated control. However, the plants did not exhibit any signs of copper toxicity, such as stunted growth or the inhibition of photosynthesis, as these plants were larger and greener than untreated plants (Figures 1, 2). The optimal tissue copper concentration in impatiens is 10–15μgg−1 (Dole and Wilkins, 1999). The control plants had only 10μgg−1, whereas plants treated with MBSA-MJ1 had 13.7μgg−1 (Figure 4B). This indicates that MBSA-MJ1 can increase levels of this essential plant nutrient without reaching toxic levels. Our in vitro characterization of MBSA-MJ1 showed that like iron, the strain could efficiently chelate copper (Table 1). This likely provides a mechanism for MBSA-MJ1 to provide safe levels of copper to its plant host and augment growth under low-nutrient conditions. Notably, our genome analyses also identified four copper resistance proteins that may be involved in protecting the bacteria from potentially toxic exposure to copper (Supplementary Table S1; Lee et al., 2002).

Recent work has shown that application of sulfur oxidizing bacteria increases soil sulfate concentration and increases plant growth and sulfur uptake in maize and garlic (Youssif et al., 2015; Pourbabaee et al., 2020). In our study, we observed that impatiens and pansy plants grown under low-nutrient conditions and treated with MBSA-MJ1 had significantly greater levels of sulfur when compared to the uninoculated control (Figure 3F). Additionally, our genomic analyses identified both the master transcriptional regulator under sulfur starvation (cysB) and the sulfate transporter complex (sbp-cysPWAT) encoded in the genome of MBSA-MJ1 (Supplementary Table S1). These genes could potentially play a role in MBSA-MJ1’s ability to sense limited sulfur in the rhizosphere and supply bioavailable sulfur to the plant host, corroborating the increase in plant tissue concentration that was observed.

In addition to the nutrients already discussed in detail, it should be noted that treatment with MBSA-MJ1 significantly increased the tissue concentration of other essential nutrients, such as boron, calcium, magnesium, and molybdenum (Figures 3, 4). Impatiens and pansy treated with MBSA-MJ1 also had significantly greater tissue sodium concentration (data not shown). Interestingly, the untreated plants had higher manganese content than bacterial-treated plants (Figure 4E). When plants are grown under phosphorus-deficient conditions, as were induced by our low fertilizer treatment, many plant species increase root exudation of carboxylates, which increase the availability and uptake of manganese (Lambers et al., 2014). Bacteria that increase the availability of phosphorus in the rhizosphere may prevent the release of carboxylates from the roots and subsequently these plants will have reduced Mn uptake and Mn tissue concentration. Although the emphasis on understanding bacterial nutrition-related plant growth promoting mechanisms have focused on nutrients, such as nitrogen and phosphorus, our work has shown the bacterial application can increase the tissue levels of these other important macro and micronutrients. Therefore, these results provide justification for future work to begin understanding bacterial mechanisms involved in increasing the availability or uptake of nutrients to plants grown under low-nutrient conditions.

Amino acids and carbon secreted by plant roots serve as an important method to recruit and sustain beneficial rhizospheric bacteria. Therefore, bacteria with robust amino acid and carbon source metabolism are more likely to persist in the rhizosphere and be able to positively influence the growth of their host (Lugtenberg and Kamilova, 2009). Genomic analyses conducted in this work identified a series of genes related to amino acid and carbon metabolism and transport. In addition to the genomic analyses, our in vitro characterization assays provided evidence that MBSA-MJ1 could utilize a variety of carbon sources for growth. Not only is this robust carbon metabolism useful for persistence in the rhizosphere, but it also has the potential to increase MBSA-MJ1’s host range, a valuable trait for potential commercial biostimulant products.



CONCLUSION

Serratia plymuthica MBSA-MJ1 significantly increased the shoot biomass of all three plant species, the flower number of impatiens plants, and the tissue concentrations of certain nutrients in different plant species grown under low-nutrient conditions. In addition, the comprehensive genomic analyses shed light on different genes encoded within MBSA-MJ1’s genome that are putatively involved in mechanisms conferring plant growth promotion under low-nutrient conditions. Plant growth promotion by rhizospheric bacteria is likely the result of multiple coordinated mechanisms, and this work begins to highlight how interconnected mechanisms can increase overall plant health and quality. Increasing plant health under low-nutrient conditions without increasing chemical inputs provides an exciting option for crop producers to improve environmental sustainability. Formulation of biostimulant products containing well-characterized PGPR is a viable solution to accomplish this goal. Using MBSA-MJ1 as a model strain, future work should be invested in characterizing how PGPR increase the bioavailability or uptake of different essential nutrients by plants. Our work has defined the biology and genomic characteristics of this agriculturally important PGPR, contributing to a comprehensive understanding of this strain’s ability to increase plant growth under low-nutrient stress and the mechanisms that might be allowing this interaction to take place.
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Despite growing evidence that plant growth-promoting bacteria can be used to improve crop vigor, a comparison of the different methods of delivery to determine which is optimal has not been published. An optimal inoculation method ensures that the inoculant colonizes the host plant so that its potential for plant growth-promotion is fully evaluated. The objective of this study was to compare the efficacy of three seed coating methods, seedling priming, and soil drench for delivering three bacterial inoculants to the sorghum rhizosphere and root endosphere. The methods were compared across multiple time points under axenic conditions and colonization efficiency was determined by quantitative polymerase chain reaction (qPCR). Two seed coating methods were also assessed in the field to test the reproducibility of the greenhouse results under non-sterile conditions. In the greenhouse seed coating methods were more successful in delivering the Gram-positive inoculant (Terrabacter sp.) while better colonization from the Gram-negative bacteria (Chitinophaga pinensis and Caulobacter rhizosphaerae) was observed with seedling priming and soil drench. This suggested that Gram-positive bacteria may be more suitable for the seed coating methods possibly because of their thick peptidoglycan cell wall. We also demonstrated that prolonged seed coating for 12 h could effectively enhance the colonization of C. pinensis, an endophytic bacterium, but not the rhizosphere colonizing C. rhizosphaerae. In the field only a small amount of inoculant was detected in the rhizosphere. This comparison demonstrates the importance of using the appropriate inoculation method for testing different types of bacteria for their plant growth-promotion potential.

Keywords: inoculation, plant growth promoting bacteria, rhizosphere, endosphere, Chitinophaga, Caulobacter, Terrabacter, sorghum


INTRODUCTION

Plants and soil microbiomes have interacted and co-evolved for over a million years. Many soil-inhabiting microbes are capable of improving plant growth (Delaux and Schornack, 2021). For example, arbuscular mycorrhizal fungi and certain bacteria improve plant nutrient uptake (Parniske, 2008; Zaidi et al., 2009; Santi et al., 2013; Lopes et al., 2021b), biocontrol microbes suppress plant pathogens (Weller, 2007), while certain bacteria produce phytohormones to improve plant growth (Egamberdieva et al., 2017). To facilitate close interactions with these microbes, plants release rhizodeposits from plant roots into the rhizosphere, a soil layer adhering to the root, to serve as carbon sources and also as signaling cues to these microbes (Mendes et al., 2013). Apart from interacting with plants, some microbes can further colonize the inner root zone termed endosphere and those microbes are known as root endophytes. The intimate association between root endophytes and root tissues may enhance the exchange of nutrients between plants and microbes (Harman and Uphoff, 2019). For instance, the colonization of rhizobia inside root nodules allows these bacteria to fix N more efficiently due to the hypoxic conditions in the nodules, the fixed N is then supplied to the host plant in exchange for carbon (Ledermann et al., 2021).

Due to the advantages conferred by plant growth-promoting bacteria on plant vigor, using these bacteria as bioinoculants can potentially substitute or supplement chemical fertilizers that bring many adverse effects on the environment (Santos et al., 2019). The method of inoculation is an important factor that can affect the colonization of the inoculant in the host plant and impact its downstream effect on plant growth (Ciccillo et al., 2002; Müller and Berg, 2007; Fukami et al., 2016; O’Callaghan, 2016; Vassilev et al., 2020; Lopes et al., 2021b). Numerous methods have been used to deliver microbes to host plants, including soil drench, seed inoculation, and plant inoculation (Rocha et al., 2019). Seed inoculation is the most widely used on a commercial scale since it is suited to agricultural production and requires less inoculant than the other two under field conditions. To enhance the survival of the bacteria coated on the seeds, a carrier such as peat slurry or a film coat consisting of alginate polymers are often mixed with bacteria during the coating process as a layer protecting inoculants from environmental stresses such as desiccation and temperature perturbations (O’Callaghan, 2016; Lobo et al., 2019; Santos et al., 2019). Soil drench or in-furrow inoculation, on the other hand, is performed by applying the inoculants in soil before or after planting (Campo et al., 2010; Hungria et al., 2013). It has several advantages over seed inoculation as it prevents the inoculants from being inhibited by the chemicals coated on seeds (e.g., fungicides and pesticides) and can be used to deliver inoculants at higher density without being constrained by seed size (Rocha et al., 2019). However, this method is relatively impractical for field-scale compared to seed coating because higher inoculant concentration is usually required for soil inoculation to obtain desirable outcomes for plant growth (Rocha et al., 2019). Foliar spray and root dipping are two of the most commonly used methods for plant inoculation (Rocha et al., 2019). Plant inoculation is usually performed at the seedling stage because the earlier the inoculant colonizes the plant, the more likely it can persist in the plant tissues even if the plant is later colonized by other microbes (Carlstrom et al., 2019; Wippel et al., 2021). One of the greatest advantages of seedling inoculation is that it greatly enhances the plant colonization of the inoculant, but it also has the drawback of being highly impractical for use under field conditions.

Commercialization of bioinoculants began in the late 1980s and microbial inoculants have been widely applied in India and South America, especially Brazil where approximately 78% of crops planted are inoculated annually (Santos et al., 2019). Among these commercial bioinoculants, Pseudomonas and Bacillus are the most commonly used while rhizobia are the most studied bacterial inoculants (Rocha et al., 2019). Rhizobia are not only commonly used to improve the productivity of leguminous plants as they can establish endosymbiotic relationships with legumes to fix nitrogen (Andrews and Andrews, 2017), but also have the potential to enhance non-legume growth since many of them possess other plant growth-promoting abilities such as phosphorus solubilization and phytohormone production (García-Fraile et al., 2012). Despite being widely studied, rhizobial inoculants suffer from the drawback of having a short shelf life especially when coated on seeds (O’Callaghan, 2016). Endospore-forming bacteria like Bacillus are often preferred as seed inoculants as they can better withstand unfavorable conditions (Price et al., 2010). Gram-positive bacteria which have thicker peptidoglycan layer on their cell wall are also good for bioinoculants because the cell wall renders them less susceptible to desiccation in the seed coating process compared to the Gram-negative bacteria (Viaene et al., 2016; Xu et al., 2018). Pseudomonas strains, despite being non-spore-forming and Gram-negative, are often used against phytopathogens such as Pythium and Fusarium due to their biocontrol properties (O’Callaghan, 2016). Although there are many bioinoculants with different plant growth-promoting potentials, the methods for delivering these bacteria under greenhouse conditions for basic research have not been compared or published.

Three bacteria isolated from field-grown sorghum were used in this study (Chai et al., 2021), with Chitinophaga pinensis (Gram-negative) originating from the root endosphere while Caulobacter rhizosphaerae (Gram-negative) and Terrabacter sp. (Gram-positive) were from the soil. Despite being widely distributed and abundant in the soil and/or rhizosphere of various crops, the genera Chitinophaga (Chung et al., 2012; Li et al., 2014; Chiniquy et al., 2021) and Caulobacter (Gao et al., 2018; Lopes et al., 2021a) are rarely tested for their plant growth-promoting abilities. Compared to these two genera, the genus Terrabacter has also been detected in many plant species, including maize (Dohrmann et al., 2013), sorghum (Lopes et al., 2021a), and napa cabbage (Bhattacharyya et al., 2018), but in very low abundance and is understudied. Therefore, we sought to determine whether these bacteria could promote plant growth and their host colonization efficiency with different inoculation methods since they are phylogenetically distinct and exhibit different cell wall structure.

In this study, we used Sorghum bicolor which is the fifth most widely grown cereal crop in the world to compare five bacterial inoculation methods. Sorghum is widely grown in marginal environments where microbial inoculation may provide strong benefits, particularly on parts of the African continent where inputs such as fertilizer are scarce (Tonitto and Ricker-Gilbert, 2016). Our aim was to compare seedling priming, soil drench, and three seed coating methods (direct seed coating, alginate seed coating, and 12-h coating) for their efficacy of delivering three different bacterial strains to sorghum under sterile and field conditions. While it is possible to find these methods in the literature (Lopes et al., 2021b), a direct comparison under the same conditions along with a molecular analysis is not available. Our findings highlight the importance of tailoring the inoculation method to the specific type of bacteria being studied to get optimal plant growth-promoting results.



MATERIALS AND METHODS


Bacteria Strains

Chitinophaga pinensis isolated from sorghum root endosphere, as well as Terrabacter sp. and C. rhizosphaerae isolated from soil where sorghum was growing, were used for inoculation in this study. These bacteria have been used in a previous study (Chai et al., 2021). The draft genome sequences and gene annotations of these bacteria are available through the IMG portal at the Joint Genome Institute under the taxon ID 2818991442, 2818991454, and 2818991462, for C. pinensis, C. rhizosphaerae, and Terrabacter sp., respectively.



Sorghum Seed and Potting Mix Sterilization

A sweet sorghum variety, Grassl, was used throughout this experiment (Boyles et al., 2019). Grassl seeds were surface-sterilized for 6 h with chlorine gas generated by adding 3.3 ml of hydrochloric acid to 100 ml of sodium hypochlorite in a desiccator. Surface-sterilized seeds were then washed with sterile water and plated on YPD medium (Costanzo et al., 2001) to verify that there were no bacteria on the seed surface. The potting mix used in the greenhouse experiment consisted of two parts of peat and one part of vermiculite. To sterilize the pot and potting mix, 325 g of the potting mix were added to a pot with a diameter of 12.7 cm and autoclaved three times. After autoclaving, the potting mix was plated on YPD to ensure there were no viable microbes.



Bacteria Inoculation

All bacteria were grown in R2A broth (Reasoner and Geldreich, 1985) except for C. rhizosphaerae, which was grown in peptone-yeast extract broth (Hottes et al., 2004) because it did not grow well in R2A. Two days before planting, each bacterial strain was grown on a rotary shaker at 180 rpm at room temperature (24°C). After a day of growth, a portion of each liquid culture was transferred to a fresh medium to allow for continued growth. On the day of the experiment, each bacterial culture was pelleted at 4,000 rpm for 10 min and resuspended in phosphate-buffered saline (PBS, 8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4, and 0.24 g/L KH2PO4). The optical density (OD) of each of the bacterial/PBS suspensions was measured at 600 nm with a spectrophotometer and adjusted to an OD600 of 1 that corresponded to 109 colony forming units (CFUs) for each of these bacteria before inoculation. The CFU number was derived by plating 200 μl of diluted bacterial cultures with an OD600 of 1 on R2A medium.


Soil Drench

Soil drench was performed with the bacterial suspension 1 day after the plant shoot emerged from the soil. One part of each bacterial solution was added to 69 parts of 1 × plant nutrient solution (Hoagland and Arnon, 1950) to achieve a final OD600 of 0.002. Bacteria/nutrient mix equivalent to 30% of the soil volume was then added to each pot in a laminar flow hood.



Direct Seed Coating

Surfaced-sterilized seeds were dipped into the bacteria suspension in PBS and air-dried for 20 min in the laminar flow hood before planting.



Twelve Hours Seed Coating

Surface-sterilized seeds were immersed in bacteria suspension in PBS and put on a rotary shaker shaking at 180 rpm for 12 h at room temperature and air-dried for 20 min in the laminar flow hood before planting.



Alginate Seed Coating

Surface-sterilized seeds were dipped into bacteria suspension in 2% (wt/vol) alginate followed by transferring the seeds into 0.1 M CaCl2 to solidify. The alginate-coated seeds were then air-dried in the laminar flow hood for 20 min before planting.



Seedling Priming

Surface-sterilized seeds were germinated at 30°C in a sterilized petri dish with wet filter paper for 24 hours. When seeds germinated they were carefully transferred to a new petri dish filled with bacteria suspension in PBS and placed on a rotary shaker at 20 rpm for 12 h. The inoculated seedlings were then sowed carefully in soil in a laminar flow hood.



No Microbe Control

In a laminar flow hood, 1:69 of PBS in 1X Hoagland solution was added to each pot right after germination.

To measure the concentration of viable bacteria on inoculated sorghum seeds, 10 inoculated seeds were placed in 10 ml of PBS and vortex vigorously for 10 min followed by a 4-fold serial dilution in PBS. About 200 μl of each dilution was then plated on R2A medium and allowed to grow at room temperature. Approximately 103–104 CFU per seed were detected for the three bacteria with seed inoculation.




Experimental Design


Greenhouse Experiment

This experiment was comprised of a total of 240 pots (three bacterial strains × five inoculation methods × five replicate pots × three sampling time points + five uninoculated control × three sampling time points). Pots were planted on March 1, 2019. In a sterile laminar flow hood, three seeds were planted into the sterile soil in each pot and the pots were covered with saucers before transferring to the greenhouse to minimize airborne contamination. Pots were arranged in the greenhouse in a completely randomized design. Seedlings were thinned to one plant per pot and a small hole was made on each saucer covering the pot to allow for shoot growth. The greenhouse was 27°C during the day and 21°C at night, with a photoperiod of 16 h. Sterilized water and 1X Hoagland nutrient solution were applied to each pot to keep the soil evenly wet through a sterile plastic tube into the hole on the saucers covering the pot. Three samplings were conducted at 4-, 6-, and 8-week after planting. For each harvest, fresh and dry weights of both shoot and root were measured. Roots were washed to remove the soil prior to weighing. To obtain the dry weight, fresh plant material was dried in an oven at 60°C for 3 days. Rhizosphere and root tissues were collected for qPCR analysis to quantify the colonization of inoculated microbes.



Field

Grassl seeds were inoculated with each of the three bacteria using alginate and 12 h coating and were planted in a field (40.85475, −96.61) on June 1, 2019. The field soil was a silty loam with 3.9% organic matter, and the concentrations of some major chemical components of the soil were: pH: 5.55; 28 ppm nitrate-N; 446 ppm potassium; 10.7 ppm sulfate; 1,657 ppm calcium; and 253 ppm magnesium. Seed inoculation was carried out on the day before planting and planted immediately the next morning. A total of 64 plots (3.7 m × 1.5 m) were included in this experiment (three bacteria and no-microbe control × two inoculation methods × eight replicates) and arranged in complete randomized design. Early in the field study, 78.5 kg/ha of nitrogen fertilizer was applied in the form of urea. Weeding was carried out frequently and a weed score was assigned for each plot early on during the experiment with a range from 0 to 3, with the score of zero indicating no weeds and three designating severe weed infestation. The rhizosphere and root samples were collected twice, once at the vegetative (July 10, 2019) stage and a second time at flowering (August 23, 2019) for qPCR analysis to quantify the number of bacteria colonizing the rhizosphere and root. Shoot fresh weight and dry weight were measured twice during the course of the experiment. Biomass was measured on July 10 (30 days after germination) and October 8, 2019 (120 days after germination). Additionally, grain yield was also measured in October.




Sampling and Processing of Rhizosphere and Root Tissue for qPCR


Sampling

To collect root and rhizosphere, we removed the bulk soil from the root system, chose a range of root types, and put them in a 50 ml tube filled with 35 ml of phosphate buffer (6.33 g/L NaH2PO4 and 8.5 g/L Na2HPO4 anhydrous) supplemented with 0.01% of Silwet and shook them vigorously for 3 min on a vortexer. The roots were then transferred to a clean 50 ml tube, the remaining phosphate buffer with rhizosphere soil was collected (McPherson et al., 2017).



Rhizosphere Processing

The rhizosphere soil samples were filtered through a sterile 100 μm mesh filter unit (Fisher Scientific, United States) into a clean 50 ml tube and pelleted at 6,000 × g for 5 min at room temperature using a centrifuge. The pellet was resuspended in 1.5 ml phosphate buffer and transferred to a sterile 2 ml tube. The rhizosphere was re-pelleted by spinning tubes for 2 min at full speed. The supernatant was drained from the tube and stored at −20°C until DNA extraction.



Root Processing

Roots were surface sterilized by rinsing for 1 min in 50% sodium hypochlorite + 0.005% Tween 20, followed by a 1 min rinse in 70% ethanol, and three rinses in sterile ultrapure water for 1 min each. Roots were blotted dry, placed in a 2 ml microfuge tube, and frozen at −80°C prior to being ground in liquid N for DNA extraction.




DNA Extraction of the Rhizosphere, and Root Samples

Rhizosphere DNA was extracted using MagAttract® PowerSoil®DNA KF Kit (Qiagen) and root DNA using MagMAX™ Plant DNA Kit (ThermoFisher Scientific), with a KingFisher Flex Robot (ThermoFisher Scientific) following the manufacturer’s protocol. DNA concentration was quantified using QuantiFluor® dsDNA System (Promega) with CLARIOstar® Plus microplate reader (BMG LABTECH) following the manufacturer’s protocol.



qPCR

Different primer pairs were used for each bacterium to provide adequate specificity for each of the three bacteria used in this study. These primer pairs were constructed from the corresponding genome sequence of each isolate (Table 1). Standard curves were constructed by serial dilutions of the genomic DNA of each bacterium from 106 to 101 pg DNA μl−1 using molecular grade water. The genome copy number of each bacteria was computed using their genome sizes, (C. rhizosphaerae: 5563326 bp, Terrabactor sp.: 4320267 bp, and C. pinensis: 8318214 bp), DNA molecular weight of 650 Da bp−1, and Avogadro’s constant of 6.022 × 1023. The detection limit of C. rhizosphaerae, C. pinensis, and Terrabacter sp. were 13, 7, and 7 genome copies, respectively. All qPCR was carried out using CFX Connect (Bio-Rad Laboratories Inc., Hercules, CA, United States) in a final volume of 10 ml, which contained 5 ml of Power Sybr Green PCR Master Mix (Applied Biosystems, Foster City, CA, United States), 0.5 ml of each of the forward and reverse primers (10 pM each), 1 ng of template DNA, and water. The same amplification conditions were used for all three bacteria with an initial incubation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and extension at 72°C for 15 s. The specificity of amplification was determined using a melting curve analysis at the end of the amplification by ramping the temperature up to 95°C for 1 min followed by a 0.5°C s−1 increment from 60 to 95°C. Three technical replicates were performed for each sample in the qPCR. The average of the three Ct values from the technical replicates was calculated and reported.



TABLE 1. Primer pairs used to amplify the three bacterial isolates.
[image: Table1]



Statistical Analysis

All the statistical analyses in this study were performed using R v3.6.0 (R Developmental Core Team, 2018). A one-way ANOVA was performed to determine whether the colonization of the inoculated bacteria (logarithm of bacterial copy number) in the rhizosphere and root endosphere was influenced by inoculation method. Tukey’s HSD post hoc pairwise comparison was then conducted to compare the mean difference between inoculation methods. These analyses were performed on both the greenhouse and field datasets.

Linear models were constructed using lm function to determine the changes in sorghum shoot and root dry biomass for each combination of inoculation method, bacterial strain, sampling time point, and degree of colonization (log copy number). Prior to model construction, root and shoot dry weight were power-transformed by 0.222 and 0.303, respectively, which were determined using boxcox function in “MASS” package (Venables and Ripley, 2002) to homogenize the residual variances. Backward selection was performed to eliminate the interactions that were not significant in affecting sorghum biomass from the global models. The marginal means for each treatment and strain combination were computed and subjected to Tukey’s HSD pairwise comparisons using the emmeans function in “emmeans” package (Lenth, 2021). Plots were generated using ggboxplot and ggplot function in “ggpubr” (Kassambara, 2020) and “ggplot2” package (Wickham, 2016), respectively.




RESULTS


Primer Specificity

To construct primer pairs specific for each bacterial isolate, we first mapped each genome sequence to the NCBI database to identify the genomic regions that were unique to each of the three bacterial isolates and not found in their close relatives. As a result, we identified the genomic regions that exhibited zero matches when searched using the BLAST alignment tool. Using these unique genomic regions, we constructed three primer pairs for these isolates (Table 1). We further confirmed the specificity of these primers on the targeted strains by performing specificity tests on their closely related isolates in our culture collection from sorghum in the same field, some of which have a perfect match (100% similarity) with our targeted bacteria in their full-length 16S rRNA regions (Table 2; Supplementary Table 1).



TABLE 2. Bacterial strains used to test the specificity of each primer pair.
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Quantification of Bacterial Colonization in Rhizosphere and Root Endosphere Under Sterile Greenhouse Conditions

All three bacteria were detectable in the rhizosphere of the inoculated plants up to 8 weeks after planting (Figure 1). The colonization of C. rhizosphaerae in the rhizosphere was greater (104–105 copies per ng of rhizosphere DNA) when the seedling priming and soil drench method were used as compared to the seed coating approaches (102–103 copies per ng of rhizosphere DNA; Figure 1A). Similar trend was also found for C. pinensis where seedling priming and soil drench method promoted its colonization in the rhizosphere (Figure 1B). Prolonged seed coating for 12 h enhanced the colonization of C. pinensis (Figure 1B) but did not improve the colonization of C. rhizosphaerae in the rhizosphere (Figure 1A). The colonization of Terrabacter sp. in sorghum rhizosphere was consistent in all five inoculation methods; although its abundance was lower (102 copies per ng of rhizosphere DNA) as compared to the other two strains which reached as high as 105 copies per ng of rhizosphere DNA (Figure 1C). C. pinensis and C. rhizosphaerae but not Terrabacter sp. were detected in the rhizosphere of the uninoculated control at week 8 after planting (Figures 1A,B).
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FIGURE 1. The colonization [log10(bacterial DNA copy number)/ng of rhizosphere DNA] of (A) Caulobacter rhizosphaerae, (B) Chitinophaga pinensis, and (C) Terrabacter sp. in the rhizosphere of Sorghum bicolor inoculated using different methods at week 4, 6, and 8 after planting. ANOVA was performed with Tukey’s HSD correction for multiple comparisons. Asterisks denote significant difference in the bacteria DNA copy number between inoculated samples and uninoculated controls. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.


C. pinensis was the only strain that could robustly colonize the root endosphere starting from week 6 after planting (Figures 2A–C). The colonization of C. pinensis in the root endosphere was greater when inoculated with seedling priming and soil drench as compared to the seed coating methods at week 6 after planting (Figure 2B). C. pinensis was detected in the root endosphere of the uninoculated plants at week 8.
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FIGURE 2. The colonization [log10(bacterial DNA copy number)/ng of root endosphere DNA] of (A) C. rhizosphaerae, (B) C. pinensis, and (C) Terrabacter sp. in the root endosphere of S. bicolor inoculated using different methods at week 4, 6, and 8 after planting. ANOVA was performed with Tukey’s HSD correction for multiple comparisons. Asterisks denote significant difference in the bacteria DNA copy number between inoculated samples and uninoculated controls. *p ≤ 0.05, **p ≤ 0.01.




The Effect of Bacterial Isolate Inoculation on Plant Growth Under Sterile Greenhouse Condition

Linear models were used to determine the changes in sorghum root and shoot dry biomass for each combination of bacterial strain, inoculation method, sampling timepoint, and degree of colonization (log copy number). Overall, all three bacteria exhibited a certain amount of root growth promotion (Figures 3A–C), with Terrabacter sp. being particularly stronger than the other two at enhancing root growth on week 6 after planting (Figure 3B; Table 3). The degree of growth-promotion from these bacteria was affected by the inoculation methods. Although significant root growth-promotion was measured when inoculating Terrabacter sp. with all five inoculation methods, the degree of growth enhancement was greater when the three seed coating methods were used (Figure 3; Table 3). On the other hand, greater root growth-promotion was detected when inoculating C. rhizosphaerae and C. pinensis with the seedling priming compared to other inoculation methods (Figure 3). In fact, root growth-promotion from C. rhizosphaerae was only detectable with seedling priming despite this effect being marginally significant. For C. pinensis, significant root growth-promotion was also observed with alginate coating and marginally significant for 12 h coating. No significant root growth-promotion was measured when inoculating C. rhizosphaerae and C. pinensis with soil drench method.
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FIGURE 3. Effects of bacterial inoculation using different inoculation methods on S. bicolor root dry weight at week (A) 4, (B) 6, and (C) 8 after planting. Root dry weight was fitted to linear model and Tukey’s HSD correction was performed for multiple comparisons. Error bars and center points denote the 95% CIs and the marginal means for each strain and inoculation method combination, respectively, derived from the linear model. The distribution of raw data is represented by the dots. *p ≤ 0.1, **p ≤ 0.01, ***p ≤ 0.001.




TABLE 3. Linear model testing the effect of the degree of colonization (log copy number), bacterial strain, inoculation method, and their interactions on sorghum root dry weight.
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Among the three bacteria used, only C. pinensis and Terrabacter sp. exhibited significant shoot growth enhancement (Figures 4A–C; Table 4). Significant shoot growth-promotion from C. pinensis was measured when inoculated with seedling priming, alginate, and 12 h coating methods. Significant shoot growth-promotion was also observed when Terrabacter sp. was inoculated with the same seed coating methods but not the seedling priming.
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FIGURE 4. Effects of bacterial inoculation using different inoculation methods on S. bicolor shoot dry weight at week (A) 4, (B) 6, and (C) 8 after planting. Shoot dry weight was fitted to linear model and Tukey’s HSD correction was performed for multiple comparisons. Error bars and center points denote the 95% CIs and the marginal means for each strain and inoculation method combination, respectively, derived from the linear model. The distribution of raw data is represented by the dots. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.




TABLE 4. Linear model testing the effect of the degree of colonization (log copy number), bacterial strain, inoculation method, and their interactions on sorghum shoot dry weight.
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Quantification of Bacterial Colonization in Rhizosphere Under Field Condition

Alginate and 12 h coating method were further tested in the field to assess their efficacy for delivering the three bacterial inoculants to sorghum rhizosphere under non-sterile conditions in which there would be competition from the native microbial communities. While C. rhizosphaerae and C. pinensis were detected in the rhizosphere up to 12 weeks after inoculation in the field, DNA copy numbers in the rhizosphere of the inoculated plants were lower as compared to that of the greenhouse experiment and not significantly different from the uninoculated control (Figures 5A,B). Terrabacter sp. was not detected in either of the sampling timepoints (Figure 5C). No significant improvement in shoot dry weight was measured for all bacteria and inoculation treatment combinations at both sampling timepoints (Figures 6A,B). Bacterial colonization in the root endosphere was not quantified due to the lack of biomass difference between the inoculated plants and the uninoculated controls.
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FIGURE 5. The colonization [log10(bacterial DNA copy number)/ng of rhizosphere DNA] of (A) C. rhizosphaerae, (B) C. pinensis, and (C) Terrabacter sp. in the rhizosphere of S. bicolor inoculated with alginate and 12 h coating at week 6 and 12 after planting under field condition. ANOVA was performed with Tukey’s HSD correction for multiple comparisons.
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FIGURE 6. Shoot dry weight of Sorghum bicolor inoculated with each bacterium using alginate and 12 h coating at (A) week 6 and (B) week 12 after planting in field. ANOVA was performed with Tukey’s HSD correction for multiple comparisons. Asterisks denote significant difference in the shoot dry weight between inoculated plants and uninoculated controls.





DISCUSSION

The application of plant growth-promoting bacteria has been adopted in many countries, especially Brazil to improve crop yields and reduce the input of chemical fertilizer (Santos et al., 2019). However, there is a lack of publicly available literature that compares inoculation methods to determine which approach is more effective at delivering bacterial inoculants to the targeted plant to test their plant growth-promoting potential. To our knowledge, this is the first comprehensive study that evaluated the efficacy of multiple inoculation methods for delivering phylogenetically distinct inoculants to a cereal crop under sterile and non-sterile field conditions. We tested five inoculation methods and demonstrated that all the methods tested were successful at delivering at least one bacterial inoculant to sorghum under sterile conditions. However, the degree of plant growth-promotion from the inoculants was impacted by inoculation method. Two inoculation methods suitable for field planting, alginate and 12 h coating were tested under field condition but only a negligible amount of inoculated bacteria were detected in the rhizosphere. This may have been because the bacterial isolate concentration used to coat the seeds (103–104 CFU per seed) was too low to facilitate their establishment in sorghum rhizosphere under non-sterile conditions where there is competition from the natural microbial communities (Mendoza-Suárez et al., 2021). Although a standard of 104 rhizobial cells per seed is widely used to inoculate legumes with medium-size seed (e.g., mung bean and pigeon pea) like sorghum (Lupwayi et al., 2000), this may not be applicable for the inoculation of non-rhizobia species and for non-legumes. On the other hand, successful colonization from inoculated bacteria was demonstrated in sorghum from a starting bacterial concentration as low as 102 CFU per seed under sterile conditions (Luna et al., 2010). Despite the fact that the inoculation methods used in the field study failed to facilitate higher than background colonization levels or any growth promotion, our findings highlight the importance of testing inoculation methods under various conditions to ensure their efficacy under varying environments.

The results from the greenhouse study showed that all the bacterial inoculants used were able to persist in the sorghum rhizosphere or root until the end of the 8-week experiment. The persistence of bioinoculants over a targeted functional period is important so that their downstream impacts on plants could be sustained without needing to add another inoculant booster (Kaminsky et al., 2019). Although C. rhizosphaerae and C. pinensis were detected in the uninoculated plants on week 8, they were not observed in the controls from week 4 to week 6. We postulate that the detection of these two bacteria in the uninoculated plants may be attributed to cross-contamination between the uninoculated and inoculated samples collected at week 8. This may also be due to the amplification of closely related strains that survived the soil sterilization and colonized sorghum later in the experiment since the genera Caulobacter and Chitinophaga are ubiquitous in soil (Fulthorpe et al., 2008; Wilhelm, 2018). Although we confirmed the specificity of each primer pairs by blasting the bacterial gene fragments used to design each primer pair against the NCBI database and also ensured that they do not amplify the similar isolates in our cultural collection that were in the same genera as the targeted bacteria, there may be more closely related strains that have not been discovered and sequenced. Our findings further demonstrated that two out of the three bacteria tested were effective in promoting sorghum root and shoot growth. To gain insight into why plant biomass was enhanced, we looked more closely at the bacterial genomic sequences which suggested genes underlying plant growth-promoting functions. For example, C. pinensis possesses 1-aminocyclopropane-1-carboxylate deaminase gene which is important for ameliorating plant stress (Glick, 2014) while C. pinensis and C. rhizosphaerae have genes encoding siderophore synthetase and transport system that may be important in solubilizing iron in soil (Kramer et al., 2020). A follow-up in vivo survey will be needed to confirm the mechanisms underpinning the plant growth-promoting properties of the bacteria used in this study.


Caulobacter rhizosphaerae and Terrabacter sp. Colonized the Rhizosphere While Chitinophaga pinensis Established in Both Rhizosphere and Root Endosphere

In this study, the compartmental specificity of the three inoculated bacterial isolates was demonstrated, with C. pinensis being the only strain that robustly colonized both the rhizosphere and root endosphere, whereas the other two were only able to colonize the rhizosphere. This result was in agreement with our expectations and other studies (Bai et al., 2015; Maggini et al., 2019) that show inoculated bacteria tend to colonize the plant compartments from which they are isolated. The degree of plant growth-promotion from C. pinensis was not greater than the other two bacterial isolates, although endophytic colonization could theoretically allow bacteria to interact directly with the host plant and potentially deliver the plant growth-promoting effects more efficient than the bacteria in the rhizosphere (Santoyo et al., 2016). Nonetheless, the compartmental specificity of inoculants may be crucial in determining their downstream impact on plants. For example, root nodule colonization of rhizobia is crucial for enhancing the nitrogen nutrition in the host plant because the root nodule restricts the entry of oxygen that can inhibit biological nitrogen fixation (Lindström and Mousavi, 2020).



Generalizations About Inoculation Methods for Bacteria

Seed inoculation is currently the most widely used approach for the introduction of bioinoculants because it is the most practical and cost-effective compared to other approaches (e.g., in-furrow inoculation; O’Callaghan, 2016). Nevertheless, we found that seed coating methods may not be suitable for the inoculation of Gram-negative bacteria, which may be due to their thinner cell wall structure that renders them vulnerable to desiccation in the seed coating process (Schimel et al., 2007). In accordance with our hypothesis, the seed coating methods were less effective in delivering the Gram-negative bacteria (C. rhizosphaerae and C. pinensis) to the sorghum rhizosphere compared to seedling priming and soil drench whereas the Gram-positive strain (Terrabacter sp.) could be delivered successfully with seed coating. Interestingly, we also observed increased colonization from C. pinensis but not C. rhizosphaerae with the 12 h seed coating method. Since C. pinensis is a root endophyte, we speculate that it may have colonized the seed endophytically during the longer seed coating process (Kandel et al., 2017), thereby enhancing its survival under desiccation. Similar results were also demonstrated in another study in which 12 h seed coating promoted the initial rhizosphere colonization of an endophytic biocontrol bacterium, Serratia plymuthica HRO-C48, on oilseed rape and enhanced the survival of this bacterium on seeds (Müller and Berg, 2007). Different inoculation methods may further affect the downstream impacts of inoculants on plants. For instance, seed inoculation of Gram-positive Bacillus strains on cowpea and mash bean has been shown to suppress root-infecting phytopathogens more effectively than soil drench (Dawar et al., 2010). The improved biocontrol abilities from these inoculants with seed inoculation may be attributed to the fact that seed inoculation allowed them to establish inside the root prior to pathogen infestation. On the other hand, soil drench has been shown to be more effective in delivering inoculants to Italian ryegrass growing on soil contaminated with diesel oil than the 12 h seed coating method, and improved plant growth-promotion and hydrocarbon degradation (Afzal et al., 2012). This was probably due to the greater density of inoculant being applied from the soil drench than the 12 h coating method in which the amount of bacteria applied to seeds was constrained by the seed size. These findings suggest that it may be important to tailor inoculation methods for inoculants with specific characteristics and functionalities.



Colonization Rates Are Not Linked to Growth Promotion

Although all the inoculation methods tested successfully delivered bacterial isolates to the sorghum rhizosphere in the greenhouse study, the impacts on sorghum growth were variable. Despite being equally effective at delivering C. pinensis to sorghum rhizosphere, no growth-promotion was observed with the soil drench method while both shoot and root growth promotions were detected with seedling priming. Similarly, Burkholderia ambifaria MCI 7 was reported to improve maize growth when coated on seed but was detrimental to growth when applied into the soil (Ciccillo et al., 2002). Although it was unclear why the same bacterium had contrasting effects on plant growth, the authors noted that the root adjacent to the stem was mainly colonized when the seed was coated whereas the entire root system was colonized with the soil drench method (Ciccillo et al., 2002). In our studies, Terrabacter sp. was in lower abundance in the rhizosphere but was still able to promote sorghum root growth comparable to or better than the other two bacteria. This is in line with another study that observed similar biomass-promoting effects on banana from Pseudomonas fluorescens Ps006 and Bacillus amyloliquefaciens Bs006 despite P. fluorescens Ps006 being a less efficient root colonizer compared to B. amyloliquefaciens Bs006 (Gamez et al., 2019). These findings highlight that the degree of colonization by inoculated bacteria of host plants may not necessarily be directly related to the level of growth enhancement induced.




CONCLUSION

This study compared several different bacterial inoculation methods to determine the most suitable approach for studies of the impact of bacterial inoculation of plants grown in sterilized greenhouse soil experiments and in the field. Simply coating seeds with a bacterial suspension was suitable for the inoculation and successful colonization of Gram-positive bacteria in the greenhouse, whereas the field results were inconclusive. For Gram-negative bacteria direct inoculation using seedling priming or soil drench led to higher colonization efficiency than seed coating. The method of inoculation was critical in these types of experiments because the colonization rates and plant growth-promoting potential of inoculants were influenced by inoculation method. These findings show that the inoculation methods should be tailored to accommodate the characteristics of different bacterial inoculants to ensure successful colonization of the targeted plant species.
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Species in the genus Paenibacillus from special habitats have attracted great attention due to their plant growth-promoting traits. A novel plant growth-promoting rhizobacteria (PGPR) species in the genus Paenibacillus was isolated from spruce forest at the height of 3,150 m in the Qilian Mountains, Gansu province, China. The phylogenetic analysis based on 16S rRNA, rpoB, and nifH gene sequences demonstrated that strain LC-T2T was affiliated in the genus Paenibacillus and exhibited the highest sequence similarity with Paenibacillus donghaensis KCTC 13049T (97.4%). Average nucleotide identity (ANIb and ANIm) and digital DNA–DNA hybridization (dDDH) between strain LC-T2T and P. donghaensis KCTC 13049T were 72.6, 83.3, and 21.2%, respectively, indicating their genetic differences at the species level. These differences were further verified by polar lipids profiles, major fatty acid contents, and several distinct physiological characteristics. Meanwhile, the draft genome analysis provided insight into the genetic features to support its plant-associated lifestyle and habitat adaptation. Subsequently, the effects of volatile organic compound (VOC) emitted from strain LC-T2T on the growth of Arabidopsis were evaluated. Application of strain LC-T2T significantly improved root surface area, root projection area, and root fork numbers by 158.3, 158.3, and 241.2%, respectively, compared to control. Also, the effects of LC-T2T on the growth of white clover (Trifolium repens L.) were further assessed by pot experiment. Application of LC-T2T also significantly improved the growth of white clover with root fresh weight increased over three-folds compared to control. Furthermore, the viable bacterial genera of rhizosphere soil were detected in each treatment. The number of genera from LC-T2T-inoculated rhizosphere soil was 1.7-fold higher than that of control, and some isolates were similar to strain LC-T2T, indicating that LC-T2T inoculation was effective in the rhizosphere soil of white clover. Overall, strain LC-T2T should be attributed to a novel PGPR species within the genus Paenibacillus based on phylogenetic relatedness, genotypic features, and phenotypic and inoculation experiment, for which the name Paenibacillus monticola sp. nov. is proposed.

Keywords: Paenibacillus, PGPR, novel species, qilian mountains, spruce


INTRODUCTION

Plant growth-promoting rhizobacteria (PGPR) enhance growth and health of host plants through various mechanisms, including phosphate solubilization, nitrogen fixation, siderophore production, synthesis of phytohormone, and emission of volatile organic compounds (VOCs) (Ryu et al., 2003; Fürnkranz et al., 2012; Grady et al., 2016; He et al., 2021). Many PGPRs also prevent rhizosphere colonization of pathogenic or parasitic organisms by secreting antagonistic compounds and inducing plant defenses and/or competition for nutrients (Backer et al., 2018; Woo and Pepe, 2018; Naamala and Smith, 2021). These valuable characteristics can help to reduce the dependence of agricultural production on chemical fertilizers and insecticides, maximize the ecological benefits, and accelerate the emergence of their applications in biotechnological processes (Backer et al., 2018; Woo and Pepe, 2018; Rani et al., 2021). Globally, species of the genus Paenibacillus rank the top among PGPRs in agriculture and horticulture (Kiran et al., 2017; Daud et al., 2019; Liu et al., 2021). Many studies showed that some species in the genus Paenibacillus can promote the growth of host plants (Fürnkranz et al., 2012; Ker et al., 2012; Grady et al., 2016; Kumari and Thakur, 2018; Liu et al., 2021). In addition, inoculation of plants with Paenibacillus sp. strains also produce novel bioactive metabolites for biological control and industrial applications (Daud et al., 2019). Khan et al. (2007) and Aw et al. (2016) highlighted that Paenibacillus species effectively improved the growth of tomato (Lycopersicon esculentum) and had antibacterial activity against a wide spectrum of pathogens. Therefore, species of the genus Paenibacillus has enormous potential as PGPR. However, only a few species of Paenibacillus have been explored in detail concerning their effects on the growth of forage crops.

White clover (Trifolium repens L.) is a considerable legume forage crop with strong adaptability, wide distribution, and easy cultivation (Ballhorn and Elias, 2014). It is suitable for silaging, haying, and grazing for livestock due to its high quality (Acharya et al., 2011). Meanwhile, white clover can also maintain soil fertility by providing nitrogen from its symbiotic interactions with rhizobia (Shamseldin et al., 2021). Additionally, it has well-developed and numerous stolons and/or shoots that are beneficial for water and soil conservation (Ballhorn and Elias, 2014; Zhang et al., 2020). A previous study showed that inoculation with Bacillus amyloliquefaciens GB03 significantly increased plant growth and biomass of white clover under both non-saline and saline conditions (Han et al., 2014). However, the effects of PGPR strains of Paenibacillus on the growth of white clover are unknown.

The Qilian Mountains are hydrologically and ecologically vital unit, as it functions as the water source for the irrigation agriculture in the Hexi Corridor and also maintains the ecological viability in the northern Alxa Highland (Zhao et al., 2009). The Qilian Mountains cover a large area with a complex topography, changeable climate types, and large numbers of plant species with obvious differences in spatial distribution (Liu et al., 2004; Zhao et al., 2009). The altitude ranges from 1,173 to 5,546 m (Wu and Jiang, 1998; Liu et al., 2004). Spruce is the dominant tree species and generally distributed at 2,400–3,400 m (Zhao et al., 2009). The Qilian Mountains are one of the most challenging habitats and abundant ecosystems and have been attracting tremendous attention in the fields of agriculture, ecology, and biotechnology. Recently, extensive research focused on soil nutrient characteristics, community structure, and microbial diversity in the Qilian Mountains (Zhao et al., 2015; Zhu et al., 2017; Jian et al., 2020; Lan et al., 2020). The bacterial genus Paenibacillus was detected in the microbiomes of different moss species in the Qilian Mountains with plant-promoting traits (Lan et al., 2020), indicating that strains of the genus Paenibacillus with plant growth-promoting traits existed in the Qilian Mountains.

The genus Paenibacillus was classified by Ash et al. (1991, 1993) by distinguishing members of the “16S rRNA group 3” bacilli from other lineages in the genus Bacillus. Subsequently, taxonomic characteristics of the genus Paenibacillus were further revised by Shida et al. (1997) and Padda et al. (2017). Until now, 337 species have been identified in the genus Paenibacillus, and the type species of this genus is Paenibacillus polymyxa.1 The DNA G + C content of species in Paenibacillus ranges from 39 to 54 mol% (Kiran et al., 2017). Anteiso-C15:0 is the predominant cellular fatty acid, and menaquinone-7 (MK-7) is the major respiratory quinone (Ashraf et al., 2017; Padda et al., 2017). Several species of the genus were also found to produce chitinases (Fu et al., 2014; Loni et al., 2014). Members of the genus have been isolated from various habitats, including desert (Lim et al., 2006a,b), agricultural soil (Kim et al., 2015), rhizosphere (Son et al., 2014), honeybee larvae (Genersch et al., 2006), human feces (Clermont et al., 2015), milk (Scheldeman et al., 2004), fresh water (Baik et al., 2001; Bae et al., 2010), warm springs (Chou et al., 2007), and eutrophic lake and glacier (Montes et al., 2004; Kishore et al., 2010), etc.

Thus, this study was aimed to explore PGPR resources of the genus Paenibacillus from spruce forests in Qilian Mountains. A bacterium strain, designated as LC-T2T, was isolated from high-altitude spruce forests in the Qilian Mountains. The taxonomic status of strain LC-T2T was evaluated based on phenotypic, phylogenetic, genotypic, and chemotaxonomic data. Furthermore, the plant growth-promotion effects of strain LC-T2T was assessed in Arabidopsis and white clover (T. repens L.). Our work indicated that novel species in Paenibacillus isolated from spruce forests in Qilian Mountains have potential application values in cultivation of legume crops.



MATERIALS AND METHODS


Sample Collection and Microorganisms Isolation

Soil samples were collected from forests of the Qilian Mountains, Gansu province, China (38°25′32″N, 99°55′40″E, 3,150 m). Spruce was the dominant tree species at the altitude of 3,150 m in the Qilian Mountains. The soil sample was serially diluted with sterile 0.9% NaCl (w/v) solution, and dilutions were spread on tryptone soya agar (TSA). All plates were incubated aerobically at 25°C for 7 days. Morphologically different single colonies were randomly picked and further purified. Finally, the purified isolates were preserved as a glycerol suspension (20%, v/v) at −80°C.



Phylogenetic Analysis

The genomic DNA of the isolate was extracted by Bacterial Genomic DNA Extraction kit (TianGen Biotech Co., Ltd., Beijing, China) according to manufacturer’s instructions. The 16S rRNA gene was amplified by PCR using a pair of universal primers, 27F and 1492R, as previous described (Li et al., 2020). The RNA polymerase β-subunit (rpoB) gene, an iconic housekeeping gene of the genus Paenibacillus, was amplified with primers rpoB 1698F (5′-AACATCGGTTTGATCAAC-3′) and rpoB 2041R (5′-CGTTGCATGTTGGTACCCAT-3′) (Yang Y.J. et al., 2018). The nitrogenase reductase (nifH) gene was amplified using the primers POLF (5′-TGCGAYCCSARRGCBGGYATCGG-3′) and POLR (5′-ATSGCCATCATYTCRCCGGA-3′) (Menéndez et al., 2017). The PCR product was purified by PCR purification kit (Sangon Biotech Co., Ltd., Shanghai, China) according to the manufacturer’s instructions. Cloning of the 16S rRNA gene was executed using a pMD 19-T Vector Cloning kit (Takara Bio., Inc., Otsu, Japan). Sequencing was performed by the Sanger method (Beijing AUGCT DNA-SYN Biotechnology Co., Ltd, Beijing, China). Then, the almost-complete 16S rRNA, rpoB, and nifH gene sequences were compiled with the program DNAMAN (version 8.0; Lynnon Biosoft, San Ramon, CA, United States) (Saitou and Nei, 1987). The EzTaxon-e server2 (Yoon et al., 2017) was used to calculate the levels of sequence similarity between strain LC-T2T and related type strains available in GenBank3 (Sayers et al., 2020). The phylogeny of 16S rRNA, rpoB, and nifH sequences was reconstructed by the neighbor-joining (NJ) (Saitou and Nei, 1987), maximum-likelihood (ML) (Felsenstein, 1981), and maximum-parsimony (MP) methods (Fitch, 1971) with MEGA 7.0 program (Kumar et al., 2016). Evolutionary distances were calculated using the Kimura’s two-parameter model, and bootstrap analysis was used to evaluate the tree topology by performing 1,000 replications (Felsenstein, 1985).



Draft Genome Sequencing, Assembly, and Annotation

The draft genome shotgun project was sequenced using paired-end sequencing technology with the Illumina NovoSeq-PE150 platform (Novogene Biotech Co., Ltd., Tianjin, China). High-quality genomic DNA was carried out using Bacterial Genomic DNA Extraction kit (TianGen Biotech Co., Ltd., Beijing, China) according to standard protocol. The sequencing generated 1-Gb clean data. A de novo assembly of the reads was carried out using SOAPdenovo (version 2.04). The completeness of microbial genomes was assessed using the bioinformatics tool CheckM (Parks et al., 2015). The complete 16S rRNA gene sequence of strain LC-T2T was annotated via the RNAmmer 1.2 server (Lagesen et al., 2007) from the genome. The draft genome was annotated using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) (Tatusova et al., 2016; Haft et al., 2018). The predicted coding sequences (CDSs) and functional annotation were generated from the National Center for Biotechnology Information (NCBI) non-redundant database, Kyoto Encyclopedia of Genes and Genomes (KEGG), Cluster of Orthologous Groups of proteins (COG), and Gene Ontology (GO) databases. DNA G + C content was calculated from the draft genome sequence. BLAST algorithm (ANIb) and the MUMmer ultra-rapid aligning tool (ANIm) were used to calculate average nucleotide identity (ANI) by the JSpecies software tool available at the webpage.4 The digital DNA–DNA hybridization (dDDH) between strain LC-T2T and related reference strains was calculated by Genome-to-Genome Distance Calculator 2.1 (GGDC).5



Morphological, Physiological, and Biochemical Taxonomic Analysis

The morphological, physiological, and biochemical characterizations such as growth in different bacteriological media, temperature, pH and NaCl concentrations, the Gram reaction, motility, oxidase, catalase, hydrolysis of Tween 80, DNA, casein, starch, and cellulase were carried out according to Li et al. (2020). Biochemical features were performed using the API 20NE, API ZYM, and API 50CH systems (bioMérieux). GENIII MicroPlates (Biolog) were used to check the utilization of 71 carbon sources as described by the manufacturer’s instructions. Paenibacillus donghaensis KCTC 13049T, a Xylan-degrading bacterial strain isolated from east sea sediment, and Paenibacillus odorifer JCM 21743T, a nitrogen-fixing strain isolated from wheat roots, were used as reference strains for comparative taxonomic characteristics (Berge et al., 2002; Choi et al., 2008). The two reference strains were obtained from the Korean Collection for Type Cultures (KCTC) and the Japan Collection of Microorganisms (JCM), respectively. Cells of strain LC-T2T and the reference strains cultured on Reasoner’s 2A (R2A) agar at 28°C were used for biochemical feature tests. For measurement of nitrogenase activity, strain LC-T2T and reference strains were grown on nitrogen-free medium (Zhuang et al., 2017). After 48 h at 28°C, strains were incubated in culture bottles with 10% (v/v) acetylene in air for 2 h and then analyzed for ethylene production by 450-GC gas chromatography (Berge et al., 2002).

For chemotaxonomic analysis, cells of strain LC-T2T and reference strains were routinely cultivated on R2A agar at 28°C and harvested at the mid-exponential growth phase. The fatty acid profiles were analyzed and identified by using the Microbial Identification System (Sherlock version 6.1; midi database, TSBA6) after saponification, methylation, and extraction, according to standard procedures (Sasser, 1990). The polar lipids were extracted and separated by a chloroform/methanol system and one- and two-dimensional thin-layer chromatography (TLC) as described previously (Minnikin et al., 1984; Kates, 1986). Total lipids were detected using molybdatophosphoric acid, aminolipids were detected using ninhydrin reagent, phospholipids were detected using molybdenum blue reagent, and glycolipids were detected using naphthol/sulfuric acid reagent (Minnikin et al., 1984; Kates, 1986). Respiratory quinones were extracted and purified from lyophilized cells, then analyzed by high performance liquid chromatography (HPLC) according to Collins’ method (Collins, 1985).



Evaluation of Plant Growth-Promoting Abilities

Plate and pot experiments were used to evaluate plant growth-promoting capabilities of strain LC-T2T. Double-sterile distilled water (DDW) served as control. Escherichia coli strain DH5α and commercial B. amyloliquefaciens strain GB03 served as positive control. Arabidopsis seeds were surface sterilized with 70% ethanol for 3 min, washed with DDW several times, followed by 1% sodium hypochlorite for 10 min, finally thoroughly washed with DDW for 8–10 times, and then planted on one side of specialized plastic Petri dishes (100 × 15 mm) that contained a center partition; both sides contain half-strength Murashige and Skoog (MS) solid medium with 0.8% (w/v) agar and 1.0% (w/v) sucrose. Seeds were vernalized for 2 days at 4°C in the absence of light. Bacterial suspensions were prepared according to previously described methods (He et al., 2018). Cells were harvested from R2A plates, put into DDW to yield 1.0 × 109 colony forming units (CFU) ml–1 as determined by optical density, and serially diluted with plate counts. Then, 10 μl of bacterial suspension was spotted at one side of the Petri dish and 2-day-old Arabidopsis seedlings were planted on the other side of the Petri dish. Seedlings were grown under growth chamber (Panasonic, Japan) with a 16/8-h light/dark cycle under 200 μmol m–2 s–1 total light intensity, a temperature of 22 ± 2°C, and a relative humidity of 50–55%. The root system was scanned by an EPSON scanner, and morphological parameters were analyzed using the root analysis system WinRHIZO (v5.0, Regent Instruments, Quebec, QC, Canada) after 14 days. In pot experiments, white clover (T. repens L.) seeds (presented by Wanhai Zhou at Gansu Agricultural University, China) were surface sterilized for 1 min in 70% ethanol followed by 10 min in 2% sodium hypochlorite; then, seeds were rinsed with sterile water for 10 times and germinated in filter paper for 3 days. The seedlings with uniform growth were transferred to a plastic pot (diameter 9 cm, depth 10 cm) containing autoclave-sterilized commercial vermiculite–soil mixture and watered with modified half-strength Hoagland’s solution three times per week. White clover seedlings were inoculated with 2 ml of prepared bacterial suspension culture as bacterial treatments or the same volume of DDW as control. Thirty-day-old plants were harvested for plant growth and physiological index measurements. When sampling, the rhizosphere soil samples were collected from the surface of root, and the culturable bacteria in rhizosphere were isolated again by multiple-dilution method to verify the effective inoculation.



Data Analysis

Results of the growth and physiological parameters were showed as means with standard errors (n = 6). Statistical analysis was assessed by one-way analysis of variance (ANOVA) using SPSS statistical software (Ver. 19.0, SPSS Inc., Chicago, IL, United States). Duncan’s multiple range test was executed to detect a difference between means at a significance level of P < 0.05.




RESULTS


Phylogenetic Analysis

The complete 16S rRNA gene sequence (1,546 bp) was obtained from draft genome (GenBank accession number: OK058271). Comparative analysis built on 16S rRNA gene sequence revealed that strain LC-T2T was phylogenetically affiliated to the genus Paenibacillus in the family Paenibacillaceae. On the basis of phylogenetic analysis, the highest level of similarity was found between strain LC-T2T and P. donghaensis KCTC 13049T (97.4%), followed by P. odorifer JCM 21743T (96.8%) and other recognized members of the genus Paenibacillus (<96.7%). In the neighbor-joining phylogenetic tree, strain LC-T2T fell within the cluster comprising the Paenibacillus species and formed a distinct genetic lineage with P. donghaensis KCTC 13049T (Supplementary Figure 1) and likewise in the tree based on the ML and MP methods (data not shown). The rpoB gene fragment of strain LC-T2T (GenBank accession number: OK094314) shared 87.2% sequence identity with P. donghaensis KCTC 13049T and less than 84.8% identity with other members of the genus Paenibacillus (Figure 1). These data further confirmed that target lineage was belonging to the genus Paenibacillus and closely clustered with P. donghaensis KCTC 13049T. The comparison of the nifH gene sequence of strain LC-T2T (GenBank accession number: OK094315) with those of the type strains also showed that P. donghaensis KCTC 13049T was the most closely related living species, with a similarity value of 81.4%, followed by P. odorifer JCM 21743T (80.1%). The remaining available nifH sequences of the type species of the genus Paenibacillus showed less than 80% similarity to strain LC-T2T. The phylogenetic analysis of nifH indicated that strain LC-T2T clustered with P. donghaensis KCTC 13049T and was phylogenetically divergent from the cluster of any recognized species of the genus Paenibacillus (Supplementary Figure 2).
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FIGURE 1. Maximum Likelihood phylogenetic trees based on partial rpoB gene sequences showing the relationships between strain LC-T2T and closely related species. Bacillus subtilis subsp. subtilis NBRC 13719T was used as the outgroups. Numbers at branching points are bootstrap values > 50%. Bar, 0.1 substitutions per nucleotide position. Filled circles indicate that the corresponding nodes were also formed in neighbor-joining and maximum-parsimony trees. rpoB gene sequences of Paenibacillus donghaensis JH8T was obtained from the genome sequence of strain P. donghaensis JH8T.




Genome Characteristics of Paenibacillus monticona sp. nov. LC-T2T

Draft genome sequencing of strain LC-T2T (accession number: WJXB00000000) yielded a length of 7,082,651 bp with 35 contigs (total number > 500 bp) and N50 value of 657,675 after assembly. All contigs were larger than 536 bp, and the largest was 1,092,698 bp. The sequencing coverage was about ×200. A total of 6,236 genes were predicted, out of which 5,978 were protein-coding genes, 112 genes for RNA, and 146 pseudo genes (Supplementary Table 1). The DNA G + C content of strain LC-T2T was 46.0 mol%, which fell within the range given for species of the genus Paenibacillus (Yang D. et al., 2018). The pairwise ANIb, ANIm, and dDDH values between the genome of LC-T2T and four genomes of related species were 72.6–77.2, 83.3–84.3, and 20.4–23.0%, respectively. These values were obviously lower than the critical value of genomic species identification. The detailed results are displayed in Table 1.


TABLE 1. Average nucleotide identity (ANIb and ANIm) and DNA–DNA hybridization (DDH) values (%) of strain LC-T2T with phylogenetically related species of the genus Paenibacillus.
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Insights From the Genome Sequence

Strain LC-T2T was isolated from high-altitude spruce forests in the Qilian Mountains. As shown in Table 2, the genome of strain LC-T2T contained a large number of genes that were related to plant growth and habitat adaptation, such as 10 genes coding for phosphate solubilization (pyk, ppc, ackA, citA, citZ, aroK, ldh, phoP, phoR, and nudC), four for auxin biosynthesis (trpA, trpB, trpC, and trpS), one for nitrogen fixation (nifH), and three for other processes of growth promotion (speA, ilvH, and ilvB), suggesting that strain LC-T2T had the ability to promote plant growth. The genome of strain LC-T2T contained several genes associated with secretion systems, biofilm formation, or motility. For instance, three genes responsible for flagellar motility (motA, motB, and swrC) and five genes responsible for chemotaxis (cheA, cheY, cheR, cheB, and cheW) indicated that strain LC-T2T could get attracted to or move toward nutrients and interact with plants. Additionally, extreme conditions, such as low temperature, hypoxia, alpine, strong ultraviolet, erosive forces, and thaw–freezing cycles, prevailed in the Qilian Mountains at high altitudes and shaped abundant extreme microorganisms. The genome of strain LC-T2T is well equipped with several genes that could alleviate the reactive oxygen species. Some genes responsible for superoxide dismutase [Mn] (sodA), superoxide dismutase [Fe] (sodF), and catalase (katA), demonstrated that strain LC-T2T could cope with rhizosphere oxidative environments. Notably, several genes of strain LC-T2T genome responded to extreme temperature at the height of 3,150 m in the Qilian Mountains. Genes coding for cold shock (cspA) and heat shock (Hsp20) showed that strain LC-T2T was able to adapt the temperature variation. In accordance with the data presented above, the draft genome analysis provided insights into the genetic features to support its plant-associated lifestyle and habitat adaptation.


TABLE 2. Putative gene identified in LC-T2T genome related to plant associated lifestyle and habitat adaptation.
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Phenotypic and Biochemical Characteristics

The cell of strain LC-T2T was aerobic, Gram-negative (Supplementary Figure 3A), rod-shaped (4.2–4.5 × 0.6–0.7 μm) (Supplementary Figure 3B), and motile via peritrichous flagella (Supplementary Figure 3C). Colonies of strain LC-T2T on R2A agar were white, round, and smooth with approximately 0.5–1.5 mm in diameter after culture at 28°C for 3 days. It was able to grow aerobically at 4–32°C (optimum at 25–28°C), at pH 6.0–11.5 (optimum at 8.0–8.5), and with 0–1.5% (w/v) NaCl (optimum at 0%). Strain LC-T2T and the reference strains were positive for catalase and reduction of nitrate to nitrite, but they were negative for oxidase and hydrolysis of DNA, Tween 80, and cellulose. The detailed differential physiological and biochemical characteristics of strain LC-T2T and its closest type strains of the genus Paenibacillus are given in Table 3 and Figure 2. Strain LC-T2T was distinguished from the reference strains in API 20NE test strips: assimilation of glucose, mannitol, and N-Acetyl-glucosamine. Strain LC-T2T also differed from the closely related species in API ZYM test strips: cystine arylamidase, α-chymotrypsin, and acid phosphatase. Meanwhile, strain LC-T2T also distinguished from the reference-type species in API 50CH test strips: D-ribose and methyl-α-D-glucopyranoside, N-acetyl-glucosamine, and inulin test. In the aspect of nitrogenase activity, the amount of strain LC-T2T and reference strains, P. donghaensis KCTC 13049T and P. odorifer JCM 21743T, that could reduce acetylene to ethylene were 19.7, 15.5, and 25.4 (nmol C2H4) (mg protein)–1 h–1, respectively (Table 3).


TABLE 3. Characteristics that differentiate the novel species LC-T2T from phylogenetically related species of the genus Paenibacillus.
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FIGURE 2. Cellular fatty acid compositions (%) of strain LC-T2T and the type strains of phylogenetically related species of the genus Paenibacillus.


The predominant cellular fatty acids (>10.0% of total fatty acids) of strain LC-T2T was identified as anteiso-C15:0 (56.5%) and C16:0 (12.3%) (Figure 2). The fatty acid profile of strain LC-T2T was similar to the reference strains, and all three species also contained anteiso-C15:0 (40.3–56.5%) and C16:0 (12.3–22.5%) as their major fatty acid. Moreover, the proportion of anteiso-C15:0 of strain LC-T2T was 2.4- and 1.2-fold higher than that of P. donghaensis KCTC 13049T and P. odorifer JCM 21743T, respectively, whereas the content of C16:0 of strain LC-T2T was nearly two-fold lower than that of the reference strains (Figure 2). The polar lipid pattern of strain LC-T2T was dominated by the presence of large amounts of diphosphatidylglycerol (DPG) and phosphatidylethanolamine (PE) and small amounts of phosphatidylglycerol (PG) and several unidentified ingredients as follows: three unidentified phospholipids (PL1–3), two unidentified aminophospholipids (APL1–2), and one unidentified glycolipid (GL1) (Supplementary Figure 4). MK-7 was detected as the only respiratory quinone in strain LC-T2T.



Growth Promotion of Arabidopsis thaliana Exposed to Strain LC-T2T

The apparent growth differences of Arabidopsis were observed between LC-T2T exposure and the other three treatments after 2 weeks of plant growth (Figure 3A). The significant differences were mainly observed on plant roots. Specifically, the total root length was significantly greater for LC-T2T-exposed roots (P < 0.05) by 61.0, 50.4, and 36.7% compared to control, DH5α, and GB03 exposure, respectively (Figure 3B). The highest root surface area and root projection area were also observed from exposure to LC-T2T VOCs. The root surface area was increased (P < 0.05) by 61.3, 53.1, and 28.8% (Figure 3C), and the root projection area was enhanced (P < 0.05) by 61.3, 53.1, and 28.7% (Figure 3D) compared to control, DH5α, and GB03 exposure, respectively. The root fork numbers was increased over 1.9-fold (P < 0.05) with LC-T2T VOCs compared to control and DH5α exposure, respectively. However, the root fork numbers of LC-T2T were little lower than GB03 exposure (Figure 3E).
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FIGURE 3. Effects of roots growth of Arabidopsis exposure to LC-T2T volatile organic compounds (VOCs). Escherichia coli (DH5α) and Bacillus amyloliquefaciens (GB03) as positive control l. (A) plant root image, (B) total root length, (C) root surface area, (D) root projection area, and (E) root fork numbers. Seedlings were taken image and root growth index were measured after 2 weeks exposure to E. coli (DH5α), B. amyloliquefaciens (GB03), and Paenibacillus monticola LC-T2T, respectively. Values are means and bars indicate SDs (n = 6). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).




The Effect of Strain LC-T2T on the Growth of White Clover

The influence of strain LC-T2T on the growth of white clover was further assessed. Shoot height was increased by 31.5 (P < 0.05), 42.7 (P < 0.05), and 7.3% compared to control, DH5α, and GB03 treatments, respectively (Figure 4C), and root length was increased by 24.4 (P < 0.05) and 10.9% compared to control and DH5α treatments, respectively (Figure 4D).
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FIGURE 4. Effects of LC-T2T inoculation on seedling growth of white clover. Escherichia coli (DH5α) and Bacillus amyloliquefaciens (GB03) as positive control. (A,B) whole plant image, (C) shoot height, (D) root length, (E) shoot fresh weight, (F) shoot dry weight, (G) root fresh weight, and (H) root dry weight. Seedlings were taken image and biomass were measured after 30 days inoculate to bacterials suspension and double-sterile distilled water (DDW), respectively. Values are means and bars indicate SDs (n = 6). Columns with different letters indicate significant difference at P < 0.05 (Duncan test).


Plants inoculated with LC-T2T had a higher biomass than that of control, DH5α, and GB03. Shoot fresh weight was raised with the LC-T2T group by 147.5 (P < 0.05), 117.6 (P < 0.05), and 2.0% (Figure 4E) and shoot dry weight was increased with the LC-T2T group by 128.6 (P < 0.05), 127.1 (P < 0.05), and 10.8% compared to control, DH5α, and GB03 treatments, respectively (Figure 4F). Likewise, the root fresh weight of LC-T2T-inoculated plants was about 216.2 and 89.8% (Figure 4G) and the root dry weight of LC-T2T-inoculated plants was about 104.7 and 86.5% (Figure 4H) higher than those of the control and DH5α treatments, respectively (P < 0.05). However, the root fresh weight and root dry weight of LC-T2T were a little lower compared to GB03 exposure (Figures 4G,H).

Strain LC-T2T can also enhance the accumulation of plant biomass by root activity and chlorophyll content. Root activity was improved with the LC-T2T group by 57.7 and 60.2% compared to control and DH5α treatments, respectively (P < 0.05; Supplementary Figure 5A). The content of chlorophyll a of LC-T2T-inoculated plants was increased by 25.9 (P < 0.05), 27.1 (P < 0.05), and 1.8% compared to control, DH5α, and GB03 treatments, respectively (Supplementary Figure 5B), and the content of chlorophyll b was improved by 2.1- (P < 0.05), 1.2- (P < 0.05), and 1.0-fold with LC-T2T treatment compared to control, DH5α, and GB03 treatments, respectively (Supplementary Figure 5B).

In addition, the photosynthetic rate was enhanced with the LC-T2T group by 13.7 and 26.5% compared to control and DH5α treatments, respectively (Supplementary Figure 5C). The transpiration rate was raised by 1.2- and 1.5-fold (P < 0.05) with LC-T2T-inoculated plants (Supplementary Figure 5D), and the stomatal conductance was increased by 17.4 and 39.1% (Supplementary Figure 5E) compared to control and DH5α treatments, respectively. The photosynthetic rate, transpiration rate, and stomatal conductance of LC-T2T-inoculated plants were slightly lower than those of GB03 treatment, and differences were not statistically significant (Supplementary Figures 5C–E). The water-use efficiency was improved by 1.8- (P < 0.05), 1.2-, and 1.2-fold with LC-T2T treatment compared to control, DH5α, and GB03 treatments, respectively (Supplementary Figure 5F).



Effectiveness of LC-T2T Inoculation

Culturable bacterial strains have been isolated from the rhizosphere after 20 days of inoculation to verify the existence of inoculated strains. The number of genera from LC-T2T-inoculated rhizosphere soil was 1.7-fold higher than that of control and DH5α, respectively. In the diversity and number of species, LC-T2T-inoculated soil was also superior to control and DH5α-inoculated soil (Table 4). Some isolates were similar to strain LC-T2T and GB03, respectively, except for DH5α treatment (Supplementary Tables 2, 3). The species in the genus Bacillus and Pseudomonas were also isolated from all inoculated soils, whereas a higher abundance of Rhodococcus qingshengii was found in control and DH5α-inoculated soils.


TABLE 4. The number of genera counted from isolates in the white clover rhizosphere soil.

[image: Table 4]



DISCUSSION

Researchers have always sought to isolate novel species of the genus Paenibacillus from different habitats. As an important ecological security barrier in western China, the Qilian Mountains possess abundant glacier, water, forest, grassland, and animal resources (Zhao et al., 2009). The rich and diverse natural eco-environments of the Qilian Mountains harbor unique and great diversity of microbial resources. In the current work, a novel Paenibacillus species from spruce forest at a high altitude of 3,150 m in the Qilian Mountains was isolated and characterized. A phylogenetic analysis of 16S rRNA gene sequence, one of the most powerful and frequently used methods for identification of bacteria (Busse et al., 1996), revealed that strain LC-T2T was a member of the genus Paenibacillus with the highest similarity to P. donghaensis KCTC 13049T (97.4%). To further define the phylogenetic affinity of strain LC-T2T, we also analyzed rpoB gene sequence, which was more discriminative than 16S rRNA gene sequence in distinguishing members of the genus Paenibacillus (da Mota et al., 2004). Nitrogen fixation-related genes are widely used as marker genes to analyze the phylogenetic relationship of nitrogen-fixing bacteria and archaea (Jacobson et al., 1989; Choo et al., 2003; Brigle et al., 2011; Gaby and Buckley, 2014). Most members of the genus Paenibacillus have been found to possess nitrogenase activity. Therefore, nifH gene sequence was also used to distinguish members of the genus Paenibacillus. In all phylogenetic trees (Figure 1 and Supplementary Figures 1, 2), strain LC-T2T was obviously different from all known taxa. In brief, the phylogenetic analysis based on 16S rRNA, rpoB, and nifH gene sequences highlighted that strain LC-T2T was assigned to a novel species in the genus Paenibacillus.

At the genomic level, this study provided more robust evidence to support the taxonomic status of strain LC-T2T. The dDDH value and ANI value between strain LC-T2T and its closest phylogenetic relatives were lower than 23.0 and 84.3%, respectively. Studies have shown that the cut-off of 70% genomic relatedness with dDDH was generally recommended for species delineation and has been found to correlate to 95–96% ANI (Richter and Rosselló-Móra, 2009; Meier-Kolthoff et al., 2013, 2014a,2014b). In the current work, both dDDH value and ANI value were significantly below the threshold for species circumscriptions. These data demonstrated that strain LC-T2T should be considered as the representative of a novel species of the genus Paenibacillus. Meanwhile, rpoB gene sequence similarity can provide efficient supplement to dDDH and ANI measurements to delineate bacterial species and genera, especially for Paenibacillus (Adékambi et al., 2008). On the basis of previous research, 97.7% sequence similarity of rpoB gene was, as a threshold for species delineation, correlated with a dDDH value < 70% and an ANI value < 94.3% (Adékambi et al., 2008). Here, we found that rpoB gene sequence identity of strain LC-T2T with the other Paenibacillus species was lower than 87.2%. In summary, the values of ANIb, ANIm, and dDDH between strain LC-T2T and the typical strains for the closest Paenibacillus species were obviously lower than the acceptable threshold for bacterial species definition (Table 1), indicating that strain LC-T2T represented a novel Paenibacillus species.

A classification of strain LC-T2T at species level was greatly supported by phenotypic, physiological, and chemotaxonomic data. As shown in Table 3, Figure 2, and Supplementary Figures 3, 4, the similarities and differences of strain LC-T2T and its closest typical strains in the genus Paenibacillus are presented. Members of Paenibacillus were known to be Gram-positive, variable, and negative (Aw et al., 2016). Strain LC-T2T was found Gram-negative during the whole culture period, which was significantly different from the two reference strains (Berge et al., 2002; Choi et al., 2008). The dominant fatty acids, polar lipid profiles, and respiratory quinone of strain LC-T2T were in accordance with those found in members of the genus Paenibacillus (Ash et al., 1993; Shida et al., 1997; Lim et al., 2006a,b; Priest, 2009; Huang et al., 2016; Ashraf et al., 2017; Yang D. et al., 2018; Yang Y.J. et al., 2018). However, differences were observed in proportion of these components, which enabled strain LC-T2T to be clearly distinguished. Additionally, the nitrogenase activity of strain LC-T2T was about 27.1% higher than that of P. donghaensis KCTC 13049T and 22.4% lower than that of P. odorifer JCM 21743T (Table 3). Previous studies suggested that P. donghaensis KCTC 13049T and P. odorifer JCM 21743T exhibited a weak nitrogenase activity (Berge et al., 2002; Jin et al., 2011; Xie et al., 2012; Zhuang et al., 2017). In the current work, nitrogenase activities of reference strains were in good agreement with the results of previous studies (Berge et al., 2002; Jin et al., 2011; Xie et al., 2012; Zhuang et al., 2017). Therefore, strain LC-T2T could also be classified as bacterial strains with a weak nitrogenase activity.

Previous models of rhizobacterial-stimulated plant growth promotion suggested that soil microbes can drive plant growth promotion via emission of volatile chemicals (Timmusk et al., 1999; Ryu et al., 2003; Zhang et al., 2007; Luo et al., 2020). In Arabidopsis, volatile emissions from GB03 can regulate auxin homeostasis, transport, and cell expansion (Ryu et al., 2003; Zhang et al., 2007). In this work, strain LC-T2T conferred an increased total root length, root surface area, root project area, and root fork numbers in Petri dish-grown Arabidopsis seedlings via emission of volatile chemicals (Figure 3). Interestingly, the root length of seedlings inoculated with LC-T2T was longer than that inoculated with GB03, but the number of root fork was less than that inoculated with GB03, which might be attributed to GB03 VOCs that could increase the root auxin content and auxin accumulation at the lateral root initiation sites (Zhang et al., 2007; Xie et al., 2009; Zamioudis et al., 2013). Studies showed that GB03 VOCs specifically regulated plant auxin homeostasis to accelerate leaf expansion. Conveniently, adventitious roots seemed to successfully offer such a balance (Zhang et al., 2007). However, in the present study, LC-T2T VOCs mainly promoted the plant growth through increasing root length rather than the number of adventitious roots in Arabidopsis. Combined with the data of LC-T2T genome, genes coding for the production of auxins were identified (Table 2). Therefore, it was inferred that a different mechanism existed in the regulation patterns of hormone-related genes between strain LC-T2T and GB03, which requires to be further verified. In addition, volatile metabolites from some species of the genus Paenibacillus could also activate induced systemic resistance (ISR) against pathogenic microorganisms (Timmusk et al., 2005; Kiran et al., 2017; Daud et al., 2019). However, whether the VOCs from strain LC-T2T could also prevent pathogenic microorganisms remains to be investigated.

The beneficial effects of PGPR arouse interests and have been studied in various plants over the past decades worldwide (Zhao et al., 2016; Brito et al., 2017; Backer et al., 2018; Kumari and Thakur, 2018). Various studies demonstrated that soil inoculation with PGPR can promote plant growth, increase crop yields, enhance plant stress tolerance, and augment reproductive success (Han et al., 2014; Niu et al., 2016; Ke et al., 2019). The interest in Paenibacillus has mounted up since many strains have been found to possess potential agronomic value (e.g., Paenibacillus ehimensis, Paenibacillus alvei, P. polymyxa, and Paenibacillus riograndensis) (Antonopoulos et al., 2008; Naing et al., 2014; Brito et al., 2017). Kumari and Thakur (2018) demonstrated that treatment with Paenibacillus sp. ISTP10 significantly improved root fresh weight (131%), shoot fresh weight (105.14%), and total chlorophyll content (77.85%) of cotton in Cd-contaminated soil. White clover (T. repens L.), as a kind of high-quality forage in northwest China, has been gradually recognized of its advantages (Zhang et al., 2020). Therefore, its yield and quality have attracted considerable attention. However, available studies involved in the interaction of white clover with Paenibacillus sp. were rarely reported. Here, the substantial effects of the novel species of Paenibacillus LC-T2T on the growth of white clover were further assessed after it was found to have a positive response on the roots of A. thaliana. The plant appearance became larger, and all physiological parameters showed rising tendency in varying degrees with LC-T2T treatment compared to the control and DH5α treatments (Figure 4 and Supplementary Figure 5). Noticeably, shoot weight and root weight of samples inoculated with LC-T2T were almost twice as higher compared to control and DH5α treatments (Figures 4E–H). Interestingly, shoot height and shoot weight of LC-T2T-inoculated plants were slightly higher than those of GB03-inoculated plants. However, root length and root weight of LC-T2T were slightly lower than GB03, which was similar to results from plate experiment. Kim et al. (2011) found that among the selected 20 representative PGPR, most of the recognized genera were Paenibacillus, Bacillus, and Pseudomonas, which could remarkably enhance plant height, stem diameter, and fresh weight of cucumber. However, there was no obvious correlation between different isolates on the growth of cucumber based on PGPR genetic diversity, which suggested that there were differences in the regulation mechanism of different strains on cucumber growth. Therefore, it was supposed that strain LC-T2T and GB03 had different regulation patterns on the shoot and root of plant growth promotion, which needs to be further explored.

The success of colonization in the rhizosphere was one of the prerequisites for microbial inoculants to exhibit their plant growth-promotion characteristics (Mosimann et al., 2017; Mawarda et al., 2020). In this work, numerous bacterial strains were found from the rhizosphere soil after 20-day inoculation, and the number of genera of the isolates from LC-T2T-inoculated soil was almost twice that of control and DH5α-inoculated soil (Table 4). Some isolates were found to be similar to strain LC-T2T (Supplementary Table 2). These results suggested that rhizosphere inoculation with LC-T2T was effective. Strain LC-T2T had the capability of rapidly adapting to the environment, recruiting more rhizobacteria, and inhibiting pathogenic bacteria, which were vital for host plant growth promotion (Schreiter et al., 2014; Ke et al., 2019). In addition, species belonging to the genus Bacillus and Pseudomonas were also found in all inoculated rhizosphere soils, indicating that the genus Bacillus and Pseudomonas were the dominant genera in the soil (Zaidi et al., 2009). Also, a kind of carbendazim-degrading bacterium species, R. qingshengii, were obtained from DH5α-inoculated rhizosphere soil that probably inhibited or inactivated other microorganisms while degrading carbendazim (Xu et al., 2007). These results demonstrated that strain DH5α had poor survival and colonization ability in the rhizosphere and was at a competitive disadvantage (Majidzadeh and Fatahi-Bafghi, 2018; Chen et al., 2019). In light of the above research results, we supposed that both LC-T2T VOCs and soil inoculation of LC-T2T could improve plant growth, and LC-T2T could be qualified as a kind of PGPR candidate for agricultural crop production.



CONCLUSION

Sequence analysis of housekeeping genes (16S rRNA and rpoB) and nifH gene demonstrated that strain LC-T2T could be representative of a new species within the genus Paenibacillus. The dDDH, ANIb, and ANIm analyses confirmed this presumption with their values less than 23.0, 77.2, and 84.3%, respectively. The distinctness and potential beneficial functions of strain LC-T2T at the species level was also supported by genomic data. The taxonomic status of strain LC-T2T was further clarified according to the content of anteiso-C15:0 and C16:0 and the profiles of DPG, PE, and PG. The above results clearly located that strain LC-T2T is a novel species within Paenibacillus. This work also established that rhizosphere inoculation with strain LC-T2T could significantly increase plant growth of legume crops like white clover, which made strain LC-T2T a potential excellent PGPR strain for practical application in legume crops.


Description of Paenibacillus monticola sp. nov.

Paenibacillus monticola (mon.ti’co.la. L. n. mons, -ntis mountain; L. suff. -cola, inhabitant; N.L. masc. n. monticola, living in the mountains).

Cells are Gram-stain-negative, rod-shaped (4.2–4.5 × 0.6–0.7 μm) and motile by means of peritrichous flagella. Colonies of strain LC-T2T were white, round, and smooth with approximately 0.5–1.5 mm in diameter after culture at 28°C for 3 days on R2A agar. The isolate grew well on R2A agar, ISP 2 agar, PYG agar, and TY agar and weakly on NA and TSA, but no growth occurs on MA, LB agar, and MacConkey agar. Growth of strain LC-T2T occurred at 4–32°C (optimum, 25–28°C), at pH 6.0–11.5 (optimum, 8.0–8.5), and with 0–1.5% (w/v) NaCl (optimum, 0%). Strain LC-T2T was positive for catalase, the reduction of nitrate to nitrite, and the assimilation of mannitol, but it was negative for oxidase and hydrolysis of cellulose, Tween 80, and DNA. In API ZYM test strips, strain LC-T2T was as follows: positive for alkaline phosphatase, acid phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine arylamidase, naphthol-AS-BI-phosphohydrolase, α-galactosidase, β-galactosidase, α-glucosidase, and β-glucosidase activities and negative for lipase (C14), trypsin, β-glucuronidase, N-acetyl-β-glucosaminidase, α-mannosidase, cystine arylamidase, α-chymotrypsin, and α-fucosidase activities. Acid is produced from methyl-β-D-xylopyranoside, D-mannose, N-acetyl-glucosamine, mannitol, D-turanose, L-arabinose, D-cellobiose, D-lactose, D-raffinose, D-turanose, D-sucrose, arbutin, and esculin. The following compounds are utilized as sole carbon sources in the GENIII microplates: Dextrin, D-maltose, D-trehalose, D-cellobiose, gentiobiose, sucrose, D-turanose, stachyose, D-raffinose, α-D-lactose, D-melibiose, N-acetyl-D-glucosamine, α-D-glucose, D-mannose, D-fructose, D-galactose, D-sorbitol, and D-mannitol. The predominant cellular fatty acids (>10.0% of total fatty acids) of strain LC-T2T were anteiso-C15:0 and C16:0. The major polar lipids of strain LC-T2T were established as DPG, PE, PG, and several unidentified ingredient as follows: three unidentified phospholipids (PL1–3), two unidentified aminophospholipids (APL1–2), and one unidentified glycolipid (GL1). Menaquinone-7 (MK-7) was detected as the only respiratory quinone. The DNA G + C content is 46.0 mol%.

The type strain is LC-T2T (=CCTCC AB 2019254T = KCTC 43175T), isolated from spruce forest in the Qilian Mountains, Gansu province, China (38°25′32″N, 99°55′40″E). The GenBank/EMBL/DDBJ accession number for 16S rRNA, rpoB, and nifH gene sequence and the whole-genome sequence of strain LC-T2T can be found at: https://www.ncbi.nlm.nih.gov/genbank/, OK058271, OK094314, OK094315, and WJXB00000000, respectively.
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Phosphorus (P) is one of the most limiting nutrients in global agricultural ecosystems, and phosphorus-solubilizing bacteria (PSB) can convert insoluble P into soluble P, thereby improving the absorption and use of soil P by plants. Increasing leaching loss of soil P due to PSB that could lead to water eutrophication is a major concern, although no direct experimental evidence is available to evaluate these effects. In this study, a highly efficient PSB strain, Pseudomonas sp. JP233, was isolated from soil and its P-solubilizing agent was identified by metabolomics and HPLC analyses. The effects of JP233 on P contents in soil leachates were also analyzed by microcosm leaching experiments in the absence and presence of maize. JP233 could solubilize insoluble P into soluble forms, and the molybdate reactive phosphorus (MRP) content reached 258.07 mg/L in NBRIP medium containing 5 g/L Ca3(PO4)2 within 48 h. Metabolomics analysis demonstrated that the organic acid involved in JP233 P solubilization was primarily 2-keto gluconic acid (2KGA). Further, HPLC analysis revealed that 2KGA contents rapidly accumulated to 19.33 mg/mL within 48 h. Microcosm leaching experiments showed that MRP and total phosphorus (TP) contents in soil leaching solutions were not significantly higher after JP233 inoculation. However, inoculation with JP233 into maize plant soils significantly decreased MRP and TP contents in the soil leaching solutions on days 14 (P < 0.01), 21 (P < 0.01), and 28 (P < 0.05). Inoculation with strain JP233 also significantly increased the biomass of maize aerial components and that of whole plants (P < 0.05). Thus, strain JP233 exhibited a significant plant-growth-promoting effect on maize development. In conclusion, the application of PSB into soils does not significantly increase P leachate loss. Rather, the application of PSB can help reduce P leachate loss, while significantly promoting plant absorption and use of soil P.

Keywords: Pseudomonas sp., P-solubilizing bacteria (PSB), 2-keto gluconic acid (2KGA), soil P leaching test, plant growth promotion


INTRODUCTION

Phosphorus (P) is an essential nutrient for plants that is involved in diverse biochemical processes including lipid metabolism and the biosynthesis of nucleic acids and cell membranes (Ha and Tran, 2014). However, P is one of the most limiting nutrients in global agricultural ecosystems (Lin et al., 2016). P that is applied to soils can accumulate in non-labile forms due to its high-affinity chemical reactions and its occlusion to soil minerals and organic matter, leading to the prevalence of “legacy P.” The accumulation of legacy P in soils and potential transfer to water bodies ultimately leads to environmental concerns of eutrophication (Gatiboni et al., 2020). Therefore, the development of methods to improve the bioavailability of immobilized P in agricultural soils are critical (Yu et al., 2019) to mitigate the continued application of P beyond that which required by plants.

The use of phosphorus-solubilizing bacteria (PSB) could represent promising management strategies for improving P use efficiency. PSB are capable of converting insoluble P into soluble forms that are bioavailable for plant uptake (Sharma et al., 2013; Paulucci et al., 2015; Khan et al., 2021). Isolates have been obtained from numerous environments including agricultural soils, rhizosphere soils, sewage sludges, with Pseudomonas and Bacillus species most represented among cultures (Sharma et al., 2013; Yu et al., 2019; Chawngthu et al., 2020; Kaur and Kaur, 2020). The addition of PSB to agricultural settings have led to growth enhancement effects on maize, wheat, soybean, barley, sesame, century plant, and wild mint (Afzal et al., 2010; Pereira and Castro, 2014; Bautista-Cruz et al., 2019; Prakash and Arora, 2019; Chouyia et al., 2020; Kusale et al., 2021; Nithyapriya et al., 2021). Further, previous studies have shown that PSB can reduce soil legacy P by increasing use efficiency from fertilizers and improving long-term efficiency of agricultural production (Gatiboni et al., 2020).

The reported mechanisms of P solubilization by PSB in soils involve the release of complexes or mineral dissolving compounds (e.g., organic acid anions and extracellular enzymes) into the environment, or alternatively, through the direct release of P during substrate degradation. Organic acids are the basis of inorganic P solubilization in PSB via their lowering of soil pH, enhancing chelation of cations bound to P, competing with P for adsorption sites on soils, and forming soluble complexes with metal ions that are associated with insoluble P (Sharma et al., 2013).

Phosphorus-solubilizing bacteria are capable of converting insoluble P into soluble forms, although concerns have been raised regarding increased leaching-loss of soil P by PSB. However, PSB can help improve plant absorption and use of soil P, thereby helping reduce leaching-loss of P. Nevertheless, the association between P solubilizing effects of PSB and risks of P leaching-loss has not been studied. The aims of the present study were to: (1) isolate highly efficient PSB from agricultural ecosystems, (2) identify mechanisms of P solubilization by the PSB, (3) investigate the direct influence of PSB on P leaching without plants, and (4) analyze the influence of PSB on P leaching with plants, in addition to assessing their influence on plant development. This study provides a foundation for informing PSB application to agricultural ecosystems.



MATERIALS AND METHODS


Isolation of Phosphorus-Solubilizing Bacteria From Agriculture Soils

Soil samples were collected from the vegetable greenhouse facility of the Research and Development Base at the Shouguang Facility Agriculture Center, Chinese Academy of Sciences (118°86′82″ E, 36°90′99″ N). Soil physicochemical properties included a pH = 7.81, available N = 84 mg/kg, available P = 109.85 mg/kg, available K = 224.97 mg/kg, total P = 2,754.87 mg/kg, total K = 5,639.67 mg/kg, and organic matter content = 1.93%. The soil particle size distribution included 8.39% clay (<2 μm), 69.89% silt (2–50 μm), and 21.72% sand (50–2,000 μm).

About 10 g of soil samples were mixed with 90 mL of sterilized ddH2O (dd’H2O) and homogenized by shaking for 30 min in a conical flask. After serial dilution (10–2–10–6) with dd’H2O, a 100 μL aliquot of each suspension was plated on National Botanical Research Institute’s phosphate growth medium (NBRIP) agar plates [including per liter: 10 g glucose, 5.0 g MgCl2.6H2O, 0.25 g MgSO4.7H2O, 0.1 g (NH4)2SO4, 0.2 g KCl, 5.0 g Ca3(PO4)2, and 15 g agar, with pH adjusted to 7.5–8.0] (Nautiyal, 1999). Cultures were incubated at 28°C for 7 days. Bacterial colonies were subsequently selected from plates based on the appearance of a clear halo. Bacterial colonies, which can produce a clear halo zone on a plate, indicate the production of organic acids into the surrounding medium. The isolated strains were purified over five times, and each isolate following purification was stored in a glycerol stock at −20°C.



Determination of Phosphorus Contents in Soils and Soil Leachates

Molybdate reactive phosphorus (MRP) was measured to directly analyze the P contents of samples using the molybdenum-antimony colorimetric method and by filtering soil leachate with a 0.45 μm microporous filter membrane (Heckrath et al., 1995). Total phosphorus (TP) was determined by adding 4 mL of 50 g/L potassium persulfate to leachate without filtration treatment, digestion at 120°C for 30 min in an autoclave sterilizer and measuring P concentrations of the digested P with molybdenum blue colorimetry (Huang, 2019).

Total phosphorus was determined using the potassium persulfate digestion method (Su and Chen, 2010). Soil samples were first air-dried, ground, and sieved, followed by mixing with 5 mL of hot potassium persulfate solution. The mixture was heated in an autoclave sterilizer until the pressure reached 1.1 kg/cm and the temperature was 120°C, where it was maintained for 30 min. The solution was then cooled to room temperature, transferred to a 100 mL volumetric flask to a constant volume, and filtered with phosphorus-free filter paper. An aliquot (2 mL) of the filtered sample was pipetted into a 50 mL volumetric flask, two drops of a dinitrophenol indicator were added, and the pH was adjusted with sodium carbonate solution and sulfuric acid solution until a yellowish color was observed. Subsequently, 5 mL of a molybdenum-antimony stock solution (13 g ammonium molybdate, 0.35 g antimony potassium tartrate, 150 mL concentrated sulfuric acid, and dd’H2O to 500 mL) was added along with 1 mL of a 10% ascorbic acid solution. The mixture was maintained at room temperature for 30 min, and the absorbance at a wavelength of 700 nm was determined. Available phosphorus (AP) was determined using the Olsen method (Bao, 2000). Briefly, samples were passed through a 2 mm sieve after air drying and sodium bicarbonate was added prior to oscillating filtration for 30 min. Then, 5 mL of filtrate was mixed with the molybdenum-antimony chromogenic agent, followed by addition of water up to 50 mL, maintenance at room temperature for 30 min, and measurement of absorbance at a 700 nm wavelength.



Determination of Phosphorus Solubilizing Capacity for Selected Strains

Each isolated PSB colony was inoculated into NBRIP liquid medium and incubated on a rotary shaker at 180 r/min and 30°C for 48 h, followed by measurement of soluble P contents in each fermentation culture. To measure P content, a small amount of fermentation broth was centrifuged at 10,000 r/min for 10 min and 1 mL of supernatant was removed and diluted, if necessary. Then, 1 mL of molybdenum-antimony antibody solution and 0.5 mL of ascorbic acid solution was added in turn, mixed well, and reacted at room temperature for 15 min. The samples without P were used as blank controls. The MRP contents were then determined as described in section “Determination of P Contents in Soils and Soil Leachates.” Strains with strong P solubilizing ability were stored in glycerol in a −20°C freezer until later use.



Amplification and Molecular Identification of 16S rRNA Genes of the Phosphorus-Solubilizing Bacteria Strain JP233

Strain JP233 exhibited relatively strong P solubilizing ability and was further identified using 16S rRNA gene sequencing. Genomic DNA of the strain was extracted (using Bacterial DNA Kit, OMEGA Bio-Tek, Suite 450400 Pinnacle Way, Norcross, GA, United States) and 16S rRNA genes of the strain were amplified by PCR using universal primers for bacteria: 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGGTTACCTTGTTACGACTTC-3′). PCR reaction program included pre-denaturation at 95°C for 5 min, followed by 35 cycles of denaturation at 94°C for 40 s, annealing at 52°C for 30 s and extension at 72°C for 90 s, and all followed by a final extension at 72°C for 10 min. The PCR amplification products were submitted to Sangon Biotech (Shanghai) Co., Ltd. (Shanghai, China) for DNA sequencing. The resulting 16S rRNA gene sequences were aligned and compared with references in the NCBI GenBank database.



Metabolome Analysis

Treatment group samples were inoculated with the stable JP233 strain in NBRIP liquid medium, while the control group was NBRIP liquid medium without strain inoculation. Each group comprised six independent biological replicates. Cultivation was conducted at 150 r/min for 48 h at 28°C. A total of 1 mL of bacterial suspension was removed from each treatment, centrifuged at 3,000 r/min at 4°C for 10 min, and 800 μL of the supernatant was transferred to a cryovial and placed in a −80°C freezer for preservation. The samples were then subjected to non-targeted metabolomics analysis at LC-Bio Co., Ltd. (Hangzhou, China).

The samples were thawed on ice and metabolites were extracted from 20 μL of each sample using 120 μL of pre-cooled 50% methanol buffer, followed by vortexing for 1 min and incubating for 10 min at room temperature and then storage at −20°C overnight. The mixture was then centrifuged at 4,000 g for 20 min and the supernatant was subsequently transferred to 96 well plates. Pooled quality control (QC) samples were also prepared by combining 10 μL of each extraction mixture. All samples were analyzed using a TripleTOF 5600 Plus high-resolution tandem mass spectrometer (SCIEX, Warrington, United Kingdom) in both positive and negative ion modes. Chromatographic separation was performed with an ultra-performance liquid chromatography (UPLC) system (SCIEX, Warrington, United Kingdom). An ACQUITY UPLC T3 column (100 mm × 2.1 mm, 1.8 μm, Water, United Kingdom) was used for reversed-phase separation. The mobile phase consisted of solvent A (water, 0.1% formic acid) and solvent B (acetonitrile, 0.1% formic acid), while the column temperature was maintained at 35°C. The TripleTOF 5600 Plus system was used to detect metabolites eluted from the column. The ion spray floating voltage was set at 5 kV for the positive-ion mode and at −4.5 kV for the negative-ion mode. A QC sample was analyzed every 10 samples to evaluate LC-MS stability. The acquired LC-MS data pretreatment was conducted with the XCMS software program. Raw data files were converted into the mzXML format and processed using the XCMS, CAMERA, and metaX toolboxes for the R software environment. Each ion was identified using comprehensive retention time and m/z information and these data were matched to both in-house and public databases. The open access databases KEGG1 and HMDB2 were used to annotate metabolites by matching exact molecular mass data (m/z) to those from the databases, when considering a threshold of 10 ppm. Peak intensity data was further pre-processed using the metaX program. Features that were detected in <50% of the QC samples or <80% of the test samples were removed and values for missing peaks were extrapolated using the k-nearest neighbor algorithm to further improve data quality. The relative standard deviations of metabolic features were calculated across all QC samples and those with standard deviations >30% were removed. Data normalization was performed on all samples using the probabilistic quotient normalization algorithm. The QC-robust spline batch correction was then used for QC samples. p values were calculated with student t-tests that were adjusted for multiple tests using a false discovery rate (FDR) (Benjamini-Hochberg) for different metabolite selection. A variable importance for the projection (VIP) cut-off value of 1.0 was used to identify important features.



Determination of 2-Keto Gluconic Acid Production Capacity of JP233

The 2-keto gluconic acid (2KGA) standard solution was prepared by precisely weighing 0.1000 g of the 2KGA standard and dissolving it with distilled water, followed by bringing it to a constant volume in a 50 mL volumetric flask to prepare a 2 mg/mL stock solution. The stock solution was diluted with distilled water to achieve 2KGA standard solutions with concentrations of 2 mg/mL, 1.5 mg/mL, 1 mg/mL, 0.8 mg/mL, 0.5 mg/mL, and 0.1 mg/mL, mixed well and then filtered with 0.22 μm aqueous microporous filter membranes. The solutions were then subjected to degassing treatments using an ultrasonic cleaner for 15 min and subsequent high-performance liquid chromatography (HPLC) determination (Wang et al., 2014).

Pretreatment of samples for testing included first inoculating strain JP233 into NBRIP liquid medium and culturing with shaking at 180 r/min for 6 days at 30°C. The fermentation broth was sampled every 12 h and filtered with a disposable sterile filter (0.22 μm pore diameter) and the filtrate was collected to directly determine the pH and 2KGA contents. The pH of the fermentation broth was measured with a pH meter and 2KGA contents were determined with HPLC (Niu et al., 2012). HPLC was used to characterize the samples using an Agilent 1200 system with an Aminex HPX-87H (300 mm × 7.8 mm, 9 μm) column, 5 mM H2SO4 as the mobile phase, a column temperature of 55°C, a flow rate of 0.6 mL/min, a detection wavelength of 210 nm, and 20 μL sample sizes, while using a DAD detector. Peak areas were determined from chromatograms and standard curves were constructed with the peak areas as the ordinate and the concentrations of the standard working solution as the abscissa. The standard curve equation was y = 913.15x + 12.353 (R2 = 0.9998).



Effects of Phosphorus-Solubilizing Bacteria Strain JP233 on Phosphorus Leaching From Soils

Microcosm experiments were designed to investigate the effects of JP233 on P leaching. Specifically, a PVC tube with an inner diameter of 7 cm and a length of 40 cm was placed in the soil column (as described in section “Isolation of Phosphorus-Solubilizing Bacteria From Agriculture Soils”) (Xie et al., 2019). Petrolatum was first evenly applied to the inner wall of the tube and a layer of 300 mesh nylon mesh was placed on the bottom of the column, followed by layering of about 60 g of quartz sand (about 1 cm thickness), and then a layer of 300 mesh nylon mesh that was placed to prevent soil infiltration. Finally, 1,800 g of test soil was loaded into the upper portion of the nylon mesh based on the actual soil bulk density in the field. KH2PO4 (0.44 g) was mixed into the surface soil and the loaded soil column was placed above a beaker to collect leachate. Three soil columns were established in the treatment and control groups, and 600 mL of deionized water was added to each column to achieve the maximum water holding capacity and ensure consistency of soil conditions in each column. Activated JP233 was inoculated into 250 mL of nutrient broth medium and placed in a shaker at 180 rpm and at 28°C for 24 h. The bacterial solutions were centrifuged twice and 150 mL of dd’H2O was used to resuspend cells, followed by application to the soil columns. In place of cultures, 150 mL of dd’H2O only was applied to soil columns in the control group. After inoculation, 100 mL of water was added to the soil columns every 3 days to replenish soil water, while leached fluid was collected into a beaker and TP and MRP contents in the leachate fluids were measured (as described in section “Determination of P Contents in Soils and Soil Leachates”) on the same day. The experiments lasted 30 days, and the total phosphorus loss was calculated from the measurements. The calculation formulae used were:

[image: image]

[image: image]

[image: image]

[image: image]

where n indicates the nth watering. At the end of the experiment, soil samples were removed in layers (0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm layers), and the soil samples were air-dried and sieved to determine TP and AP mass concentrations in each layer of soil samples (as described in section “Determination of P Contents in Soils and Soil Leachates”).



Effects of Phosphorus-Solubilizing Bacteria Strain JP233 on Soil Phosphorus Leaching and Maize Growth

Maize seeds with full grains were selected and pre-germinated on moist filter paper for 24 h before sowing. Two experimental groups were established in the experiment, with the treatment group being inoculated with JP233 cultures and the control group without bacterial inoculation. Three independent biological replicates were used for each group. The soil column leaching device used for the experiment was the same as described in section “Determination of 2-Keto Gluconic Acid Production Capacity of JP233.” Activated JP233 was inoculated into 3 mL of nutrient broth medium, individually inoculated into three tubes, and placed in a shaker for cultivation over 48 h. Bacterial solutions were then centrifuged twice (5,000 r/min), supernatants were discarded, and the bacterial solutions were resuspended with sterile water to an OD600 of 1.0. Six pre-germinated seeds per treatment were soaked in the resuspended bacterial solutions for 30 min, and two were sown in each treatment soil column after soaking. Six pre-germinated seeds per control were soaked in sterile water for 30 min and two were placed in each control soil column after soaking.

After sowing, each soil column was watered every 7 days over 28 days (i.e., at days 7, 14, 21, and 28) based on maize growth water requirements, with watering volumes of 150, 300, 550, and 400 mL, respectively. Soil leachates were collected after each watering to determine TP and MRP contents (as described in sections “Determination of P Contents in Soils and Soil Leachates” and “Effects of Phosphorus-Solubilizing Bacteria Strain JP233 on P Leaching From Soils”). At the end of the pot culture experiments, the soil columns were divided into two layers comprising the 0–20 cm and 20–40 cm layers, and their rhizosphere and non-rhizosphere soils were retrieved. The soil samples were air-dried and sieved to determine TP and AP mass concentrations (as described in section “Determination of P Contents in Soils and Soil Leachates”). At the end of the leaching experiment, the maize plants were removed intact and oven-dried to a constant weight at 80°C. The dry matter mass of the aerial components and roots of the maize were separately weighed.



Statistical Analyses

All experimental data were collated using Microsoft Excel 2016 and plotted using SigmaPlot 12.5. One-way analysis of variance (one-way ANOVA) was performed using the SPSS 24.0 statistical software program with all test data and using a significance level threshold of 0.05 or 0.01.




RESULTS


Isolation of an Efficient Phosphorus-Solubilizing Bacteria Strain, JP233

Three PSB strains (identified as JP233, JP236, and J221) were screened based on the appearance of a clear halo on NBRIP agar plates. Soluble P content measurements in liquid culture demonstrated that strains JP233 (Figures 1A,B), JP236, and J221 released 258.07 ± 0.74, 110.11 ± 0.42, and 62.7 ± 0.35 mg/L soluble P from 5 g/L Ca3(PO4)2 within 48 h, respectively. Strain JP233 achieved the best P solubilization and was thus used for follow-up studies. 16S rRNA gene sequencing (GenBank ID: MW990045) analyses indicated that JP233 was highly related to some Pseudomonas species, such as P. putida, P. plecoglossicida, P. moteilii, P. asiatica, showing sequence identity bigger than 99.72%.
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FIGURE 1. Colony morphology of PSB strain JP233 on an LB plate (A) and its characteristic P solubilizing halo on an NBRIP plate (B).




Identification of the Critical Metabolite Involved in Phosphorus-Solubilization by JP233

Untargeted metabolomics was used to evaluate the metabolites that differed between the JP233 treatment (JP) and the blank control (CK) groups cultured in NBRIP liquid medium for 48 h. Differential metabolites were identified as significantly different based on the ratio (JP/CK) >2, a q value (Benjamini-Hochberg’s adjustment) <0.05, and a VIP > 1. A total of 660 and 618 significantly upregulated metabolites were identified in negative- and positive-ion mode, respectively. Annotation of the metabolites was conducted using in-house and public databases (included KEGG and HMDB databases). Eleven upregulated metabolites were classified as organic acids including 2KGA (ratio = 567.60, q value = 1.87E-05, VIP = 3.17), (2-methoxyethoxy)propanoic acid (ratio = 1158.55, q value = 1.16E-07, VIP = 3.34), 2-oxopentanedioic acid (ratio = 977.61, q value = 1.75E-06, VIP = 3.31), D-(+)-pantothenic acid (ratio = 536.42, q value = 6.15E-07, VIP = 3.17), N-acetyl-L-glutamic acid (ratio = 38.17, q value = 2.86E-05, VIP = 2.46), trans-aconitic acid (ratio = 26.38, q value = 4.45E-06, VIP = 2.35), succinic acid (ratio = 23.05, q value = 2.43E-10, VIP = 2.25), 3-oxopentanoic acid (ratio = 8.45, q value = 1.09E-09, VIP = 1.87), maleic acid (ratio = 4.66, q value = 1.83E-09, VIP = 1.61), pantothenic acid (ratio = 106.80, q value = 3.19E-12, VIP = 2.83), and 2-ketohexanoic acid (ratio = 8.74, q value = 4.36E-07, VIP = 1.93). Moreover, the relative peak areas of the above organic acids exhibited large differences, with the largest being 2KGA, which was an order of magnitude larger than the organic acid with the second largest normalized intensity (Figures 2A,B).


[image: image]

FIGURE 2. Metabolomic and HPLC identification and analysis of 2KGA. (A) The extracted ion chromatogram of compound M193T54 (identified as 2KGA via database alignment) from the JP233 treatment and CK. The yellow chromatogram indicates treatment and the purple one indicates CK. (B) Normalized intensity boxplot of M193T54 (2KGA) in the JP233 treatment and CK. (C) Changes of 2KGA concentration and the pH of JP233 fermentation broths. Results represent means ± SD (n = 6).


High-performance liquid chromatography analysis was conducted to validate 2KGA production by strain JP233 in NBRIP liquid medium. 2KGA could be detected in the fermentation liquor of JP233 and concentrations rapidly rose within 48 h (Figure 2C), followed by fluctuations in concentrations in the range of 13.62–19.33 mg/mL until 156 h. Over the same experimental period, the fermentation liquor pH significantly dropped from an initial value of 7.66 to 4.43 within 24 h, followed by stabilization in the range of 4.43–4.53 until 156 h. The above results consequently indicated that JP233 could produce considerable concentrations of 2KGA in NBRIP medium and acidification occurred when 2KGA was produced. The preliminary conclusion was drawn that acidification caused by 2KGA production played an important role in P solubilization by JP233. It is noteworthy that a drastic drop in pH is observed within the first 12 h while production of 2KGA was afterward, which means the other organic acids also played roles in early acidification.



Influence on Phosphorus Leaching by Direct Application of JP233 to Soils

Microcosmic experiments were conducted to analyze the influence of JP233 on P leaching from soils. MRP and TP levels were determined from soil leachates every 3 days from the 6th day until the 30th day in both treatment and control groups. On the first measurement time point (6 days post inoculation, dpi), MRP (P = 0.017, α = 0.05) and TP (P = 0.003, α = 0.01) levels in soil leachates were significantly higher in the JP233 treatment group than in the CK group. However, significant differences in MRP or TP loss between the treatment and the CK groups were not observed in subsequent leachate measurements, with the sole exception of TP loss (P = 0.049, α = 0.05) at 30 dpi (Figures 3A,B). After the leaching tests, the cumulative leaching loss of MRP and TP contents in soil leachates were calculated. The amounts of MRP and TP lost in the treatment group were 0.363 ± 0.027 mg and 2.16 ± 0.220 mg, respectively, while those in the control group were 0.345 ± 0.028 mg and 1.940 ± 0.130 mg, respectively. Thus, significant differences in total leaching loss of MRP (P = 0.448, α = 0.05) or TP (P = 0.209, α = 0.05) were not observed between the treatment and control groups.
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FIGURE 3. P contents in soil leachates and soils after JP233 treatment. (A,B) Show differences in MRP and TP contents in soil leachate. (C,D) Show differences of AP and TP contents in the soil column. Results represent means ± SD. One-way ANOVA was performed for each time or soil depth. *Statistically significant at P < 0.05.


The concentrations of TP and AP in the 0–10, 10–20, 20–30, and 30–40 cm soil layers were also measured after leaching experiments. AP and TP concentrations in the 0–10 cm soil layer were the highest, while P levels in the other soil layers were relatively similar. Further, statistically significant differences in the concentrations of AP or TP between the treatment and control groups were not apparent for each soil layer (Figures 3C,D).

The above results indicated that insoluble phosphorus was converted into soluble phosphorus after the PSB strain JP233 was applied to the soils, resulting in increased leaching of MRP and TP, although these differences were not statistically significant. Thus, the MRP and TP contents retained in the soils were essentially not different from those in the control.



Influence on Phosphorus Leaching by Inoculation of JP233 Cultures to Maize Plant Soils

Maize was planted in the same microcosm leaching devices described above and watered every 7 days according to maize seedling water requirements, followed by collecting leaching solution after each watering to measure MRP and TP. The treatment group was inoculated with JP233, while the control group was not inoculated with cultures. The MRP content of the treatment group was lower than that of the control group in each leaching test, with no significant difference in levels on day 7, but statistically significant differences on days 14 (P = 0.008, α = 0.01), 21 (P = 0.000, α = 0.01), and 28 (P = 0.026, α = 0.05) (Figure 4A). TP differences exhibited similar trends, with lower TP content in the treatment group than in the control group and without significant differences in levels on day 7, but statistically significant differences on days 14 (P = 0.000, α = 0.01), 21 (P = 0.002, α = 0.01), and 28 (P = 0.056, α = 0.05) (Figure 4B). After leaching tests, cumulative leaching loss of MRP and TP in soil leachates were calculated. MRP and TP concentrations in the treatment group were 0.747 ± 0.139 mg and 2.489 ± 0.232 mg, respectively, while these values in the control group were 2.384 ± 0.214 mg and 4.290 ± 0257 mg, respectively. Significant differences were observed in both total leaching loss of MRP (P = 0.000, α = 0.01) and TP (P = 0.001, α = 0.01) when comparing the treatment and control groups.
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FIGURE 4. P contents in soil leachates and soils after JP233 treatment in maize plant soils. (A,B) Show differences in MRP and TP contents in soil leachate. (C,D) Show differences of AP and TP contents in the soil column. Results represent means ± SD. One-way ANOVA was performed for each time or soil depth. *Statistically significant at P < 0.05, **statistically significant P < 0.01.


The mass concentrations of residual AP and total TP in rhizosphere and non-rhizosphere soils were determined after the leaching experiments. AP contents in the rhizosphere and non-rhizosphere soils at a depth of 0–20 cm in the treatment group were significantly lower than in the control group and significant differences were not observed in AP contents when compared between rhizosphere and non-rhizosphere soils at a depth of 20–40 cm between the two groups (Figure 4C). However, significant differences in TP content were not observed between rhizosphere and non-rhizosphere soils at both depths when comparing the two groups (Figure 4D).

Maize biomass accumulation was also evaluated after the leaching experiments. JP233 inoculation significantly increased the dry matter mass of aerial maize components (P = 0.023, α = 0.05) (Figures 5A,C) and also increased the mass of root dry matter, although not significantly (Figures 5B,C), but did significantly increase the dry matter of the entire plant (P = 0.037, α = 0.05) (Figure 5C).
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FIGURE 5. Effects of JP233 treatment on maize seedling biomass. (A) Aerial plant component growth status of JP233 treatment and CK group plants. (B) Root growth status at the bottom of the soil column of the JP233 treatment and CK group plants. (C) Differences in masses of JP233 treatment and CK dry matter. APM, aerial part mass; RM, root mass; TM, total mass. Results represent means ± SD. One-way ANOVA was performed for each time or soil depth. *Statistically significant at P < 0.05.


The above results indicated that MRP and TP contents of soil leachate after inoculation with strain JP233 into maize plant soils were significantly lower than in controls without inoculation. AP content retained in inoculated soils decreased compared to controls, while TP contents in soils were not different from controls. In addition, JP233 inoculation significantly increased dry matter quality and promoted maize growth.




DISCUSSION

Phosphorus-solubilizing bacteria are commonly used plant probiotics that promote plant development by converting insoluble P into soluble P that is easily absorbed and used by roots (Hamid et al., 2021). The mechanism of P solubilization by PSB is relatively clear and occurs primarily through the secretion of organic acids that dissolve inorganic phosphorus or via the secretion of phosphatases that degrade organophosphorus. P solubilizing bacteria are an important type of microbial fertilizer and many efficient strains have been developed into agents for application (Sarkar et al., 2021). However, it has remained unclear whether the solubilization of soil P by PSB will result in additional phosphorus migration into groundwater, thereby contributing to eutrophication of water bodies.

In this study, a highly efficient PSB strain, Pseudomonas sp. JP233, was isolated from agricultural soils that could release 258.07 mg/L MRP from 5 g/L Ca3(PO4)2 within 48 h, representing a P conversion efficiency of 25.81%. Pseudomonas strains have been demonstrated to vary in their ability to dissolve P, for example with the PSB strains Pseudomonas sp. P34, P. fluorescens MS-01, P. putida PSE3, Pseudomonas sp. RT5RP2, Pseudomonas sp. RT6RP, P. lurida M2RH3, and P. putida PSRB6 dissolving 101.60, 29.80, 319.00, 38.33, 35.40, 340.00, and 100.00 mg/L of soluble P, respectively (Hariprasad and Niranjana, 2009; Selvakumar et al., 2011, 2013; Ahmad et al., 2013; Kadmiri et al., 2018; Liu et al., 2019).

Metabolome analysis and HPLC determination identified 2KGA as the primary P solubilizing organic acid that is secreted by JP233. 2KGA is converted from gluconic acid in the periplasm by an FAD-dependent gluconate dehydrogenase that is encoded by the gad operon (Yum et al., 1997; Toyama et al., 2007; Saichana et al., 2009). Indeed, expression of the gad operon of P. putida KT 2440 in Enterobacter asburiae PSI3 improves mineral phosphate solubilization (Kumar et al., 2013). In addition, Gluconobacter, Pseudogluconobacter, Pseudomonas, Serratia, Klebsiella, and Enterobacter spp. have all been shown to produce 2KGA (Hwangbo et al., 2003; Li et al., 2016). 2KGA-producing Pseudomonas species include P. corrugate, P. fluorescens, P. plecoglossicida, and P. aureofaciens (Trivedi and Sa, 2008; Sun et al., 2013; Umezawa et al., 2015; Wang et al., 2019).

Other organic acids were also produced by JP233 including (2-methoxyethoxy) propanoic acid, 2-oxopentanedioic acid, D-(+)-pantothenic acid, N-acetyl-L-glutamic acid, trans-aconitic acid, succinic acid, 3-oxopentanoic acid, maleic acid, pantothenic acid, and 2-ketohexanoic acid. Acids released by PSB that have been shown to be involved in P solubilization include citric acid, formic acid, gluconic acid, 2-keto gluconic acid, lactic acid, malic acid, oxalic acid, propionic acid, and succinic acid (Khan et al., 2007; Sharma et al., 2013; Alori et al., 2017; Chakdar et al., 2018; Su et al., 2019; Monroy Miguel et al., 2020; Spohn et al., 2020). It should be noted that organic acids produced by strains of the genus are not identical. For example, the organic acids produced by P. poae BIHB 751 are gluconic acid, ketogluconic acid, citric acid and malic acid, while those by P. trivialis BIHB 769 are gluconic acid, ketogluconic acid, lactic acid, fumaric acid, malic acid, and succinic acid, and those by Pseudomonas sp. AZ15 are oxalic acid, gluconic acid, acetic acid, lactic acid, and citric acid (Vyas and Gulati, 2009; Zaheer et al., 2019; Rawat et al., 2021). Comparison against other strains revealed that strain JP233 exhibited a high capacity for P solubilization and produced a wide variety of organic acids.

The MRP and TP contents in soil leachate increased (albeit overall insignificantly) in microcosm leaching experiments when JP233 was applied to soils, although a significant increase was observed in the first leaching measurement at 7 days. The MRP and TP contents in surface soil layers were higher than those in deeper layers after 30 days, although statistically significant differences were not observed between the JP233 treatment and control soils. Thus, the application of PSB strain JP233 to soil could not alone improve the solubility of soil P, although a non-significant increase in P leaching loss was observed. This result could be due to the existence of abundant P-fixing compounds in the soils, in addition to the P-solubilizing effects of PSB being relatively limited. These results are also consistent with those previously reported (Yu et al., 2019), wherein strain PSB P. prosekii YLYP6 could produce 716 mg/L of AP under optimized conditions. This study also only observed a significant difference between treatment and control groups on the 10th day when measuring at days 4, 10, and 30.

When PSB JP233 was inoculated into maize plant soils, leaching loss of P significantly decreased. After watering on days 14, 21, and 28, the concentrations of MRP and TP lost to leakage in the treatment group were significantly lower than in the control group. Further, the amount of MRP and TP lost to leakage in the treatment group was lower than in the control group on day 7, albeit not significantly. Moreover, AP remaining in the rhizosphere and non-rhizosphere soils were also significantly lower than in the control at 0–20 cm depth, but not significantly different at 20–40 cm depth, nor were TP contents significantly different among different soil zones. In the results of this current study, P solubilization by PSB JP233 led to less P loss from pot experiments with plants compared to controls. A previous study hypothesized that organic acids in root exudates (e.g., oxalic acid) were involved in the mobilization of P within the rhizosphere (Ström, 1997), which may explain why maize itself resulted in excessive P loss. Regarding why the effect was minimized when PSB JP233 was present, possible explanations could be that the activation of P by PSB produced an active state of P that is more readily absorbed, or that PSB promoted the uptake of P by plants through unknown mechanisms; these mechanisms require further investigation. Concomitantly, the aerial component and whole dry matter weight of maize plants treated with JP233 were significantly larger compared to non-treated ones. Thus, JP233 inoculation promoted maize plant growth. These results suggest that the growing plant roots can absorb more soluble P from soil into plant tissues, while organic acids like 2KGA produced by JP233 dissolve more soluble P in soils. These results can be explained by the absorption of P by maize roots, rather than leaving soluble P in soils or accumulating it within leachate, thereby leading to significantly reduced leachate loss of P and concomitant significant increases of maize plant biomass of maize.



CONCLUSION

In this study, the roles of PSB were investigated from an environmental perspective, focusing on the growth promotion effects of PSB on plants, while also analyzing the risk of PSB application on the transfer of soil soluble P to groundwater. These data were used to provide a foundation for the rational use of PSB. An efficient PSB strain, Pseudomonas sp. JP233, was isolated and identified from soils. Metabolomics and HPLC analyses revealed that its primary P solubilizing organic acid was 2KGA. Microcosm leaching tests indicated that JP233 alone did not significantly increase leaching loss of MRP and TP. When inoculated into maize plant soils, JP233 significantly reduced MRP and TP loss compared to controls. Moreover, inoculation with JP233 significantly increased the biomass of maize aerial components and for the whole plant.
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Volatile Organic Compounds of Streptomyces sp. TOR3209 Stimulated Tobacco Growth by Up-Regulating the Expression of Genes Related to Plant Growth and Development
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To investigate the mechanism underlying the plant growth-promoting (PGP) effects of strain Streptomyces sp. TOR3209, PGP traits responsible for indoleacetic acid production, siderophore production, and phosphate solubilization were tested by culturing the strain TOR3209 in the corresponding media. The effects of volatile organic compounds (VOCs) produced by the strain TOR3209 on plant growth were observed by co-culturing this strain with tobacco seedlings in I-plates. Meanwhile, the effects of VOCs on tobacco gene expression were estimated by performing a transcriptome analysis, and VOCs were identified by the solid-phase micro-extraction (SPME) method. The results showed positive reactions for the three tested PGP traits in the culture of strain TOR3209, while the tobacco seedlings co-cultured with strain TOR3209 revealed an increase in the fresh weight by up to 100% when compared to that of the control plants, demonstrating that the production VOCs was also a PGP trait. In transcriptome analysis, plants co-cultured with strain TOR3209 presented the highest up-regulated expression of the genes involved in plant growth and development processes, implying that the bacterial VOCs played a role as a regulator of plant gene expression. Among the VOCs produced by the strain TOR3209, two antifungal molecules, 2,4-bis(1,1-dimethylethyl)-phenol and hexanedioic acid dibutyl ester, were found as the main compounds. Conclusively, up-regulation in the expression of growth- and development-related genes via VOCs production is an important PGP mechanism in strain TOR3209. Further efforts to explore the effective VOCs and investigate the effects of the two main VOCs in the future are recommended.

Keywords: RNA sequencing, SPME, Streptomyces, plant growth-promoting rhizobacteria (PGPR), volatile organic compounds (VOCs)


INTRODUCTION

In the context of population growth and rapid economic development, chemical fertilizers/pesticides have been used in agriculture to increase production, while the excessive use of these chemicals has caused serious negative impacts on the agricultural ecosystems (Vejan et al., 2016). To reduce the application of chemical fertilizers/pesticides while maintaining high production, environment-friendly biofertilizers and biopesticides have been explored (Parewa et al., 2021). In the development of biofertilizers and biopesticides, microorganisms and their metabolites have received a lot of attention, since their interactions with the plants could improve the growth and production (Saharan and Nehra, 2011; Bhattacharyya and Jha, 2012) by various mechanisms, as mentioned in the following sections. In general, all the microbes with plant growth-promoting (PGP) abilities are called PGP microorganisms; among them, the bacteria colonized in the rhizosphere, so-called PGP rhizobacteria (PGPR), have been studied extensively and applied widely (Basu et al., 2021; Mohanty et al., 2021).

Many studies on PGPR have been focused on the capacities of the bacteria to promote plant health, such as growth-enhancing potential, stress tolerance, and the production of useful biologically active secondary metabolites (Spaepen and Vanderleyden, 2011). PGPR can stimulate plant growth by various mechanisms, such as nitrogen fixation (Nassar et al., 2005), phosphate dissolution, siderophore production, antibiotic secretion, and production of plant beneficial volatile organic compounds (VOCs) (Oleńska et al., 2020). They can also promote nutrient availability, nutrient uptake (Pailan et al., 2015), and produce plant hormones, such as auxins (Lee et al., 2012), cytokinins (Lugtenberg and Kamilova, 2009), abscisic acid (Sgroy et al., 2009), and gibberellins (Khan et al., 2014). These abilities can significantly help and improve the growth of their host plants. Therefore, the PGP microorganisms, such as Rhizobium, Bacillus, Pseudomonas, Streptomyces, and Trichoderma, and their metabolites have attracted increasing attention in the production of biological fertilizers and/or biopesticides (Atieno et al., 2020).

The members of the genus Streptomyces are Gram-positive, spore-forming bacteria that are widely distributed in the soil and other habitats, and they are well known for their ability to produce a large number of bioactive secondary metabolites (antibiotics) (Quinn et al., 2020), but rarely act as phytopathogens (Li et al., 2019). Recently, Streptomyces strains have been utilized as PGPR for several crops, including wheat (Akbari et al., 2020), tomato (Hu et al., 2020), chickpea (Gopalakrishnan et al., 2015), sorghum (Gopalakrishnan et al., 2013), and rice (Suárez-Moreno et al., 2019). The PGP effects of these Streptomyces strains have been attributed to their production of siderophores and indole-3-acetic acid, nitrogen fixation, and phosphate solubilization, which make them potential biofertilizers (Romano-Armada et al., 2020). In addition, some of the Streptomyces strains could improve plant growth and production by increasing the plant resistance to phytopathogens and to the abiotic stresses, which is related to their production of chitinolytic enzymes (inhibiting insects and fungi), induction of non-specific plant resistance, production of bioactive compounds (VOCs), and antibiotic/siderophore production (Romano-Armada et al., 2020). From Streptomyces species, more than 120 volatile substances belonging to alkenes, esters, alcohols, and ketones have been detected (Schöller et al., 2002), and various functions of these VOCs have been reported in agriculture, including PGP effects and phytopathogen control (Olanrewaju and Babalola, 2019). However, the mechanism by which the VOCs produced by Streptomyces promote plant growth and development is unclear.

Volatile organic compounds are secondary metabolites produced by many fungi and bacteria (Korpi et al., 2009), which are believed to act as signal molecules in interspecific and intraspecific interactions and in intercellular communication (Schmidt et al., 2015). Therefore, the in-depth study on the effects of VOCs on plant gene expression might provide some insight into the interactions between microbes and plants, as well as into the exploration of biofertilizers/biopesticides. Previously, Streptomyces sp. TOR3209 was isolated from the rhizosphere of tomato as a PGP bacterium (Hu et al., 2012), and the inoculation of this strain could significantly promote the growth and enhance the yield of tomato and other crops by changing the structure of the microbial community in the rhizosphere (Hu et al., 2020). However, its capacity to produce VOCs and whether the VOCs play a role in inducing the PGP effects have not been revealed. To check if the VOC production is one of the mechanisms of PGP effects in the strain TOR3209 and to estimate the effects of plant metabolism, we evaluated the PGP ability of VOCs produced by Streptomyces sp. TOR3209 and investigated the molecular composition of these VOCs. We also identify the important molecular events involved in the rhizosphere bacteria–plant interaction by transcriptome analysis.



MATERIALS AND METHODS


Incubation of Bacteria and Inoculant Preparation

The strain Streptomyces sp. TOR3209 originally isolated from the rhizosphere of tomato plants (Hu et al., 2012) was used in this study, considering its role in the promotion of growth in tomatoes and other plants (Hu et al., 2020). To prepare the inoculant, the strain TOR3209 was massively inoculated on plates containing the Gause's No.1 medium (soluble starch 20 g, KNO3 1.0 g, K2PO4 0.5 g, MgSO4·7H2O 0.5 g, NaCl 0.5 g, FeSO4·7H2O 0.01 g, Agar 20 g, in 1 L of distilled water, pH 7.2–7.4) and incubated at 30°C for 24 h. Then the bacterial biomass was scraped off the plate, suspended in sterilized 10 mM MgCl2, and adjusted to 108–109 CFU/ml based on both optical density (OD600 = 1.0) and plate count. To test the effects of VOCs, strain TOR3209 was cultured overnight in Gause's No.1 liquid medium at 30°C with shaking at 180 rpm.



Plant Growth-Promoting Test

To estimate the PGP effects of strain TOR3209 or its VOCs, tobacco (Nicotiana benthamiana Domin) was used as a model plant, which showed a positive response to inoculation of strain TOR3209 in our previous study. The seeds of tobacco were purchased from Huayueyang Biotechnology (Beijing) Co., Ltd.


Growth Promotion of Plants by Inoculation

The seeds were surface sterilized with 95% ethanol for 30 s, 2% (v/v) sodium hypochlorite for 5 min, and then washed with sterile distilled water (SDW) three times as described previously (Hu et al., 2020). The surface-sterilized seeds were germinated on 0.5 × Murashige and Skoog (MS) medium (PhytoTechnology, United States) supplemented with 1.5% (w/v) sucrose and 1.8% agar (w/v). The MS agar plates with seeds were kept at 4°C for 12 h for vernalization and then kept in a plant growth chamber for germination at 25°C under a long-day photoperiod (day/night: 16/8 h) with a light intensity of 100 μmol m−2 s−1. After 5 days of incubation, the seedlings were transferred to a 24-well plate containing the MS agar and incubated in the plant growth chamber with 16 h light/8 h dark conditions. Five days later, tobacco plants in the plate were inoculated with 20 μl of inoculant (108−9 CFU/ml) around the root, and the negative control plants were inoculated with 20 μl of sterilized 10 mM MgCl2 solution. The tobacco seedlings were harvested 5 days after the inoculation, and total fresh weight was measured. The experiment was repeated three times, and 10 replications (seedlings) for each treatment were included each time.



Growth Promotion of Plants by VOCs of Strain TOR3209

Previously, the VOCs of bacteria have been reported as novel agents in promoting plant growth (Audrain et al., 2015). To evaluate the growth-promoting effect of VOCs on the tobacco plants, specialized plastic Petri dishes (I-plates with 9 cm in diameter) were used, which were divided by a partition into two equal chambers. In these I-plates, Streptomyces sp. TOR3209 and tobacco plants could be co-cultivated without direct contact. One chamber of the I-plate contained half-strength MS agar, and the other chamber contained Gause's No.1 medium with a sterile filter paper disk (8 mm in diameter) on its surface. After 5 days of germination as mentioned earlier, five seedlings were transferred to the chamber containing MS agar. After 3 days of plant growth, 20 μl of overnight incubated strain TOR3209 (see section Incubation of Bacteria and Inoculant Preparation) or sterilized distilled water (SDW) for treatment and control (CK), respectively, were applied drop-wise onto the filter paper disk in the chamber containing Gause's No.1 medium. Then, the I-plates were sealed with parafilm and cultured in the growth chamber under the day/night cycle of 16/8 h, with a light intensity of 100 μmol m−2 s−1 at 25°C. The fresh weight of each plant was measured after 1 week of growth. The experiment was repeated independently for three times, and 10 replications (seedlings) per treatment were included each time.




Characterization of Plant Growth-Promoting Traits

To estimate the possible PGP mechanism of strain TOR3209, the PGP traits mentioned by Romano-Armada et al. (2020), such as the formation of indole-3-acetic acid (IAA), production of siderophores, and solubilization of phosphate, were measured for this strain.


Auxin Production Assay

The production of IAA was quantified by the colorimetric method using the Salkowski reagent (50 ml of 35% HClO4 and 1 ml of 0.5 M FeCl3) (Glickmann and Dessaux, 1995). The strain TOR3209 was activated in LB (Difco) broth for 24 h, and then a full loop of the culture was inoculated in 5 ml of the LB broth for culturing at 30°C with shaking at 180 rpm for 16 h. Then, 20 μl of bacterial suspension was transferred to 5 ml of LB broth supplemented with 0.1% L-tryptophan. After 16 h of incubation, 1 ml of the bacterial culture was centrifuged at 8,000 rpm for 10 min to remove the cells, and 300 μl of the supernatant was mixed with 600 μl of Salkowski reagent. The mixture was left in the dark for 30 min to develop the color (Phi et al., 2010). After the reaction, the absorbance of the mixture was measured at 540 nm using a UV–visible spectrophotometer (MAPADA, China). The concentration of IAA in the culture was calculated (Sigma, USA) based on the standard curve of IAA (serial dilutions from 0 to 50 μg/ml). The experiment was repeated three times, and 10 replications were included for each treatment each time.



Siderophore Production

In this analysis, siderophore production was checked as described previously (Neilands, 1987). Briefly, the strain TOR3209 was cultured on Chrome Azurol S (CAS) agar (Pérez-Miranda et al., 2007) and incubated at 30°C for 7 days. The formation of a yellow ring around the colony indicates the production of siderophore. To determine the siderophore type, a FeCl3 test was performed (Chowdappa et al., 2020). Briefly, the strain was cultured in 5 ml of CAS broth at 30°C with rotation for 5 days, and 1 ml of supernatant of the culture obtained by centrifugation (12,000 rpm for 1 min) was mixed with 2 ml of FeCl3 solution (2%, w/v). Then the absorption was scanned from 300 to 600 nm with a spectrophotometer (MAPADA, China). The occurrence of a peak between 420 and 450 nm and a peak at 495 nm demonstrate the presence of hydroxamate and catecholate types of siderophores, respectively. The CAS broth without inoculation was used as a blank to detect the siderophore type. The experiment was repeated three times, and 10 replications were included for each treatment each time.



Phosphate Solubilization

A single colony of strain TOR3209 grown on Gause's No. 1 medium at 30°C for 3 days was inoculated in an organic phosphorus medium (Jiwen et al., 2011) and an inorganic phosphorus (PKO) medium (Nautiyal, 1999), respectively, to measure the phosphorus solubilization. The inoculated plates were cultured at 30°C for 12 days, and the formation of a transparent ring surrounding the colony demonstrated the dissolution of phosphorus. Since the organophosphorus component in the medium is prepared using egg yolk (lecithin), it may undergo denaturation during long-term culture. Therefore, a control plate was set up for the organophosphorus solubilization to avoid false-positive results. The experiment was repeated three times, and 10 replications were included for each treatment each time.




Expression of Plant Genes Responding to the VOCs

After 7 days of exposure to VOCs (co-cultured with strain TOR3209 in I-plates), as mentioned in Section Growth Promotion of Plants by VOCs of Strain TOR3209, the aerial parts (leaves and stems) of tobacco seedlings were collected from three I-plates of treatment or control in triplicate (15 plants in total for treatment or control). Experiments for treatments and controls were repeated three times per group. Total RNA was extracted from the plant samples using the TIANGEN Magnetic Tissue/Cell/Blood Total RNA Kit (DP762- T1A), according to the manufacturer's guidelines. The concentration of RNA in the extracts was determined using a NanoDrop spectrophotometer (Thermo Scientific), and the quality and integrity of RNA in the extracts were tested by agarose gel electrophoresis (Laila et al., 2017). For each extract, 3 μg of RNA was used as input material to construct the sequencing library using the NEBNext Ultra II RNA Library Prep Kit for Illumina (#E7775). The procedure described by Laila et al. (2017) was followed. Briefly, mRNAs were purified from total RNAs using poly-T oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in an Illumina proprietary fragmentation buffer. The first strand of cDNA was synthesized using random oligonucleotides and SuperScript II. Synthesis of the second strand of cDNA was subsequently performed using DNA polymerase I and RNase H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase activities, and the enzymes were later removed. After adenylation of the 3′ ends of the DNA fragments, Illumina PE adapter oligonucleotides were ligated to prepare for hybridization. To select the cDNA fragments of the preferred size (200 bp), the library fragments were purified using the AMPure XP system (Beckman Coulter, Beverly, CA, USA). DNA fragments with ligated adaptor molecules on both ends were selectively enriched using Illumina PCR Primer Cocktail in a 15-cycle PCR reaction. Products were purified (AMPure XP system) and quantified by performing the Agilent High Sensitivity DNA assay on a Bioanalyzer 2100 system (Agilent). The sequencing library was then sequenced commercially on a Novaseq platform (Illumina) by Shanghai Personal Biotechnology Cp. Ltd. Filtration of high-quality reads by eliminating low-quality reads (Q <20), removal of adapter, assembling of the transcriptome, and quantification of transcript abundances were performed as described by Howlader et al. (2020).

The gene expression levels between the samples subjected to VOC treatment and the control were estimated by using fragments per kilobase of transcript per million fragments mapped (FPKM) values, as described by Howlader et al. (2020). In the transcription group, we generally took into account FPKM > 1 when the gene was expressed. Pearson correlation coefficients were used to determine the level of correlation between the expression of genes in the samples to test the reliability of the experiments and whether sample selection was reasonable (van Ruissen et al., 2005). The log2 fold change was calculated by dividing the FPKM values of the treatment groups by the values of the control group. High-quality reads were processed using the Perl script, and the differentially expressed genes (DEGs) were identified using the edgeR package (Boscari et al., 2013), taking a fold change ≥ 2 as the threshold value.

The cluster analysis of FPKM-normalized expression values was carried out, as mentioned by Howlader et al. (2020), to differentiate the up- and down-regulated transcripts between the VOC treatment and the control samples, by using the cluster software version 3.0 and the Java TreeView to visualize the dendrogram. For GSEA, the KEGG pathway collection (Homo sapiens (human) Release 53.0) (Kanehisa and Goto, 2000) was used to define the gene sets using the GSEABase package in Bioconductor/R version 2.9.2 (Gentleman, 2004). Gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were used to characterize the differentially expressed genes, and GO functional annotations were obtained from the non-redundant annotation results using the Blast2GO software (Conesa et al., 2005).



Extraction and Identification of VOCs

The strain TOR3209 was activated by culturing in Luria-Bertani (LB) broth (NaCl 10 g, tryptone 10 g, yeast extract 5 g, distilled water 1 L, pH 6.8–7.2) for 16 h at 30°C with shaking at 180 rpm. Then 40 μl of the culture was dropped on the LB agar in bottles (18 × 18 × 3 cm3) and cultured for 3 days at 30°C. The VOCs produced in the bottles were extracted and detected commercially by the solid-phase micro-extraction (SPME) method (Agilent, 6890N-5975B MSD, USA) (Gu et al., 2007). Briefly, SPME fibers were introduced into the atmosphere of the bottle to absorb the VOCs. Then, the SPME fibers with VOCs were incubated at 70°C for 20 min and were desorbed at 250°C for 5 min in the injection port using a DB-WAX column (30 m × 0.25 mm × 0.25 μm - polar, J&W Scientific, Folsom, CA). The initial oven temperature was 40°C (held for 2 min), ramped at 2°C/min to 220°C, and finally ramped at 20°C/min to 240°C (held for 10 min). GC–MS runs were performed for a total of 103 min. Compounds were identified by comparing their retention indices (RI) determined relatively to a homologous series of pure n-alkane standards or values reported in the literature (Jennings and Shibamoto, 1980). Fragmentation patterns in the mass spectra were also compared with those available in the Library of the National Institute of Standards and Technology (NIST05). The effective compounds were identified and estimated according to the methods described in the literature (Li et al., 2018; Chowdhary and Sharma, 2020). Experiments for treatments and controls were repeated three times per group.



Statistical Analysis

The data obtained from the plant growth promotion test were statistically analyzed by ANOVA, and the mean values of the treated samples were separated by the least significant difference (LSD) test at p < 0.05 using SPSS version 19.0 (SPSS Inc., USA). Experiments were done in 10 replicates, and each experiment was repeated for three times. The results of repeated trials of each experiment were similar. Therefore, one representative trial for each experiment is reported in the Section Results.




RESULTS


Effects of Strain TOR3209 Inoculation and VOCs on the Growth of Plant

In the growth tests (Supplementary Table 1), a tendency toward the promotion of growth was observed in the tobacco seedlings. The seedlings grown in MS medium inoculated with strain TOR3209 showed a 20% increase in their total fresh weight after 5 days of inoculation, in comparison with the controls. However, the increase in growth was not significant according to the LSD test. In I-plates, the total fresh weight of tobacco seedlings co-incubated with strain TOR3209 was significantly elevated up to 100% (Figure 1).


[image: Figure 1]
FIGURE 1. Comparison of effects of strain TOR3209 VOCs on tobacco growth. (A) Comparison of fresh weight between the CK seedlings and treatment seedlings; (B) Photographs showing the growth promotion on growth of tomato seedlings by strain TOR3209 co-culture (bellow) in comparison with CK control (upper). * The same letter followed the values in the same column means no significant difference based on the least significant difference (LSD) test (p < 0.05).




PGP Traits of Streptomyces sp. TOR3209

The analysis of IAA production showed that strain TOR3209 produced 12.06 μg/ml of IAA in the culture. In the P solubilization test, the strain TOR3209 grew slowly and weakly on the PKO medium. After 2–7 days of incubation, the colonies gradually expanded, and the phosphate solubilizing ring gradually appeared, but the ring was not clear and remained unchanged after 7 days. On organophosphorus medium, strain TOR3209 presented a more obvious dissolving effect. After 5 days of incubation, the solubilization ring was very obvious (SI = 1.6), and it continuously expanded until the entire plate became almost transparent. On CAS medium, colonies of strain TOR3209 began to grow after 1 week of incubation with the appearance of yellow circles, indicating the production of siderophores. Based on the result of the FeCl3 test, the siderophores produced by the strain TOR3209 were hydroxamate type. Detailed results for PGP traits of Streptomyces sp. TOR3209 are available in Supplementary Figure 1.



Transcriptomal Analysis of Tobacco Plants Responding to VOCs

In transcriptomal analysis, 38,254 genes were detected in the plants co-cultured with strain TOR3209, and 37,636 genes were detected in the control plants. Analysis of RNAseq data revealed that 3,191 differentially expressed transcripts (DEGs) were induced by the VOCs of strain TOR3209, including 2,155 up-regulated and 1,036 down-regulated transcripts (Figure 2). The most important (Log2 fold change >5 or < -4) up-regulated (52) and down-regulated (23) transcripts are listed in Table 1. Among them, UDP-glycosyltransferase, glutamate receptor, RING/U-box protein with C6HC-type zinc finger, and leucine-rich repeat receptor-like protein kinase family protein were the highest up-regulated DEGs in the VOC-treated tobacco seedlings. Chaperone protein ClpB, MYB-like transcription factor family protein, and 17.3 kDa class II heat shock proteins were significantly repressed by the VOC treatment.


[image: Figure 2]
FIGURE 2. Volcanic diagrams of differential expression genes. The horizontal coordinates are log2 (fold change) and the ordinates are -log10 (p-value). The two vertical dashed lines are 2 times the difference threshold, and the horizontal dashed lines are p-value 0.05 thresholds. A red dot indicates the upregulated genes group, a blue dot indicates the downregulated genes group, and a gray dot represents a non-significant difference in the expression of the genes group. The scale was fixed considering the minimum and maximum log2 values (between −7.74 and 12.33) included in the Supplementary Tables 1, 2.



Table 1. Most important differentially expressed genes in tobacco plants inoculated with TOR3209.

[image: Table 1]

In the functional annotation, DEGs with the largest increase in expression were those related to cell recognition, pollination, pollen–pistil interaction, multi-multicellular organism process, and recognition of pollen based upon the GO enrichment analyses (Figure 3; Table 1). Based on the KEGG pathway, the most significant up-regulated transcripts by VOCs were categorized as those related to glutathione metabolism, taurine and hypotaurine metabolism, and glycosphingolipid biosynthesis pathways (Figure 3). The expression profile of TF genes displays the upcoming transcription actions regulated by these genes. The largest TF families detected in our study were basic helix-loop-helix (bHLH) DNA-binding superfamily protein, WRKY, NAC domain-containing protein (NAC), ethylene-responsive factor (ERF), and zinc finger protein genes (C2H2) (Figure 4).


[image: Figure 3]
FIGURE 3. Gene ontology (GO) (A) and KEGG pathway-rich analysis (B). Based on the GO-rich and KEGG results, the extent of richness is measured by the rich factor, false discovery rate (FDR) values, and the number of genes that were collected into this GO term or KEGG pathway. Rich factor refers to the ratio of the number of different genes collected in the GO term or KEGG pathway to the number of genes annotated.



[image: Figure 4]
FIGURE 4. Transcription factor family. The horizontal coordinates are different transcription factor families, and the ordinates are the number of genes that fall into that transcription factor family.




Analysis of VOCs Produced by Streptomyces sp. TOR3209

In GC–MS analysis, 48 compounds were detected, among which eight (accounting for 15.22% of the total VOCs) were reported as PGP effective VOCs, and 14 (accounting for 37.36% of the total VOCs) had the potential to increase the resistance of the plant to phytopathogens (Supplementary Table 2). According to their relative abundances, seven compounds could be identified as the main components, each contributing to more than 5% of the total: the pathogen-inhibiting compounds like trans-1,10-dimethyl-trans-9-decalol (9.43%), 1,4,5,6,7,8,9,9a-octahydro-1,1,7-trimethyl-[3aR-(3a.alpha.,7.alpha.,9a.beta.)]- 3a,7-methano-3aH-cyclopentacyclooctene (6.29%), and 2,4-bis(1,1-dimethylethyl)- phenol (13.61%); the growth-promoting compounds like n-hexadecanoic acid (6.53%) (Chowdhary and Sharma, 2020); and the compounds of an unknown function like (-)-.alpha.-Panasinsen (5.12%), pentadecanoic acid (5.58%), and hexanedioic acid dibutyl ester (25.58%). Among these compounds, 2,4-di-tert-butylphenol [o 2,4-bis(1,1-dimethylethyl)- phenol] and dibutyl adipate (o hexanedioic acid dibutyl ester) were the most abundant VOCs produced by the strain TOR3209 (Figure 5).


[image: Figure 5]
FIGURE 5. Volatile organic compounds of strain TOR3209 using GC-MS. The samples were incubated in bottle containing LB agar for 3 days. 2,4-bis(1,1-dimethylethyl)-phenol and hexanedioic acid dibutyl ester were detected.





DISCUSSION

It is well known that some microorganisms have the potential to promote plant growth through direct and/or indirect effects. The direct effects include the production of molecules that promote plant growth (Goswami et al., 2016). In this study, the growth (total fresh weight) of tobacco seedlings was significantly increased (100%) by co-culturing with the strain Streptomyces sp. TOR3209 (Figure 1; Supplementary Table 1), demonstrating that this strain produced VOCs as PGP agents, consistent with the previous reports for other microbial VOCs (Kanchiswamy et al., 2015). These results suggest an alternative mechanism for the PGP effects of strain TOR3209, other than the previously described regulation of the rhizosphere microbial community (Hu et al., 2020).

As reported previously, the VOCs mainly react with the aerial parts of the plants (Asari et al., 2016). Considering the low amount of VOCs, it could be hypothesized that they cannot function as nutrients, but can serve as signals to regulate the production of plant genes related to growth. Indeed, the transcriptome analysis based upon the KEGG analysis (Kanehisa and Goto, 2000) in the present study revealed that VOCs of strain TOR3209 up-regulated the expression of multiple genes to improve plant growth. The highest increase in the expression was noted for the genes of UDP-glycosyltransferase, glutamate receptor, RING/U-box protein with C6HC-type zinc finger, and leucine-rich repeat receptor-like protein kinase family protein in the VOC treatment samples, which indicated the possible relationships between these genes and the increased growth. The expression of UDP-glucuronosyltransferase (UGT) in meristematic cells is correlated with mitosis and is required for the normal development of plants (Woo et al., 1999). So, the VOCs of strain TOR3209 might increase plant growth by promoting cell division. Also, glycosylation is a universally important mechanism in certain organisms to control the impact of a wide range of hydrophobic compounds that can directly derange cellular metabolism (Nebert, 1991). Therefore, VOCs of strain TOR3209 might also promote plant growth by regulating the UGT-mediated glycosylation in plants. Plant glutamate receptor-like genes (GLRs) coded amino acid receptors related to plant defense and innate immune response (Forde and Roberts, 2014). Recently, the role of GLRs in controlling the plant height has also been established (Kaur, 2020), which further explained the PGP effects of VOCs produced by strain TOR3209. U-box proteins play important myriad functions in plants, such as in growth and development, cell cycle regulation, morphogenesis, stress resistance, and regulating the innate immune response of plants to biotic stress factors. Therefore, strain TOR3209 was capable of promoting growth through VOCs that induce the expression of genes coding U-box proteins and LRR-RLKs (Liu et al., 2017), which further regulate the expression of other genes related to the plant growth and development, including the synthesis of proteins and enzymes.

Transcription factors (TFs) play essential roles in plants, as well as in all other living organisms, by controlling the expression of genes involved in various cellular processes (Han et al., 2014). Numerous processes, such as brassinosteroid signaling, ABA signaling, and axillary meristem formation, are regulated by the members of the bHLH family of TFs during the seedling development (Zhao et al., 2012). A total of 143 transcripts were identified as bHLH TF proteins in the present study, which have been identified as phytochrome-interacting factors (Toledo-Ortiz et al., 2003) and constitute the largest TF family proteins that are produced during the interaction of tobacco plants with the VOCs of strain TOR3209. These results further indicated that the VOCs produced by strain TOR3209 were capable of promoting plant growth by regulating a serial synthesis of TFs. Another large NAC TF family was involved in inducing diverse developmental events in Arabidopsis and soybean (Shamimuzzaman and Vodkin, 2013). This NAC TF family has the capacity to permit crosstalk between different pathways (Olsen et al., 2005). In our present study, 25 putative NAC genes were detected during plant growth. Furthermore, genes encoding C2H2 zinc finger protein play a significant role in the development and differentiation (Razin et al., 2012). During the interaction, 15 putative C2H2 zinc finger genes were identified. In addition, ethylene-responsive factor (ERF) TFs belonging to the Apetala2/ERF TF family were also found to be involved in plant growth. The WRKY genes coding TFs were involved in a broad range of biological processes, including diverse biotic/abiotic stress responses, and developmental and physiological processes (Birkenbihl et al., 2017). A total of 18 putative ERF and 32 putative WRKY genes were detected during plant development in the present study. So, it is clear that the VOCs of Streptomyces sp. TOR3209 could regulate diverse metabolism pathways, which further improved the growth of tobacco plants.

The significantly down-regulated genes in the samples subjected to VOC treatment were chaperone protein ClpB, MYB-like transcription factor family protein, and 17.3 kDa class II heat shock proteins. These three genes and most of the other down-regulated genes are genes that confer adaptation to environmental stress. ClpB (caseinlytic proteinase) is related to the disaggregation of protein complexes and cell adaptation to heat stress (HS) (Mishra and Grover, 2016). A MYB-like transcription factor is involved in plant abiotic stress (like salt) tolerance and phytohormone signal transduction (Zhang et al., 2018). Furthermore, the 17.3 kDa class II heat shock proteins are also stress tolerance proteins related to heat shock (Kang et al., 2021). The reason why the expression of these genes was elevated by VOC treatment is not very clear, but it is possible that the VOCs shuttled down the expression of genes related to some unnecessary cell functions, while stimulating the expression of other genes essential for plant growth.

Previously, more than 120 VOCs have been detected in Streptomyces, which have been classified into different chemical groups, such as alkanes, alkenes, esters, alcohols, and ketones (Schöller et al., 2002). According to the literature, 15.22% (eight) of the VOC molecules detected in the present study presented PGP effects, which might be the potential compounds directly responsible for the growth promotion of tobacco seedlings in the I-plates co-cultured with strain TOR3209. Meanwhile, more VOCs (37.36%, 14 molecules) were related to the resistance to phytopathogens; however, it is not clear whether these VOCs can also promote the growth of plants. As the most abundant compound (25.58%) in the VOCs of strain TOR3209, the effects of hexanedioic acid dibutyl ester on the plant has not been reported and its function in regulating plant growth deserves further study.

In the PGP trait analysis, 12.06 μg/ml of IAA production by strain TOR3209 was recorded, which is relatively a high level since values around 5 to 10 μg/ml are commonly reported. However, some actinobacterial strains capable of producing more than 40 μg/ml have been isolated (Vasconcellos et al., 2010). In addition, the IAA production efficiency of strain TOR3209 might be increased by optimizing the culture conditions, because the production of IAA by a Streptomyces strain was increased from 20.46 to 82.36 μg/ml by modifying the medium components (Myo et al., 2019). Therefore, strain TOR3209 could be a good stimulator of plant growth via the production of IAA, as described for other Streptomyces strains and other bacteria (Hayat et al., 2010). Another PGP trait of strain TOR3209 is to dissolve phosphate, particularly the organic phosphate, which could subsequently promote plant growth (Spaepen et al., 2007). In this study, we also proved the ability of strain TOR3209 to produce siderophore, a low-molecular-weight iron-binding compound that could help the plant chelate iron in the Fe3+ restricted soil (Bottini et al., 2004) and inhibit plant pathogens due to their competitive role (Otieno et al., 2015). Currently, many siderophore molecules, with diverse chemical structures and different bioactivities against a wide spectrum of pathogenic bacteria, have been isolated from Streptomyces species (Terra et al., 2021). Different from the previous reports that the Strteptomyces tendae Tü 901/8c and Streptomyces sp. Tü 6125 isolated from soils produced the catecholate siderophore (Fiedler et al., 2001), the strain TOR3209 produced the hydroxamate siderophore, indicating that different Streptomyces species might have distinct pathways for the synthesis of siderophore. Although the PGP features of strain TOR3209 were detected in the present study, they might not contribute to the growth of tobacco seedlings in the inoculation test in the present study, since they are not necessary for the plants grown in the sterilized medium, which is different from the situation in soils (Hu et al., 2020). However, the capacity of Streptomyces species to produce IAA and siderophore deserves further study to explore their biofertilizer and biopesticide properties.

In our present study, the promotion of plant growth was not statistically significant following the direct inoculation of strain TOR3209, but it was significant in VOC treatments (Supplementary Table 1). This was inconsistent with the previous results that inoculation with strain TOR3209 significantly promoted the growth of tomato plants (Hu et al., 2020). This discrepancy might be related to the differences in the culture conditions because the inoculated plants were cultured in soil (Hu et al., 2020), while the experiments in our study were carried out in medium or artificial substrate. In the medium, the rhizosphere microbiome is absent and the nutrients are not limited, which might also explain why the direct inoculation with the strain could not significantly improve the growth of tobacco seedlings in the present study. Furthermore, plant genotypes (Schwachtje et al., 2012) and environmental conditions (Martínez et al., 2011) also affect the inoculation effects of PGPR, and even the PGP effects of microbial siderophore could be different for distinct tobacco varieties (Robin et al., 2006).



CONCLUSION

The VOCs of strain TOR3209 could improve the growth of the tested plants and induce the up-regulated expression of a key group of genes associated with plant growth and development and the down-regulation of some adaptation genes. Remarkably, our results suggest that the genes related to UDP-glycosyltransferase, glutamate receptor, RING/U-box protein with C6HC-type zinc finger, and leucine-rich repeat receptor-like protein kinase family protein presented greatly up-regulated expression in the tobacco seedlings in response to the VOCs of strain TOR3209, and all these genes were involved in the plant growth and development processes. In addition, the important VOCs of strain TOR3209 were found to be 2,4-bis(1,1-dimethylethyl)-phenol and hexanedioic acid dibutyl ester (with two compounds exhibiting antifungal functions), and their other PGP effects need to be further investigated. In the long term, these new findings would facilitate the development of biofertilizers and biopesticides.
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Foliar application of nitrogen to enhance crop productivity has been widely used. Melatonin is an effective regulator in promoting plant growth. However, the effects of melatonin and the combination of melatonin and nitrogen on soybeans yields production remain largely unknown. In this study, a field experiment was conducted to evaluate the effects and mechanisms of spraying leaves with melatonin and urea on soybeans. Foliar application of urea significantly increased soybean yields and melatonin did not affect the yields, while combination of melatonin and urea significantly reduced the yields compared to the application of urea alone. A leaf transcriptional profile was then carried out to reveal the underlying mechanism and found that foliar spraying of urea specifically induced the expression of genes related to amino acid transport and nitrogen metabolism. However, foliar application of melatonin significantly changed the transcriptional pattern established by urea application and increased the expression of genes related to abiotic stress signaling pathways. The effects of melatonin and urea treatment on soil microbiome were also investigated. Neither melatonin nor urea application altered the soil microbial alpha diversity, but melatonin application changed rhizosphere microbial community structure, whereas the combination of melatonin and urea did not. Melatonin or urea application altered the abundance of certain taxa. The number of taxa changed by melatonin treatment was higher than urea treatment. Collectively, our results provide new and valuable insights into the effects of foliar application of melatonin to urea and further show that melatonin exerts strong antagonistic effects on urea-induced soybean yields, gene expression and certain soil microorganisms.

Keywords: soybean yields, foliar application, gene expression, nitrogen metabolism, microbiome


INTRODUCTION

Nitrogen fertilizers are used to increase global crop yields in the last half century (Lassaletta et al., 2014; Garnett et al., 2015), whereas excessive nitrogen fertilization does not further promote crop productivity but lead to environmental pollution. In China, the overuse of nitrogen fertilizer has become one of the major issues in recent years. Thus, it is necessary to explore new strategies for improving nitrogen utilization efficiency without increasing nitrogen fertilizers application. Melatonin (N-acetyl-5-methoxytryptamine) is a crucial plant growth regulator and regulates plant growth and development, response to various abiotic stresses, nitrogen uptake and metabolism (Arnao and Hernández-Ruiz, 2014, 2019). However, whether melatonin could promote plant nitrogen utilization efficiency and crop yields remain large unknown.

Melatonin (N-acetyl-5-methoxytryptamine) was first discovered in the bovine pineal gland of animals, and it was also shown to be present in higher plants and involved in plant growth and development regulation (Lerner et al., 1958; Hattori et al., 1995). Plant melatonin not only regulates many physiological processes but also acts as a protective agent against multiple stresses. It was reported that melatonin regulated seed germination, root growth, flowering, photosynthesis and leaf senescence (Zhang et al., 2012; Byeon and Back, 2014; Wei et al., 2015). Melatonin could also protect plants against multiple biotic and abiotic stresses (Arnao and Hernández-Ruiz, 2015; Tiwari et al., 2021). Treatment with exogenous melatonin significantly improves the resistance of plants to salt stress (Zheng et al., 2017), heat stress (Zhang J. et al., 2017), chilling (Balabusta et al., 2016), and drought stress (Cao et al., 2020) through remodeling a series of physiological and transcriptomic profiles. More important, melatonin has been shown to promote plant nutrient uptake and metabolism under various stresses condition. Melatonin application promotes nitrogen metabolism in alfalfa exposed to drought stress (Antoniou et al., 2017). Zhang R. et al. (2017) also found that melatonin improved the tolerance of cucumber seedlings to high nitrate levels by enhancing the activities of nitrogen metabolism-related enzymes. Melatonin also significantly decreases the melon leaf NH4+ content by improving the activities of enzymes involved in nitrogen metabolism under chilling stress (Gao et al., 2016). Recently, Qiao et al. (2019) reported that melatonin promotes winter wheat growth and yield by increasing the activities of nitrogen uptake and metabolism-related enzymes under nitrogen-deficient conditions. These studies emphasized the role of melatonin in promoting plant nutrient uptake and metabolism under stresses condition, whereas the effects of melatonin on crop plant nitrogen uptake and metabolism under normal nitrogen condition remain elusive.

Soil nitrogen fertilization is commonly used to enhance crop productivity, but soil nitrogen fertilization not only affects soil properties but also directly affects the abundance of members of the soil microbial community, including bacteria, fungi and other microorganisms (Chu et al., 2007; Wang et al., 2017). The impact of soil nitrogen fertilization on soil bacterial diversity has been studied in maize (Rodríguez-Blanco et al., 2015), rice (Zhang et al., 2019), wheat (Chen et al., 2019), and soybean (Liu et al., 2019). In addition, the foliar application of urea is another method of nitrogen fertilization to enhance crop productivity (Wagan et al., 2017). Foliar urea application has some advantages compared to soil application especially for the legume crops; crops can absorb foliar-applied urea even in dry weather conditions, and the absorption of urea can reduce the loss of nitrogen to soil (Gooding and Davies, 1992). For legume crops, foliar application could reduce the inhibition role of nitrogen to root nodule development and symbiotic nitrogen fixation (Lin et al., 2018; Nishida et al., 2018). Thus, foliar application of nitrogen fertilizer has become more popular, and the physiological effects of foliar urea application on crop plants have been explored extensively in recent years (Hassanein et al., 2019; Cassim et al., 2020; Lyu et al., 2021). In wheat, foliar urea application altered storage protein distribution of grain by promoting the expression of the majority of storage protein-encoding genes (Rossmann et al., 2019), but the global transcriptional profile of soybean after foliar urea application has rarely been reported.

The changes in leaf transcription patterns that occur after foliar urea treatment also induce changes in the rhizosphere microbiome. Using culture-independent methods, González-Arenzana et al. (2017) found that foliar application of urea significantly alters the microbial diversity and population structure of the must, but did not affect grape microbiota. Foliar application of urea to the aerial parts of wheat increased the abundance of bacteria and decreased the abundance of some fungal genera on the roots of plants grown in uncontaminated soil and soil contaminated with the noxious fungus Fusarium spp. (Vran, 1972). In soybean, the effects of foliar nitrogen application on the root and soil microbiomes have rarely been explored, and the role of foliar melatonin application on the rhizosphere microbiome community of soybeans is also unreported.

Soybean, an important legume worldwide, is a major source of oil and protein for people and livestock (Gaonkar and Rosentrater, 2019). Effective agroecosystem practices to enhance nitrogen use efficiency, increase the yields and explore the underlying mechanism remain challenges. In this study, we tried to figure out whether melatonin could further promote soybean yields under urea condition and investigate the underlying mechanism. Through a field experiment by spraying soybean with melatonin and/or urea in two places, we confirmed that additional melatonin application resulted a significant decrease of soybean yields, altered the leaf gene expression pattern, and changed certain soil microorganisms compared with urea application alone.



MATERIALS AND METHODS


Plant Materials and Treatments

Experiments were conducted at Jingmen (latitude 30°52′29″, longitude 112°11′31″) and Yangluo (latitude 30°43′8″, longitude 114°30′27″) experimental base of the Chinese Academy of Agricultural Sciences, Hubei, China. The soil physicochemical properties of both fields are clay with medium soil fertility and flat terrain. In Jingmen base, the soil pH is 5.53, organic matters are 21.39 g⋅kg–1, soil available potassium is 183 mg⋅kg–1, soil available phosphorus is 44.5 mg⋅kg–1 and soil total nitrogen is 1.06 g⋅kg–1. In Yangluo station, the soil pH is 8.11, organic matters are 15.94 g⋅kg–1, soil available potassium is 136.29 mg⋅kg–1, soil available phosphorus is 11.68 mg⋅kg–1 and alkali-hydrolyzable nitrogen is 87.41 mg⋅kg–1. The two soybean cultivars (ZD63, Zhongdou 63; and WD28, Wandou 28) were sowed on 9th June, 2020 with a plant-spacing of 10 cm and row spacing of 50 cm, respectively. To ensure the germination rate, more seeds were sowed in the field and the plants were thinned to a final stand of 200,000 plants ha–1 within 3 weeks to meet space requirement. When soybean grown at R1 (beginning of the flowering stage, fifth unrolled trifoliate leaf) stages on 22th July, and R3 [Beginning pod—pods are 3/16 inch (5 mm) at one of the four uppermost nodes] on 24th August, the experimental plants were divided into four groups as follows: (i) the control group, which was treated with water; (ii) the urea group, which was treated with 3 kg ha–1 urea by leaf spraying (on the top and bottom sides of all leaves until water dripped). (iii) the melatonin group, which was treated with 100 μmol⋅L–1 melatonin by leaf spraying. (iv) the urea + melatonin group, which was treated with 3 kg⋅ha–1 urea plus 100 μmol⋅L–1 melatonin by leaf spraying. The urea was bought from Sinopharm Chemical Reagent Co., Ltd., company (CAS: 57-13-6), the melatonin was diluted into distilled water (without surfactant) to make 100 μmol⋅L–1 melatonin solution. The plants were treated for a total of two times (at R1 and R3 growth stage). Each treatment was repeated in three plots of 7.5 m2 each (3 × 2.5 m2). Soil samples from root rhizosphere were then collected at 12th August and 2nd September, the trifoliate leaves were also harvested simultaneously. The soil and leaves samples were stored at −80°C for microbiome analysis and transcriptomic analysis.



Transcriptomic Analysis RNA Extraction

Total RNA was extracted from 100 mg trifoliate leaves (samples were collected on 2nd September from Yangluo base) using TRIzol® Reagent (Plant RNA Purification Reagent for plant tissue) according the manufacturer’s instructions (Invitrogen). The genomic DNA was removed using DNase I (TaKara). The RNA quality was determined by 2100 Bioanalyser (Agilent) and quantified using the ND-2000 (NanoDrop Technologies). Only high-quality RNA sample (OD260/280 = 1.8∼2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, > 1 μg) was used to construct sequencing library.



Library Preparation, and Illumina Hiseq xten/Nova seq 6000 Sequencing

RNA-seq transcriptome libraries were prepared following TruSeqTM RNA sample preparation Kit from Illumina (San Diego, CA, United States) using 1 μg of total RNA. Firstly, messenger RNA was isolated according to polyA selection method by oligo(dT) beads and then fragmented by fragmentation buffer. Secondly, double-stranded cDNA was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, CA, United States) with random hexamer primers (Illumina). Then the synthesized cDNA was subjected to end-repair, phosphorylation and “A” base addition according to Illumina’s library construction protocol. Libraries were size selected for cDNA target fragments of 300 bp on 2% Low Range Ultra Agarose followed by PCR amplified using Phusion DNA polymerase (NEB) for 15 PCR cycles. After quantified by TBS380, paired-end RNA-seq sequencing library was sequenced with the Illumina HiSeq xten/NovaSeq 6000 sequencer (2 × 150 bp read length). Statistical methods were used to calculate the base distribution and quality fluctuation of each cycle of all sequenced reads, which could intuitively reflect the library construction quality and measurement of sequenced samples from a macro-perspective.



Read Mapping

The raw paired end reads were trimmed and quality controlled by SeqPrep1 and Sickle2 with default parameters. During this step, clean data (clean reads) were obtained by removing reads containing adapters or poly-N sequences as well as low-quality reads. Additionally, Q20 and Q30 values and the GC content of the clean data were calculated. Then clean reads were separately aligned to reference genome with orientation mode using HISAT23 software (Kim et al., 2015). The mapped reads of each sample were assembled by StringTie4 in a reference-based approach (Pertea et al., 2015).



Differential Expression Analysis and Functional Enrichment

To identify differential expression genes between two different samples, the expression level of each transcript was calculated according to the transcripts per million reads (TPM) method. RNA-Seq by Expectation Maximization (RSEM)5 was used to quantify gene abundances (Dewey and Li, 2011). DESeq2 (Love et al., 2014) provides statistical routines for detecting differential expression in digital gene expression data, which uses a model based on the negative binomial distribution. The resulting P values were adjusted using the Benjamini and Hochberg approach for controlling the false-discovery rate (FDR). Genes with P adjust < 0.05 found by DESeq2 and log2 (fold change) ≥ 1 were assigned as differentially expressed. Functional-enrichment analysis including GO was performed to identify which DEGs were significantly enriched in GO terms at Bonferroni-corrected P-value ≤ 0.05 compared with the whole-transcriptome background. GO functional enrichment was carried out by Goatools6. We then explored the molecular functions of 234,966 genes in each cluster using GO annotations, 174,190 genes for cellular component and 639,419 genes for biological process GO annotations.



Quantitative RT-PCR

To validate the RNA-seq results, the total RNA used for RNA-seq was also reverse-transcribed into cDNA with Hifair® II 1st Strand cDNA Synthesis SuperMix (YEASEN, CA, United States). Different expression genes were selected and verified by RT-qPCR using SYBR Green PCR Master Mix (YEASEN, CA, United States) and the Bio-Rad CFX384 PCR detection system. The relative mRNA level of each target gene was evaluated against soybean elongation factor 1-beta (GmELF1b) (Glyma.02G276600). The primers were shown in Supplementary Table 4. Three technical replicates were performed and the relative levels of transcript abundance were calculated using the 2–Δ Δ CT method.



16S rRNA Gene Sample Preparation, Sequencing and Analysis

In total, 48 rhizosphere soil (24 samples were collected on 12th August and 24 samples were collected on 2nd September) and 4 bulk soil samples (mixed samples collected on 12th August and 2nd September) from Yangluo base were used for sequencing according to standard protocols at Personal Biotechnology Co., Ltd., (Shanghai, China). Total genomic DNA samples were extracted using the OMEGA Soil DNA Kit (D5625-01) (Omega Bio-Tek, Norcross, GA, United States) following the manufacturer’s instructions. The quantity and quality of extracted DNAs were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively. The V3-V4 target region of 16S rRNA gene fragments were amplification and sequenced on an Illumina Novaseq PE250 sequencing platform (Illumina, San Diego, United States).

Sequence data analyses were mainly performed using QIIME2 2019.4 (Bolyen et al., 2018) and R packages (v3.2.0). Alpha diversity indices, such as Chao1, Observed species, and Shannon were calculated using the non-singleton amplicon sequence variants (ASV) table in QIIME2, and visualized as box plots. Beta-diversity (between-sample diversity) was estimated by Bray-Curtis distance and the differentiation of microbiota structure among groups was assessed by PERMANOVA (Permutational multivariate analysis of variance) in QIIME2. LEfSe (Linear discriminant analysis effect size) was performed to detect differentially abundant taxa across groups using the default parameters (Segata et al., 2011). Quantitative real-time PCR amplifications (qPCR) were used to determine the abundances of total bacteria (the primers Eub338F/Eub518R) in the bulk soil and rhizosphere according to Nadkarni et al. (2002) and Fierer et al. (2005). Standard curves were generated using 10-fold serial dilutions of Escherichia coli DNA sample.



Soybean Yields Evaluation

Five square meters plot containing 100 plants were used for yield evaluation. The seeds from three plots were weighted individually, and the variance analysis was performed by using GraphPad prism 8.0 software. The data are reported as the mean and standard error (SE) values of three biological replicates. Ordinary one-way analysis of variance (ANOVA) and Tukey’s multiple comparisons tests were used to determine the significance of the differences among samples.




RESULTS


Melatonin Reduces the Effect of Urea on Increasing Soybean Yields

Nitrogen is an important macronutrient required for plant growth and crop productivity. Melatonin is reported to be one of the most widely used plant growth-promoting reagent. To investigate whether melatonin application could further promote soybean yields under urea fertilization conditions, we sprayed soybean leaves with both melatonin (M treatment, 100 μmol⋅L–1) and urea (N treatment, 3 kg⋅ha–1). Our yields evaluation results showed that foliar application of urea (N treatment, 3 kg⋅ha–1) to two cultivars of Chinese soybean (Zhongdou 63, ZD63; Wandou 28, WD28) significantly increased their yields when compared with the yields of seedlings exposed to control conditions in two fields (Figures 1A,B). However, spraying exogenous melatonin alone could not further improve soybean yields. On the contrary, foliar application of both melatonin and urea (MN treatment) resulted in a lower production than the urea treatment (Figures 1A,B). In the two experimental fields, the yields of the two cultivars showed the same trend in response to melatonin and urea fertilizer treatment (Figures 1A,B). These results indicated that spraying leaves with melatonin significantly reduced the effect of urea on increasing soybean yields.
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FIGURE 1. The yields of two soybean cultivars under different treatments. (A,B) The yields of Zhongdou 63 (ZD63) and Wandou 28 (WD28) after foliar application of melatonin and/or urea at Jingmen (A) and Yangluo (B) field station. CK, Control; N, foliar application of urea alone; M, foliar application of melatonin alone; MN, foliar application of both melatonin and urea. Data indicates means ± SE with One-way ANOVA analysis. Different letters indicate significant differences.




Identification of Differentially Expressed Genes in Response to Melatonin and Urea Treatments

To further study the molecular mechanism underlying the effects of melatonin and nitrogen on soybean yields, we performed RNA-seq analysis. Eleven ZD63 leaf samples treated with urea (N), melatonin (M) and MN (melatonin and urea together) were collected for transcriptome analysis. A total of 491,611,474 raw reads were generated from these samples, and the average number of raw reads for each sample was 44,691,952. An average of 97.89% of the raw reads had a quality score of Q30 (an error probability for base calling of less than 0.1%). After filtering and trimming the raw reads, 486,975,816 high-quality reads were used for further analysis and an average of 93.71% of the raw reads had a quality score of Q30 (Supplementary Table 1). The clean data from each sample were mapped to the Glycine max Wm82.a4 reference genome sequence with TopHat2 HISAT2 software. The proportion of total mapped reads ranged from 90.92 to 96.22% (Supplementary Table 2). Based on Pearson’s correlation analysis, there were significant differences between the control and different treatments. The controls and MN samples are high correlated between biological replicates (R2 > 0.89). The correlation of two urea samples is 0.85. The correlations among three melatonin samples are 0.77, 0.80 and 0.95, respectively (Supplementary Figure 1).

We then identified the differentially expressed genes (DEGs) from different foliar spray treatments. The number of DEGs was calculated compared with the control group (the threshold for all the comparisons was DEGs ≥ 2-fold change; P adjust < 0.05). Compared with the control, the urea treatment produced 4,222 DEGs in total, with 2,254 DEGs being upregulated and 1,968 DEGs being downregulated. A total of 7,170 DEGs were identified in response to melatonin treatment, including 4,287 upregulated and 2,883 downregulated DEGs. MN treatment resulted in a maximum amount of 8,773 DEGs, including 4,807 upregulated and 3,966 downregulated DEGs (Figure 2A and Supplementary Table 3). Venn diagram analysis of these DEGs among the different treatment groups revealed 1,847 upregulated and 1,278 downregulated DEGs as shared DEGs among the N, M and MN treatment groups (Figure 2B). However, when the transcriptome profiles induced by the three different treatments were compared, each treatment was found to induce unique differences in gene expression; 115 upregulated DEGs and 176 downregulated DEGs were uniquely associated with urea treatment, 925 upregulated DEGs and 590 downregulated DEGs were only observed after melatonin treatment, and 1,567 upregulated DEGs and 1,483 downregulated DEGs were specifically observed in response to MN treatment. We then performed qRT-PCR to validate the RNA-seq results. As shown in Figures 2C–K, the nine selected genes displayed the similar expression pattern with RNA-seq data. These results indicated that the RNA-seq data is convincing. All these DEGs might be responsive to respective treatments and subsequently affect plant growth and yield production.
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FIGURE 2. Differentially expressed genes in responsive to different treatments. (A) Total number of upregulated (green) and downregulated (orange) DEGs identified for N, M, and MN treatments compared with the control. (B) Venn diagram depicting the number of upregulated and downregulated DEGs. (C–K) The mRNA abundance of nine DEGs using qRT-PCR assay. Lines represent the results of the transcriptome data (TPM value); column charts represent the results of qRT-PCR. Data shown means ± SD (n = 3 replicates/group).




Foliar Application of Melatonin and Urea Influence Multiple Biological Processes

To understand the possible biological processes in which these DEGs are involved, we then performed gene ontology (GO) term7 enrichment analysis of all 11,005 DEGs (Supplementary Table 5). The top 20 enrichments in urea treatment groups are shown in Figure 3. We found that the upregulated DEGs were involved in “regulation of salicylic acid biosynthetic and metabolic process, response to chitin, response to nitrogen compound, response to organonitrogen compound, cell recognition, recognition of pollen,” and “organic acid transport,” and the downregulated DEGs were involved in “protein-chromophore linkage, photosynthesis,” and “light harvesting in photosystem I”; The above-listed GO items were also found in melatonin and MN treatment (Supplementary Figures 2, 3), which indicated that melatonin and/or urea treatment regulated some common biological processes. In the individual urea treatment group, the GO term “amino acid transport” was specifically upregulated, which suggested that urea might be catalyzed by urease and reutilized through amino acid transport biological processes (Figure 3A). We also found that urea treatment downregulated genes associated with “photosynthetic electron transport chain, fatty acid biosynthetic process and auxin-activated signaling pathway.” The decrease in the carbon fixation/metabolism and auxin signaling pathway might be explained by the reduction of plant growth and promotion the seed filling (Figure 3B). However, the DEGs associated melatonin treatment involved in different biological processes compared with those associated with urea treatment. Upregulated DEGs under melatonin treatment involved in the biological processes of “response to hydrogen peroxide, second-messenger-mediated signaling, calcium-mediated signaling, response to wounding,” and “response to heat” (Supplementary Figure 2). All these processes represent the reported roles of melatonin in regulating plant growth and responses to various abiotic stresses. When the melatonin and urea treatments were combined, we found that the addition of the melatonin significantly altered the urea-induced changes in gene expression and biological processes (Supplementary Figure 3); in addition to the above-listed common biological processes which existed in all three treatments, the “response to wounding” biological processes was found in melatonin treatment and MN treatment, but not in the urea treatment, indicating that the addition of melatonin induces genes expression related to abiotic stress pathway. We also found that under MN treatment, the specifically upregulated GO terms were “cell death, xyloglucan metabolic process, cell wall macromolecule metabolic process,” and “protein ubiquitination” (Supplementary Figure 3A), which further indicated that the addition of melatonin might trigger a stress response and subsequently affect crop growth and yield production.
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FIGURE 3. GO enrichment analysis of DEGs under urea treatments. (A) The GO terms were enriched from upregulated DEGs. (B) The GO terms were enriched from downregulated DEGs.




Melatonin Alters Nitrogen Uptake or Metabolic Biological Processes

Urea notably increased the expression of genes related to amino acid transport, whereas melatonin induced the expression of genes related to hydrogen peroxide, second messenger-mediated signaling, and abiotic stress processes. These results led us to hypothesize that melatonin might play an antagonistic role in the context of urea application. To further understand the different effects of the melatonin and urea treatments, we performed hierarchical clustering using silhouette plots to assess the expression patterns of all 11,005 DEGs associated with all the treatments (Figure 4A). The heat maps were then created on Majorbio Cloud Platform8. Top twenty clusters were formed, and the clusters in the control treatment groups were significantly different from those in the melatonin, urea and MN treatment groups (Figure 4A and Supplementary Table 6). MN treatment has more differences than melatonin or urea treatment, which demonstrated that additional melatonin treatment significantly altered the transcriptional patterns induced by urea treatment. For example, we found that the DEGs in three clusters (Cluster 9, Cluster 19 and Cluster 18) had similar expression patterns in response to the melatonin and MN treatments compared with urea treatment. A total of 289 DEGs in Cluster 9 were downregulated in response to the melatonin and MN treatments, and these DEGs were not affected by the urea treatment (Figure 4B). In Cluster 19, 80 DEGs that were downregulated in response to urea treatment were highly expressed in response to the melatonin and MN treatments (Figure 4C). Cluster 18 contained 37 DEGs that were upregulated in response to the urea treatment, while these DEGs were downregulated in response to the melatonin and MN treatments (Figure 4D). These results indicated that the melatonin and urea treatments induced different DEGs and affect different physiological pathways.
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FIGURE 4. The expression pattern of DEGs among different treatments. (A) All DEGs were clustered and shown in a heat map. (B–D) Normalized expression pattern of DEGs from cluster 9, 19 and 18. CK, Control; N, foliar application of urea alone; M, foliar application of melatonin alone; MN, foliar application of both melatonin and urea.


We also utilized the GO enrichment tool to examine the functions of these DEGs in Clusters 9, 18 and 19. In Cluster 9, all genes displayed lower expression level under melatonin and MN treatment than urea treatment (Figure 4B), and these genes were involved in “starch biosynthetic process (GO:0019252),” “amine transport (GO:0015837),” “methylammonium transport (GO:0015843)” and “glycogen biosynthetic process (GO:0005978)” (Figure 5A), indicating that repression of these biological processes by melatonin and MN treatment might reduce the growth of soybean and yields production; In Cluster 18, all genes showed highest expression level in response to urea treatment (Figure 4D). The genes were involved in “lignin metabolic process,” “flavone biosynthetic process (GO:0051554)” and several transporters activity-related processes (Figure 5B), indicating that these genes might be beneficial for soybean development in response to urea treatment. In Cluster 19, all genes showed highest expression level in response to both melatonin and MN treatment (Figure 4C). We found that “heat shock protein binding (GO:0031072),” “misfolded protein binding (GO:0051787)” and unfolded protein binding related biological processes were highly enriched in Cluster 19 (Figure 5C). These highly expressed genes in response to melatonin and MN treatment might repress soybean growth and reduce yields.
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FIGURE 5. GO enrichment analysis of DEGs from cluster 9, cluster 18 and cluster 19. (A–C) The enriched GO terms of cluster 9 (A), cluster 18 (B) and cluster 19 (C) DEGs.




Melatonin Affects the Microbial Community Diversity in Soybean Rhizosphere

Rhizosphere microbe play an important role in plant growth and yield. Firstly, we quantified bacterial numbers in rhizosphere samples using a general bacterial primer pair targeted at the 16S rRNA gene. We found four treatments (ZD28N, ZD63N, ZD63M and ZD63NM) significantly reduced bacterial target numbers in rhizosphere samples compared to the bulk soil, but there was no significant difference among other treatments (Supplementary Figure 4). This result indicated that urea and melatonin treatment did not affect the total number of bacteria in rhizosphere soil. To further evaluate whether the effects of urea and melatonin on the yield of were related to rhizosphere microbe, we detected the microbial community diversity and structure of rhizosphere samples collected from Yangluo base by 16S rRNA sequencing. In total, 5,273,449 (average of 101,412) high-quality 16S rRNA gene (V3-V4) reads were obtained from 52 samples, and 3,136,811 (average of 60,323) ASVs were obtained. Rarefaction curves based on species richness (observed species and Shannon index) showed clear asymptotes and plateau levels for the different samples (Figures 6A,B); these results indicated that the sampling depth was adequate. Across all the samples, we detected approximately 27 phyla, 78 classes, 156 orders, 246 families and 391 genera. The top ten phyla were Acidobacteria, Proteobacteria, Acidobacteria, Chloroflexi, Cyanobacteria, Firmicutes, Bacteroidetes, Gemmatimonadetes, Patescibacteria and Rokubacteria.
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FIGURE 6. Rarefaction curves of rhizosphere samples with different treatments. (A,B) The rhizosphere samples were collected from Yangluo (A) and Jinmen (B) field station, where two cultivars WD28 and ZD63 were planted. WD28CK or ZD63CK indicates normal growth WD28 or ZD63 without treatment; WD28M or ZD63M indicates foliar application of melatonin to WD28 or ZD63; WD28N or ZD63N indicates foliar application of urea to WD28 or ZD63; WD28MN or ZD63MN indicates foliar application of both melatonin and urea to WD28 or ZD63.


Combining two sampling times, we found that the alpha diversity indexes including Chao1, Goods_coverage, Shannon and Observed_species were not significantly different among the different treatment groups (Figure 7A), which indicated that the foliar urea and melatonin treatments did not affect rhizosphere microbial alpha diversity. We then conducted beta-diversity (PCoA) analysis to detect differences in structure among samples. The PCoA showed that the rhizosphere samples from the bulk soil and treatment groups were clearly separated (Figure 7B), indicating that planting soybean plants can affect the microbial community structure of soil. However, the rhizosphere samples from the control and urea treatment groups were not clearly separated (Figure 7B), and PERMANOVA based on the Bray-Curtis distances showed that the differences were not significant (Table 1); these results suggested that foliar urea treatments did also not affect the rhizosphere microbial community structure. For the melatonin treated samples, the rhizosphere samples were significantly separated from the control, urea treatment and urea plus melatonin treatment. The PERMANOVA based on the Bray-Curtis distances showed that the differences between melatonin and other three treatments were significant (Table 1); these results suggested that foliar urea treatments did not affect the rhizosphere microbial community structure, but melatonin did. For the urea and melatonin treatment, we found that the microbial community structure was similar to that treated with urea alone, but significantly different from that treated with melatonin (Table 1). It suggested that the effect of melatonin on rhizosphere microbial structure began to weaken when urea was added.
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FIGURE 7. Effects of urea and melatonin on microbial diversity and composition in soybean rhizosphere. (A) The alpha diversity (Chao1, Goods_coverage, Shannon, Observed_species) analysis of samples. (B) PCoA analysis based on Bray-Curtis distances of the different treatment of rhizosphere sample; Clustering significance by treatment was determined by Adonis [Pr (> F) = 0.001]. (C) Composition and clustering of bacterial microorganisms from different rhizosphere samples on the Family level.



TABLE 1. PERMANOVA analysis of the rhizosphere microbial community in different group based on Bray–Curtis.
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The Effect of Melatonin on Rhizosphere Microbial Species Was Greater Than That of Urea

To further determine the trends of the changes in microbial abundance among the various treatment groups, we conducted a cluster analysis at the family level. The result showed that samples exposed to the same treatment obviously clustered together, and the top 30 families could be divided into three main clusters, which hosted distinct bacterial assemblages (Figure 7C). Among them, the abundance of cluster 1 was higher in the bulk soil, the abundance of taxa in cluster 2 was higher in melatonin treatment groups, and the abundance of taxa in cluster 3 was the highest in the urea and melatonin plus urea treatment groups. The taxa enriched in the control samples include cluster 2 and cluster 3. Finally, through linear discriminant analysis (LEfSe, LDA log score threshold > 2.5, abundance > 0.001 and P < 0.05), we found that the f__Nocardioidaceae abundance increased after urea treatment. Nevertheless, the abundance of a large number of taxa was altered after melatonin treatment. For example, the relative abundances of f__DS_100, f__67_14, f__TRA3_20, f__Intrasporangiaceae, f__Roseiflexaceae, f__S0134_ terrestrial_group, f__Rubrobacteriaceae, f__JG30_KF_CM45, f__Thermoanaerobaculaceae, f__TK10 and f__Gitt_GS_136 were altered. When urea and melatonin were treated together, the changed microorganisms became less (Figure 8). These results indicated that the effect of urea on rhizosphere microorganisms was less than that of melatonin, urea treatment only changed the abundance of a few microorganisms which led to little effect on microbial community structure; while melatonin treatment increased the abundance of microorganisms, which led to significant changes in microbial community structure. The abundance of microorganisms decreased when urea plus melatonin treatment was applied, but the yield did not increase (Figure 1). It suggested that the response of underground microbial community to foliar urea and melatonin treatment was independent of yield.
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FIGURE 8. Effects of nitrogen and melatonin on microbe species in soybean rhizosphere. Linear discriminant analysis (LDA) coupled with the effect size measurements identifies the significant abundance of data in different treatment. Only taxa with LDA values greater than 2.5 (P < 0.05) were shown.





DISCUSSION

Nitrogen is an essential nutrient for plant growth and crop yields. Melatonin has been reported to promote nitrogen uptake and assimilation and increase plant growth (Qiao et al., 2019), but few studies have explored the possible effects of melatonin and nitrogen treatment on soybean with detailed transcriptomic and microbiome analyses. In this study, a combination of transcriptomic and microbiome analyses was performed to highlight the effect of exogenous melatonin and urea on field growth soybean. Field experiments revealed that foliar application of both melatonin and urea decreased soybean yields compared with application of urea alone (Figure 1). Our transcriptome analysis revealed that urea treatment induced genes expression related to amino acid transport and nitrogen compound response processes, while melatonin application may exert its opposite effects mainly through regulation the genes expression related to signal transduction and stress response pathways (Figure 3 and Supplementary Figures 2, 3). The combined application of melatonin and urea significantly altered the gene expression pattern compared with the urea treatment (Figure 4). The microbiome analysis also demonstrated that melatonin not urea treatments affected the rhizosphere microbial community structure, and the combined application of melatonin and urea showed similar microbial community structure to that treated with urea alone. Both melatonin and urea treatment changed the abundance of several microorganisms (Figures 7, 8). This study highlighted the possible antagonistic effects of melatonin application on the transcriptomic and soil microorganisms compared with urea treatment in soybean.

A transcriptional approach was first used to explain the antagonistic effects between melatonin and urea treatment. Foliar application of melatonin or urea could induce some similar and different changes at the transcriptional level in soybean (Figure 3). Urea or melatonin treatment affected several common biological processes, such as responsive to salicylic acid biosynthetic and metabolic process, chitin, nitrogen compound and organonitrogen compound, indicating overlapping functions of these two chemical compounds. However, a significant difference was also observed. Our Venn diagram sorting, hierarchical clustering, and GO enrichment analysis revealed some specific DEGs were induced upon different treatments. It is noteworthy that urea treatment affected amino acid transport biological process specifically, which was different from melatonin treatment. We found some DEGs under melatonin and MN treatments displayed similar expression pattern compared with urea treatment (Figures 4C,D), for example, DEGs in two clusters (Cluster 9 and Cluster 18) decreased expression in response to the melatonin and MN treatments compared with urea treatment (Figure 4). We then took a close look at the gene expression under melatonin and urea treatment and found that the expression levels of the GmNRT2.5 (Glyma.08G284000 and Glyma.18G141900) genes which involved in nitrate transport were upregulated in the urea treated samples (Figure 2E). While under melatonin treatment, the genes involved in abiotic stresses were mainly induced. For example, the expression of genes related to wounding responses GmJAR6 (Glyma.06G243500), heat responses GmHSF18 (Glyma.09G143200 and Glyma.16G196200), and GmHSP20 (Glyma.20G015900, Glyma.07G043600 and Glyma.16G012000) were highly induced in RNA-seq data (Figure 4A and Supplementary Table 3). When melatonin and urea were both applied to soybean, obviously different transcription patterns were observed. Additional melatonin application induced the expression of genes related to salt stress response (Glyma.10G253000) and cell death (GmTIR2; Glyma.06G268700, Glyma.08G301200 and Glyma.09G075500). These transcriptional differences between melatonin and urea treatment might partially explain the reduced soybean yields by additional application melatonin to urea treatment, implying that melatonin was not beneficial for soybean growth and yields production when foliar application it at grain filling stage. In addition, it was clearly demonstrated that urea is converted to amino acids in leaves after foliar application, and root nitrogen uptake is enhanced by the application of urea to leaves of apple trees (Dong et al., 2015), we speculated that foliar melatonin application might also affect the leaf nitrogen metabolism and root nitrogen uptake. Based on the transcriptomic results and soybean yields production under melatonin treatment, we might carefully choose an appropriate growth stage of soybean for melatonin foliar application, and the melatonin concentration should also be considered.

Rhizosphere or root microorganisms play an important role in the soil nitrogen cycle and are beneficial to the absorption of nitrogen by plants (Hacquard et al., 2015). In turn, nitrogen in the soil also affects the microbial community structure in the soil (Zeng et al., 2016), but the response of the microbial structure in the rhizosphere or root to different forms or concentrations of nitrogen [nitrate (NO3–-N, NH4+-N) and organic nitrogen] varies in soil and water environments (Gallart et al., 2018; Zhao et al., 2020). Generally, nitrogen levels in the soil mainly increased the abundance of Proteobacteria and Bacteroidetes but decreased the abundance of Acidobacteria and Planctomycetes (Kavamura et al., 2018; Liu et al., 2019; Zhou et al., 2021). In wheat, high levels of inorganic nitrogen in soil were found to have a significantly negative effect on bacterial richness and diversity, leading to a less stable bacterial community structure over time (Kavamura et al., 2018). In leguminous plants, application of excessive levels of nitrogen compounds to soil strongly inhibits nodule formation and changes the rhizosphere microbial community structure. Foliar nitrogen application can enhance crop yields; but it can alleviate the effect of nitrogen on soil properties. In our study, we found that the abundance of only a few taxa (such as Nocardioidaceae) were altered after nitrogen treatment through linear discriminant analysis (Figure 7). At the community level, we found that foliar application of urea reduced the abundance and diversity of rhizosphere microorganisms, but the difference was not significant (Figure 7A). In addition, foliar application of urea had no effect on the structure of rhizosphere microorganisms (Figure 8). These results suggested that compared to soil nitrogen application, aboveground nitrogen application has little effect on underground rhizosphere microorganisms. Altogether, our findings addressed the interesting question about whether the benefits associated with foliar urea application can be attributed to meeting the nutritional demand of the crop plant for nitrogen without restructuring the soil microbial community assemblage.

However, the effect of melatonin treatment on rhizosphere microorganisms was obviously different from that of urea treatment. Melatonin treatment did not change the soil microbial alpha diversity, but it did alter rhizosphere microbial community structure and the abundance of a larger number of taxa than urea treatment (Figure 8). Melatonin inhibited the abundance of Nocardioidaceae but increased the abundance of f__DS_100, f__67_14, f__TRA3_20, f__Intrasporangiaceae, f__Roseiflexaceae, f__S0134_terrestrial_group, f__Rubrobacteriaceae, f__JG30_ KF_CM45, f__Thermoanaerobaculaceae, f__TK10 and f__Gitt_GS_136, resulting in significant changes in the community structure of rhizosphere microorganisms. Interestingly, melatonin did not change the structure of rhizosphere microbial community when urea was applied at the same time, but it could affect the promotion role of urea on yield. Melatonin had been shown to reprogram gut microbiota communities in animals and humans (Ghareghani et al., 2018; Ren et al., 2018). In mice, melatonin can reverse high-fat diet-induced lipid accumulation and gut microbiota alterations (Yin et al., 2018). The effect of melatonin on rhizosphere microbial community structure has not been reported in soybean, and the mechanism is unknown. We speculated that melatonin may affect the structure of rhizosphere microorganisms by affecting plant physiological metabolism.

In conclusion, we proved that melatonin could not further promote soybean yields under urea treatment, and revealed the possible mechanism by transcriptomic and microbiome analyses. Foliar application of melatonin induced the expression of a set of genes in soybean leaves and changed rhizosphere microbial community structure which different from urea treatment, which might influence the soybean yields. Thus, to develop melatonin as a plant growth regulator that can be practically used in crop production, optimized agricultural practices including the crop performance, application method and plant growth stage still required further exploration.
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Supplementary Figure 1 | Correlation analysis between samples. CK, Control; N, foliar application of urea alone; M, foliar application of melatonin alone; MN, foliar application of both melatonin and urea. The colors represent the correlation coefficient (red color indicates higher correlation and blue color indicates lower correlation).

Supplementary Figure 2 | GO enrichment analysis of DEGs under melatonin treatments. (A) The GO terms were enriched from upregulated DEGs. (B) The GO terms were enriched from downregulated DEGs.

Supplementary Figure 3 | GO enrichment analysis of DEGs under urea and melatonin treatments. (A) The GO terms were enriched from upregulated DEGs. (B) The GO terms were enriched from downregulated DEGs.

Supplementary Figure 4 | The quantification of total bacteria in rhizosphere samples. The quantification of total bacteria in rhizosphere samples. qPCR results of the different treatments were analyzed with Newman-Keuls Multiple Comparison Test tests (n = 3, * indicates P < 0.05). WD28CK or ZD63CK indicates normal growth WD28 or ZD63 without treatment; WD28M or ZD63M indicates foliar application of melatonin to WD28 or ZD63; WD28N or ZD63N indicates foliar application of urea to WD28 or ZD63; WD28MN or ZD63MN indicates foliar application of both melatonin and urea to WD28 or ZD63.

Supplementary Table 1 | Raw data statistics.

Supplementary Table 2 | Quality control data statistics.

Supplementary Table 3 | Differentially expressed genes.

Supplementary Table 4 | qRT-PCR primers.

Supplementary Table 5 | GO enrichment analysis of CK compared with each differern treatment.

Supplementary Table 6 | GO enrichment analysis of different clusters.
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Antagonistic microorganisms are considered to be the most promising biological controls for plant disease. However, they are still not as popular as chemical pesticides due to complex environmental factors in the field. It is urgent to exploit their potential genetic characteristics and excellent properties to develop biopesticides with antimicrobial substances as the main components. Here, the serine protease Sp1 isolated from the Bacillus licheniformis W10 strain was confirmed to have a broad antifungal and antibacterial spectrum. Sp1 treatment significantly inhibited fungal vegetative growth and damaged the structure of hyphae, in accordance with that caused by W10 strain. Furthermore, Sp1 could activate the systemic resistance of peach twigs, fruits and tobacco. Dual comparative transcriptome analysis uncovered how Sp1 resisted the plant pathogenic fungus Phomopsis amygdali and the potential molecular resistance mechanisms of tobacco. In PSp1 vs. P. amygdali, RNA-seq identified 150 differentially expressed genes (DEGs) that were upregulated and 209 DEGs that were downregulated. Further analysis found that Sp1 might act on the energy supply and cell wall structure to inhibit the development of P. amygdali. In TSp1 vs. Xanthi tobacco, RNA-seq identified that 5937 DEGs were upregulated and 2929 DEGs were downregulated. DEGs were enriched in the metabolic biosynthesis pathways of secondary metabolites, plant hormone signal transduction, plant–pathogen interactions, and MAPK signaling pathway–plant and further found that the genes of salicylic acid (SA) and jasmonic acid (JA) signaling pathways were highly expressed and the contents of SA and JA increased significantly, suggesting that systemic resistance induced by Sp1 shares features of SAR and ISR. In addition, Sp1 might induce the plant defense responses of tobacco. This study provides insights into the broad-spectrum resistance molecular mechanism of Sp1, which could be used as a potential biocontrol product.
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Introduction

The United Nations Food and Agriculture Organization estimates that the global economic damages due to plant diseases are more than 22 billion dollars and that reduced agricultural production is exacerbating global hunger and endangering livelihoods. Chemical pesticides are widely used in disease prevention and control due to their quick effects. However, long-term, unreasonable application could easily produce pesticide residue, pathogen resistance, and adverse effects on human and animal health and the environment. Therefore, biological control is one of the most promising methods to control plant diseases from a security perspective (Aktuganov et al., 2014; Syed Ab Rahman et al., 2018; He et al., 2021). Bacillus spp. widely distributed in various ecological environments, such as plants and soil, and could colonize plant environments, inhibit pathogen infection, induce plant resistance, be compatible with chemical pesticides and produce endospores with strong stress resistance. Bacillus spp. are widely used biocontrol bacteria, among which B. licheniformis is a member (Fira et al., 2018; Won et al., 2021). There have been many reports on the biocontrol mechanism of B. licheniformis, including antagonism, competition, lysozyme, induced disease resistance, and growth promotion (Pérez-García et al., 2011; Muslim et al., 2016; Jeong et al., 2017; Won et al., 2019; Ji et al., 2020a). Studies have confirmed that B. licheniformis has certain control effects on plant diseases caused by fungi, oomycetes, bacteria, viruses and nematodes (Asraful Islam et al., 2010; Slimene et al., 2015; Bhai et al., 2019; Abdelkhalek et al., 2020; Panichikkal et al., 2021; Upadhyay and Mohan, 2021).

Biocontrol strains have excellent effects on research conditions, and various biopesticides have been developed. However, they were still not as popular as chemical pesticides in a survey covering nearly two decades. Complex environmental factors in the field easily affect their development and metabolism, such as temperature, light, humidity, nutrients, chemical substances, and various stress conditions (Someya, 2008). Therefore, it is urgent to explore their potential genetic characteristics and excellent properties, and developing biopesticides with antimicrobe substances as the main components, transferring these substances into plants to obtain resistant transgenic plants, or constructing efficient biocontrol engineering bacteria are important directions for the biological control of diseases.

The most prominent feature of Bacillus is their abundant metabolic system and ability to produce various extracellular proteins, including chitinase, glucanase, peptide, lipopeptide and other types of antifungal proteins (Leelasuphakul et al., 2006; Gomaa, 2012; Fira et al., 2018). Chitinase and glucanase were reported to be major mucolytic enzymes that dissolve fungal cell walls (Ji et al., 2020b). Lipopeptides such as iturins and surfactin from Bacillus are widely known for targeting the host cell wall that causes its collapse and the membrane through pore formation, ultimately leading to cell death and inhibiting fungal growth (Someya, 2008; Tian et al., 2021). Wang et al. (2014) identified a 55 kDa antifungal protein produced by the B. licheniformis HS10 strain that was a carboxypeptidase and had significant inhibitory effects on eight different plant pathogenic fungi. The 31 kDa antifungal protein with hydrolyzing activity on casein in B. licheniformis BS-3 inhibited the growth of Aspergillus niger, Magnaporthe oryzae, and Rhizoctonia solani (Cui et al., 2012). The 48 kDa serine protease MG-3A purified from the B. amyloliquefaciens MG-3 strain exhibited promising antifungal activity against four kinds of fungi and effectively extended the shelf life of loquat fruit (Yan et al., 2021). B. licheniformis W10 strains were isolated from the tomato rhizosphere by our lab and have significant inhibitory effects on Botrytis cinerea, Monilinia fructicola, and Sclerotinia sclerotiorum. Studies have shown that treatment with W10 can cause malformed mycelium, extravasation of protoplasm, and changes in cell membrane permeability, and can inhibit vegetative growth and conidial germination (Ji et al., 2015, 2020a). Furthermore, an approximately 48 kDa extracellular antifungal protein that encoded serine proteases (named the Sp1 protein) was purified from B. licheniformis W10 strain, and it was found that Sp1 had a strong inhibitory effect on B. cinerea, good thermal stability and pH tolerance, demonstrating that the Sp1 protein could be a potential biocontrol enzyme of plant pathogenic fungi (Ji et al., 2020b). However, the underlying molecular regulatory mechanism of the antifungal protein of Bacillus is still not clear.

Serine proteases depend on their serine residue for catalytic activity are widespread and numerous. Most of them were grouped into about six clans due to protein three-dimensional structures and the order of catalytic residues in the polypeptide chain, including SA, SB (subtilisin), SC, SE, SF, and SG family (Rawlings and Barrett, 1994). W10-Sp1 protein had a conserved S8 domain which belongs to subtilisin family. The subtilisin family that first observed in B. subtilis is the second largest family of serine proteases, present in many organisms, however, mostly found in plant, such as in tomato, potato, Arabidopsis, grape, soybean and tobacco (Figueiredo et al., 2018). Plant subtilases play important roles in its development functions, including the growth of seeds and fruits and cell wall modification, besides that, they have got more attention in the plant response to the biotic and abiotic stress (Schaller et al., 2012). Studies have been reported that they mainly response to drought and salt stress (Liu and Howell, 2010; Budič et al., 2013). Accumulation of the subtilases were found after infection with the pathogens in tomato, grapevine and cotton (Vera et al., 1989; Monteiro et al., 2013; Duan et al., 2016), and further some substrates were identified such as systemin and the leucine-rich repeat (LRP), initiated defense signaling pathway and activated the expression of defense-related genes (Bergey et al., 1996; Tornero et al., 1996; Ryan, 2000). In addition, studies have showed that some specific subtilases are involved in plant programmed cell death (PCD) (Fernández et al., 2015). Besides that, subtilases are also found in pathogens as one of the virulence factors to disrupt host cell membrane during infection process, or degraded host PR protein, or as an avirulent to trigger a strong plant defense reaction (Olivieri et al., 1998; Walter et al., 2010; Chalfoun et al., 2013). Above all, subtilases perform multiple functions whether in plants or in pathogens. However, the specific mechanisms in biocontrol microorganism need to be further studied.

In this study, we found that W10-Sp1 had a broad antifungal effect, further inhibiting the growth of some bacteria and activating the systemic resistance of peach twigs, fruits and tobacco. Then, the broad-spectrum resistance molecular mechanism of the Sp1 protein was explored through dual comparative transcriptome analysis.



Materials and methods


Strains, culture conditions and purification of the W10-Sp1 protein

Strains of bacteria, including Bacillus licheniformis W10 (CGMCC No. 14859), Xanthomonas arboricola pv. pruni, Pseudomonas cichorii, Pseudomonas syringae pv. tomato, Acidovorax avenae subsp. citrulli and Pectobacterium carotovorum subsp. carotovorum, and fungi, including Botrytis cinerea, Phomopsis amygdali, Rhizoctonia solani, Monilinia fructicola, Sclerotina sclerotiorum, Glomerella cingulata, Rhizopus stolonifer, Fusarium moniliforme, Alternaria cerasi and Gaeumannomyces graminis, were preserved at the Peach Disease Research Laboratory, College of Horticulture and Plant Protection, Yangzhou University, China. Fungal strains were cultured at 25°C in potato dextrose agar (PDA) medium. Bacterial strains were cultured at 28°C in nutrient agar (NA) medium. The W10-Sp1 protein was purified according to our previous work (Supplementary Figure S1; Ji et al., 2020b). Peach [Prunus persica (L.) Batsch] (“Liutiaobaifeng”) twigs were used within 1- to 2-year old in this study. Peach fruits were from peach experimental and demonstration bases at Yangshan, Wuxi, China. Xanthi tobacco (Nicotiana tabacum L. “Xanthi”) plants were potted at 25°C with 80% relative humidity for 6–8 leaf stage.



Antagonism assay of the W10-Sp1 protein against different fungal/bacterial strains

In confrontation assays against fungus, the different plant pathogenic fungal blocks (6 mm) were separately inoculated on the center of PDA plates (diameter was 9 cm). Then, the sterilized paper disks were symmetrically placed on both sides of the fungal blocks, one side was dropped with 10 μl of sterile water, and the other side was placed in 10 μl of purified W10-Sp1 protein solution at a concentration of 20 mg/L. The plates were cultured at 25°C until the vegetative mycelium overgrew, and the inhibitory diameters were measured.

In confrontation assays against bacteria, overnight cultures of plant pathogenic bacteria (OD600 = 0.8) were mixed with NA agar medium and poured into plates with a diameter of 9 cm. Then, the sterilized paper disks were symmetrically placed on both sides of the center, one side was dropped with 10 μl of sterile water, and the other side was placed in 10 μl of purified W10-Sp1 protein solution at a concentration of 20 mg/L. After culturing at 28°C for 24 h, the inhibitory diameters were measured. All treatments were replicated three times.



EC50 measurement

W10-Sp1 protein was separately added to PDA medium at concentrations of 25, 50, 100, 250, and 500 μg/ml, and sterile water was used as a control. Then, the hyphal blocks were inoculated in the center of the plates and cultured at 25°C in the dark until the control strains overgrew on the PDA medium. When the EC50 of Sp1 protein to G. graminis was measured, the concentrations of W10-Sp1 protein were 0.25, 0.5, 1.0, 5.0, and 25 mg/L. The inhibitory rate (%) = [(control growth diameter-treated growth diameter)/(control growth diameter − 6)] × 100%. The concentrations of W10-Sp1 protein were logarithmically transformed to 10 as the abscissa, and the probability value corresponding to the inhibitory rate was used as the ordinate to obtain the regression equation. When the inhibitory rate was 50%, the corresponding concentration value was the EC50 value.



RNA extraction and RNA sequencing

To explore the mechanism of how the W10-Sp1 protein resisted the plant pathogenic fungus, P. amygdali was used as an example in this study. Hyphal blocks of P. amygdali were cultured in liquid PDA medium at 25°C for 36 h, and then W10-Sp1 protein solution was added at a concentration of 100 mg/L for another 36 h (PSp1). Equal amounts of sterile water were used as a control (PCK). To explore the systemic resistance mechanism of the W10-Sp1 protein, W10-Sp1 protein at a concentration of 100 mg/L was injected into the lower leaf of Xanthi tobacco, and sterile water was injected into the control. Then, the upper leaf was used for further research. Three biological replicates were performed, and RNA was extracted from 12 samples with an RNA kit (Cat no. 12183018A, Invitrogen, United States). The DNA library was constructed and sequenced. The adapter reads were removed from the raw sequencing data, along with the reads that could not be used to determine the base information and low-quality reads; thus, clean reads were obtained. The clean reads were aligned to the reference genomes of P. amygdali and Xanthi tobacco using HISAT2 software. The FPKM values were used to estimate the sequencing depth and gene length.



Differentially expressed genes analysis

Differentially expressed genes (DEGs) in treated samples vs. CK were determined by DESeq2 software. GO (Gene Ontology) terms and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment of DEGs were analyzed by clusterProfile, and the PPI (protein–protein interaction) networks of DEGs were predicted according to STRING software.



Quantitative reverse transcription PCR analysis

Differentially expressed genes were randomly selected for reverse transcription PCR (qRT-PCR) to verify the accuracy of the dual transcriptome data. RNA was extracted from the same samples and reverse transcribed into cDNA as the templates for qRT-PCR. qRT-PCR was performed on a Bio-Rad CFX96 instrument (Bio-Rad, United States) according to the manufacturer’s instructions. All experiments were performed for three independent replicates. The primers used are listed in Supplementary Table S5.



Conductivity measurement

The same amount of hyphal blocks were put into 40 ml of liquid PDA medium and cultured at 25°C and 180 r/min for 48 h. The plates were filtrated and washed with sterile water three times to remove the medium. Then, the hyphal blocks were placed into 5 ml of W10-Sp1 protein solution with EC50 or 2EC50 concentrations and cultured at 25°C and 180 r/min, and the conductivity was detected after 2, 4, 6, 12, and 24 h of culturing within a DDS-307 conductivity meter. Finally, the samples were boiled for 0.5 h, and the conductivity was detected after cooling. Relative conductivity = (conductivity before water bath/conductivity after water bath) × 100%. All treatments were replicated three times.



Salicylic acid and jasmonic acid content measurement with high-performance liquid chromatography–tandem mass spectrometry method

Xanthi tobacco at the 8–10 leaf stage was selected for injection with 50 μl of W10-Sp1 at a concentration of 100 mg/L or the same amount of sterile water. The upper leaves were taken at 12 hpi and used for the extraction of plant hormones and content measurement which were referred to the reference (Pan et al., 2010). Samples were quantified by high-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS) analysis using Poroshell 120 SB-C18 (2.1 × 150, 2.7 μm). The gradient elution program: 20% A (0.1% formic acid-methyl alcohol) at 0∼1 min; 20% A∼80% A at 1∼9 min; 80% A at 9∼10 min; 80% A∼20% A at 10∼10.1 min; 20% A at 10.1∼15 min. The peak flow of the standard of SA was at ∼5.61 min; of the standard of JA was at ∼6.22 min.




Results


Inhibitory effects of purified W10-Sp1 protein on 10 kinds of plant pathogenic fungi

Our previous work demonstrated that strains of B. licheniformis W10 and its extracellular antifungal crude protein had a better biocontrol effect to inhibit gray mold caused by B. cinerea and peach brown rot caused by M. fructicola (Ji et al., 2015, 2020a) and purified a protein, Sp1, which encoded a serine protease from the extracellular crude protein and significantly inhibited the mycelial growth of B. cinerea (Ji et al., 2020b). Therefore, we wondered whether the Sp1 protein could be a broad-spectrum antifungal protein. Purified W10-Sp1 protein was used to explore its effects on 10 kinds of different plant pathogenic fungi, including B. cinerea, P. amygdali, R. solani, M. fructicola, S. sclerotiorum, G. cingulata, R. stolonifer, F. moniliforme, A. cerasi and G. graminis. The inhibitory effects of W10-Sp1 on the vegetative mycelia of these fungi were observed by confrontation culture on PDA medium at 25°C. The results showed that W10-Sp1 had the most obvious inhibitory effects on G. graminis and M. fructicola, and the diameters of the inhibitory zones were 16.5 mm and 16.4 mm, respectively. This was followed by P. amygdali (13.6 mm), A. cerasi (12.7 mm), F. moniliforme (12.6 mm), G. cingulata (10.6 mm), S. sclerotiorum (10.0 mm), B. cinerea (9.5 mm), R. solani (9.4 mm), and R. stolonifer (7.2 mm) (Figures 1A,B).
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FIGURE 1
W10-Sp1 protein significantly affected the mycelial growth and the hyphal morphology of 10 kinds of fungi. (A) Hyphal cakes with diameters of 6 mm of 10 kinds of fungi were inoculated in the center of PDA plates. Sterilized paper disks were placed equidistant on both sides of the hyphal block. The left side was treated with sterile water, and the right side was treated with purified W10-Sp1 protein. Photographs were taken to observe the inhibition effect of W10-Sp1 after fungi overgrew the plate. (B) Measurement of the diameters of the inhibitory zone. Experiments were repeated three times with similar results. (C) Hyphal blocks of 10 kinds of fungi were separately placed into liquid PDA medium and shaken at 25°C and 160 rpm for 48 h. Then, they were treated with the purified W10-Sp1 protein in PDA medium and shaken under the same conditions for another 24 h. Sterile water was used as a CK (control). The morphology of single hyphae was separately observed under the microscope at 40×. Asterisks indicate malformed positions. Bar = 20 μm. (D) Measurement of hyphal diameter with different treatments under the microscope. Letters represent significant differences. Experiments were repeated three times with similar results (Duncan’s new multiple range test, p < 0.05).


Then, the hyphal blocks of these fungi were separately cultured in liquid PDA medium for 48 h at 25°C and then treated with W10-Sp1 protein or sterile water for another 24 h, and the single hyphal morphology was observed under a microscope. The results showed that the W10-Sp1 protein affected hyphal morphology in three ways: some were malformed and swollen in P. amygdali, G. cingulata, A. cerasi and G. graminis (Figure 1C); hyphal diameter increased in B. cinerea, P. amygdali, R. solani, G. cingulata, R. stolonifer, F. moniliforme, A. cerasi, and G. graminis (Figures 1C,D); and large or more vesicle-like structures occurred in the hyphae in nearly all 10 kinds of fungi (Figure 1C).

In addition, a certain amount of spore suspension was treated with W10-Sp1 protein at a final concentration of 50 mg/L, and the germination rate was observed at 12 hours post-inoculation (hpi) in hollow glasses, respectively. The results found that W10-Sp1 significantly inhibited the spore germination of those fungi compared with that of the untreated fungi; the inhibitory rates were between 58.6∼72.9%, and the highest was that of M. fructicola (Table 1). Overall, the results indicated that W10-Sp1 has a stronger inhibitory effect on these 10 kinds of plant pathogenic fungi.


TABLE 1    Effects of purified W10-Sp1 protein on spore germination rates of different plant pathogenic fungi.
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The W10-Sp1 protein had significant differences in EC50 value among different plant pathogenic fungi

The antifungal effects of the W10-Sp1 protein on these 10 kinds of plant pathogenic fungi became much stronger with increasing concentrations. However, there were certain differences in inhibitory effects among the different fungi (Supplementary Figure S2). EC50 represents concentrations required for a half maximal effect. Linear regression analysis and EC50 values were calculated in different fungi treated with Sp1 protein at different concentrations. The results showed that the W10-Sp1 protein had the best anti-G. graminis effect, with an EC50 value of 4.2 mg/L, followed by P. amygdali (82.8 mg/L), G. cingulata (106.6 mg/L), A. cerasi (133.8 mg/L), R. solani (183.8 mg/L), M. fructicola (185.6 mg/L), R. stolonifer (204.9 mg/L), S. sclerotiorum (244.9 mg/L), F. moniliforme (298.8 mg/L) and B. cinerea (398.2 mg/L) (Table 2). These results indicated that the W10-Sp1 protein could be used as a broad-spectrum antifungal drug in the future.


TABLE 2    EC50 values of purified W10-Sp1 against different plant pathogenic fungi.
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Inhibitory effects of W10-Sp1 protein on four kinds of plant pathogenic bacteria

We were then determined whether the W10-Sp1 protein had an inhibitory effect on plant pathogenic bacteria. Strains of X. arboricola pv. pruni, P. cichorii, P. syringae pv. tomato, A. avenae subsp. citrulli and P. carotovorum subsp. carotovorum were mixed with NA medium with treated paper disks with or without W10-Sp1 solution (20 mg/L) and cultured at 28°C for 48 h. The W10-Sp1 protein had significant inhibitory effects on X. arboricola (19.8 mm), P. cichorii (16.7 mm), P. syringae (15.7 mm), and A. avenae (12.7 mm), but had no effect on P. carotovorum (Figures 2A,B). These results suggested that W10-Sp1 also had- antibacterial effects.
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FIGURE 2
Effects of the W10-Sp1 protein on different plant pathogenic bacteria. (A) Bacterial suspensions (OD600 = 0.8) of different strains were mixed with NA medium. Two disinfected paper disks were separately placed on both sides of the plates. Sterilized water was used to treat the left sides; W10-Sp1 protein was used to treat the right sides. Photographs were taken at 2 days post-inoculation (dpi). (B) Measurement of the diameters of the inhibitory zone. Experiments were repeated three times with similar results.




Transcriptome analysis of W10-Sp1 protein anti-fungal mechanism

Based on the better inhibitory effect of the W10-Sp1 protein on P. amygdali, it was selected in this study to further explore its anti-fungal mechanism. Hyphal blocks of P. amygdali were cultured in liquid PDA medium for 48 h, and then 100 mg/L W10-Sp1 protein solution was added and shaken at 25°C for another 24 h (PSp1). Medium without W10-Sp1 protein was used as a control (PCK). RNA was extracted to analyze the differentially expressed genes (DEGs) in the whole genome of P. amygdali, which was obtained by our lab (in preparation). The average total numbers of clean reads were 45.38 Mb and 42.48 Mb; the Q20 values were 99.02% and 99.04%; the Q30 values were 97.86% and 97.89%; and the total mapping ratios were 97.94% and 98.07% in the three PCK (PCK-1, PCK-2, PCK-3) samples and the three PSp1 (PSp1-1, PSp1-2, PSp1-3) samples, respectively (Supplementary Table S1). Eight genes were selected at random to verify the accuracy of RNA-seq by qRT-PCR under similar treatments. The qRT-PCR results showed that the expression levels of GME1740_g, GME8443_g, and GME8738_g were upregulated, and the expression levels of the other five genes were downregulated, which was consistent with the RNA-seq results (Supplementary Figure S3), indicating that the RNA-seq data were reliable. A total of 11,677 transcripts were obtained, among which 10,721 were present in both conditions. However, 364 and 592 transcripts were specifically expressed in PSp1 and PCK samples, respectively (Figure 3A). DEG analysis found that 150 transcripts were upregulated, 209 transcripts were downregulated, and most genes (14562 transcripts) had no differential expression (| log2 fold change (FC)| > 0, padj < 0.05) (Figure 3B). Furthermore, GO and KEGG pathway enrichments were analyzed. The top 10 GO enrichments were coenzyme binding, carbohydrate metabolic process, flavin adenine dinucleotide binding, NAD binding, oxidoreductase activity, peptidase activity, proteolysis, endopeptidase activity, external encapsulating structure and hydrolase activity (Figure 3C). The top 10 KEGG enrichments were biosynthesis of secondary metabolites, valine, leucine and isoleucine degradation, carbon metabolism, starch and sucrose metabolism, propanoate metabolism, glutathione metabolism, glyoxylate and dicarboxylate metabolism, fatty acid metabolism, biosynthesis of amino acids and pentose phosphate pathway (Figure 3D).
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FIGURE 3
Transcriptome analysis of W10-Sp1 treating the P. amygdali ZN32 strain (PSp1) vs. the ZN32 strain (PCK). (A) Venn diagram presenting the overlap of expressed genes between PCK and PSp1. Purple represents the number of expressed genes of PCK; yellow represents the number of expressed genes of PSp1; orange represents the overlapping expressed genes of PSp1 and PCK. (B) Volcano plot of DEGs between PSp1 and PCK. Splashes represent different genes, where red shows significantly upregulated genes after purified Sp1 protein was used to treat hyphae of P. amygdali ZN32, green shows downregulated genes, and blue shows no significant difference between the samples of PSp1 and PCK. (C) GO analysis of DEGs. The X-axis represents the analysis categories, including biological process, molecular function and cellular component. The Y-axis represents the number of DEGs. (D) Bubble diagram of the KEGG pathway analysis of DEGs. The X-axis represents the top 20 KEGG signaling pathways. The Y-axis represents enriched factors. The closer the color was to red, the smaller the padj value and the higher the significance level.




W10-Sp1 treatment might affect the energy supply and the cell wall structure of Phomopsis amygdali

Differentially expressed genes in coenzyme binding included 12 upregulated and 10 downregulated genes under W10-Sp1 treatment of the hyphae of P. amygdali compared with untreated hyphae. In carbohydrate metabolic processes, five DEGs were upregulated, and eight DEGs were downregulated. There were three upregulated and seven downregulated DEGs in hydrolase activity and six DEGs in valine, leucine and isoleucine degradation processes that were all upregulated (Figure 4). In addition, we found that genes expressing glycosyl hydrolase (an important energy production enzyme) and glucanase (cell wall glucan hydrolase) were notably downregulated (Figure 4). These results indicated that W10-Sp1 treatment might affect the energy supply and the cell wall structure of P. amygdali.
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FIGURE 4
Heatmap analysis of DEGs related to key enzymes of the TCA cycle, glycosyl hydrolase and glucanase. The red color represents DEGs with upregulation, and the green color represents DEGs with downregulation.




The W10-Sp1 protein caused cell damage in nine kinds of plant pathogenic fungi

The above studies showed that the W10-Sp1 protein significantly affected the hyphal morphology of the fungi and DEGs of cell wall related-genes which might be due to the damage of cell structure. Ten different kinds of fungi were cultured in liquid PDA medium for 48 h and then washed three times to remove the medium. The relative conductivity (RC) of liquid-culture hyphae under the treatment of W10-Sp1 protein (two different concentrations were used) or sterile water was measured at 2, 4, 6, 12, and 24 hpi. Treatment of W10-Sp1 protein with nine kinds of fungi significantly increased the conductivity in the solutions in addition to G. graminis; the higher the Sp1 protein concentration was used, the higher the value of RC (Figures 5A–H). The results indicated that cell structure of the fungi was damaged under W10-Sp1 protein treatment.
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FIGURE 5
Effects of the W10-Sp1 protein on cell damage of different plant pathogenic fungi. The hyphal blocks of each fungal strain were shaken in liquid PDA medium at 25°C and 160 r/min for 48 h and washed repeatedly with sterile water, and the surface medium of mycelium pellets was removed. Then, they were placed in purified W10-Sp1 solution at EC50 and 2EC50 concentration, and the conductivity of the solution was measured after coculture for 2, 4, 6, 12, and 24 h. Finally, the cocultures were heated in boiling water for 30 min, and the final conductivity was measured after cooling (A–H). Relative conductivity = (conductivity before the water bath/conductivity after the water bath) × 100%. Experiments were repeated three times with similar results (Duncan’s new multiple range test, p < 0.05).




W10-Sp1 protein was involved in activating systemic resistance

Based on the significant antifungal effect of the W10-Sp1 protein, we wanted to explore its effect on disease control. Hyphal cakes of P. amygdali were inoculated onto disinfected and wounded peach twigs and then dipped into 50 mg/L or 200 mg/L W10-Sp1 protein for 30 min at 24 hpi. Inoculated PDA cakes or hyphal cakes without Sp1 treatment were used as negative or positive controls, respectively, and disease symptoms were observed at 7 dpi. The length of lesions were reduced by 36.8∼46.1% compared with no treatment with W10-Sp1 protein (Figures 6A,B). Furthermore, disinfected peach twigs were first dipped into the same concentration of W10-Sp1 protein for 30 min and then inoculated with hyphal cakes of P. amygdali. Symptoms were observed at 7 dpi. Amazingly, the length of lesions were reduced by 40.9∼55.5%, and the peach shoot blight-control effect was better than that of treatment with W10-Sp1 solution after inoculation (Figures 6A,B). In addition, hyphal cakes of M. fructicola were inoculated on peach fruits after spraying different concentrations of W10-Sp1 protein solution and cultured at 28°C with 90% relative humidity for 7 days. PDA-treated peach fruits and only-inoculated hyphal cakes were used as controls. The results showed that the peach brown rot-control rate was reduced by 52.4% under the treatment of 50 mg/L W10-Sp1 protein and 93.5% under the treatment of 200 mg/L W10-Sp1 protein (Figures 6C,D).
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FIGURE 6
W10-Sp1 activated systemic resistance of the host. (A) Two treatments for control of peach shoot blight: hyphal cakes of P. amygdali were inoculated on the wounded peach twigs for 24 h, after which the hyphal cakes were removed and the twigs were dipped in the W10-Sp1 protein solution for 30 min (after); another treatment used W10-Sp1 protein solution to dip the disinfected twigs for 30 min, and then the hyphal cakes of P. amygdali were inoculated (before). The results of both treatments were observed at 7 dpi. (B) Measurement of lesion length at 7 dpi for peach shoot blight-control effect. (C) W10-Sp1 protein solution was sprayed onto disinfected peach fruits for 30 min at different concentrations, and then the hyphal cakes of M. fructicola were inoculated, and the results were observed at 7 dpi. (D) Measurement of lesion diameters at 7 dpi for peach brown rot-control effect. Direct inoculation of hyphal cakes was used as a positive control; equal solid PDA media inoculation was used as a negative control. (E) W10-Sp1 protein was injected into the leaves of Xanthi tobacco and inoculated with hyphal cakes of B. cinerea on upper leaves at 0, 6, 12, 24, and 36 h post-injection (hpi), and disease symptoms were observed at another 24 hpi. (F) Measurement of lesion diameters at 24 hpi of different incubation time treatments of Sp1 protein. (G) Different concentrations of purified Sp1 protein were injected into Xanthi tobacco and then inoculated into hyphal cakes of B. cinerea at 12 h post-injection. CK was treated with equal amounts of sterile water. (H) Measurement of lesion diameters at 24 hpi after treatment with different concentrations of Sp1 protein.


Furthermore, 10 mg/L W10-Sp1 protein was injected into the lower leaves of Xanthi tobacco, and hyphal cakes of B. cinerea were inoculated onto the upper leaves at different induction times from 0∼36 hpi. The results showed that the best induced gray mold resistance time by the W10-Sp1 protein was at 12 hpi, and the lesion diameters were approximately 2.5 mm (Figures 6E,F). Furthermore, different concentrations of 1, 10 or 100 mg/L W10-Sp1 protein were applied to the lower leaves of Xanthi tobacco for 12 h, after which B. cinerea was inoculated onto the upper leaves, and symptoms were observed at 24 hpi, separately. The results showed that the diameters of the lesions were 1.62, 0.28 and 0.23 mm at different inducing concentrations. There was no significant differences among the three concentrations (Figures 6G,H). Overall, the results revealed that the W10-Sp1 protein activated systemic resistance independent of its concentration.



Transcriptome analysis of W10-Sp1 protein activation systemic resistance mechanism

W10-Sp1 protein-treated Xanthi tobacco (TCK) was used to further explore its mechanism of systemic resistance through transcriptome analysis due to the complete genome information of tobacco. The RNA of sterile water-treated Xanthi tobacco (TSp1) was used as a control group. RNA-seq was verified by qRT-PCR by selecting 16 genes involved in auxin synthesis, SA metabolism, JA metabolism and phenylpropanoid biosynthesis. The expression trends of qRT-PCR were consistent with those of RNA-seq in addition to that of CCOAOMT2. Thus, the RNA-seq had approximately 93.8% accuracy (Supplementary Figure S4). A total of 51,708 transcripts were obtained, among which 47,881 were present in both conditions. However, 1473 and 2354 transcripts were specifically expressed in TCK or TSp1 samples, respectively (Figure 7A). DEG analysis found that 5937 transcripts were upregulated (FC ≥ −2, q-value ≤ 0.001), 2925 transcripts were downregulated (FC ≤ −2, q-value ≤ 0.001), and most of the genes (39,710 transcripts) had no differential expression (FC < 2 or q-value > 0.001) (Figure 7B). The average total numbers of clean reads were 44.91 Mb and 44.74 Mb; the Q20 values were 99.02% and 99.04%; the Q30 values were 96.89% and 96.95%; and the total mapping ratios were 85.06% and 85.18% in the three TCK and TSp1 samples, respectively (Supplementary Table S2). The top 10 GO enrichments were metabolic process, cellular process, binding, catalytic activity, cell, cell part, membrane, organelle, membrane part and response to stimulus (Table 3). The top 10 KEGG pathways enriched were metabolic pathway, biosynthesis of secondary metabolites, plant hormone signal transduction, plant–pathogen interaction, MAPK signaling pathway-plant, protein processing in endoplasmic reticulum, starch and sucrose metabolism, biosynthesis of amino acids, phenylpropanoid biosynthesis, and endocytosis (Table 4).
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FIGURE 7
Transcriptome analysis between the samples of W10-Sp1 treating Xanthi tobacco (TSp1) to Xanthi tobacco (TCK). (A) Venn diagram presenting the overlap of expressed genes between TSp1 and TCK. Green represents the number of expressed genes of TCK; red represents the number of expressed genes of TSp1. (B) Volcano plot of DEGs between TCK and TSp1. Splashes represent different genes, where red indicates significantly upregulated genes after Sp1 protein was used to treat Xanthi tobacco, blue indicates downregulated genes, and gray indicates no significant difference. (C) Analysis of DEGs focusing on the plant hormone signaling pathway of TSp1 vs. TCK. The gray box represents upregulated DEGs of TSp1 vs. TCK, and the white box represents downregulated DEGs.



TABLE 3    The top 10 GO enrichment list of 5618 DEGs of Sp1 protein vs. control tobacco.
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TABLE 4    The top 10 KEGG pathway functional enrichment results of Sp1 protein –vs.- control tobacco.
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The W10-Sp1 protein significantly affected plant hormones, especially increasing the intracellular contents of salicylic acid and jasmonic acid

Plant hormones play important roles in various stress conditions, including biotic or abiotic stress (Coolen et al., 2016). RNA-seq in the samples of W10-Sp1 protein-treated Xanthi tobacco also significantly induced plant hormone signal transduction, and approximately two-thirds were upregulated. Nearly all genes that regulated auxin (IAA), cytokinin (CTK), gibberellin (GA), abscisic acid (ABA), and salicylic acid (SA) signal transduction were differentially expressed. In total, 96 DEGs were upregulated and 34 DEGs were downregulated in IAA signal transduction; 46 DEGs were upregulated and 13 DEGs were downregulated in CTK signal transduction; 70 DEGs were upregulated and 21 DEGs were downregulated in GA signal transduction; and 33 DEGs were upregulated and 9 DEGs were downregulated in ABA signal transduction (Figure 7C).

In addition, plant hormones such as SA and JA are important regulators of activating systemic resistance; therefore, DEGs in the SA and JA signal transduction pathways were further analyzed by RNA-seq. NPR1, a positive regulator of the SA signaling pathway, was upregulated by two genes. There were six upregulated and four downregulated TGA genes. However, the disease resistance-related gene PR1 was upregulated by one gene and downregulated by five genes, which showed more significant differences. In the JA signaling pathway, the negative regulatory factor JAZ was upregulated by 2 genes and downregulated by 14 genes with more significant differences. There were 8 upregulated and 14 downregulated genes in the transcription factor MYC2 that regulated JA signal termination, and downregulated genes showed more significant differences, suggesting that W10-Sp1 might enhance the JA signaling pathway in Xanthi tobacco by inhibiting the expression of its negative regulatory genes (Supplementary Table S3). These results indicated that the SA and JA signaling pathways were induced by the W10-Sp1 protein. Furthermore, the contents of SA and JA were detected in different treated samples with HPLC-MS/MS method. The content of SA increased 7.2-fold and that of JA increased 4.8-fold compared W10-Sp1-treated Xanthi tobacco for 12 h to untreated tobacco in the upper leaves of Xanthi tobacco (Figure 8 and Table 5). The results suggested that W10-Sp1 treatment activated the intracellular SA and JA signaling pathways.
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FIGURE 8
MS/MS spectra of MRM chromatograms of detected the contents of SA and JA in 50 mg of the Xanthi tobacco samples treated with W10-Sp1 protein or control. (A) MS/MS spectra of detected SA from 50 mg of upper leaves of Xanthi tobacco under different treatments. The peak flow of the standard of SA was at ∼5.61 min. (B) MS/MS spectra of detected JA from 50 mg of upper leaves of Xanthi tobacco under different treatments. The peak flow of the standard of JA was at ∼6.22 min.



TABLE 5    The contents of SA and JA in the samples of W10-Sp1-treated Xanthi tobacco for 12 h and untreated tobacco with HPLC-MS/MS method.
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Impact of W10-Sp1 protein on the plant–pathogen interaction pathway of tobacco

A total of 426 DEGs were identified in the plant–pathogen interaction pathway under W10-Sp1 treatment, including Ca2+/CaM signal pathway-related genes (NOS, CML), the transcription factor WRKY, serine/threonine-protein kinases (PTO, PBS1), and a disease resistance protein (RPS4) (Figure 9 and Supplementary Table S4). Furthermore, the plant–pathogen interaction pathway that was potentially regulated by W10-Sp1 was described according to the number of DEGs. We found that family genes of RPM1, which recognized bacterial effectors, included 81 upregulated DEGs and 8 downregulated DEGs; LRR receptor-like serine/threonine-protein kinase FLS2, which recognized bacterial flagellin signaling transduction pathways, was upregulated by 66 genes and downregulated by 18 genes. In addition, recognition of bacterial effector signal transduction pathway disease resistance protein Prf family genes showed 44 upregulated genes and 2 downregulated genes, and other genes in these pathways were also differentially upregulated or downregulated (Figure 9). Further, the expressions of receptor-genes were significantly up-regulated or down-regulated by qRT-PCR (Supplementary Figure S5). These results indicated that W10-Sp1 treatment might induce the plant defense response to control pathogen infection by significantly stimulating the expression of these three signaling pathways.
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FIGURE 9
Statistical map of DEGs in the immune signaling pathways mediated by Fls2, Prf, and Rpm1 strongly induced in Xanthi tobacco treated with the W10-Sp1 protein. The black box represents no differential expression; the red box represents DEGs with upregulation; the green box represents DEGs with downregulation; and the red and green combined box represents both upregulated and downregulated DEGs.





Discussion

Our previous work purified and identified a serine protease, Sp1, from B. licheniformis W10 strains, which significantly inhibited the growth of B. cinerea and had higher temperature and pH tolerance, suggesting that the protein could be a potential biopesticide (Ji et al., 2020b). To explore its applicability, here, the purified W10-Sp1 protein notably inhibited the growth of ten kinds of plant pathogenic fungi (B. cinerea, P. amygdali, R. solani, M. fructicola, S. sclerotiorum, G. cingulata, R. stolonifer, F. moniliforme, A. cerasi and G. graminis) and four kinds of bacteria (X. arboricola, P. cichorii, P. syringae, A. avenae), indicating that the W10-Sp1 protein has a broad antimicrobial spectrum. Most of the literature have reported that proteins secreted by Bacillus have antifungal activity; however, little is known about their antibacterial activity (Li et al., 2009; Cui et al., 2012; Wang et al., 2014; Slimene et al., 2015; Yan et al., 2021). It was not clear whether the antimicrobial spectra of different antifungal proteins were consistent, and some pathogenic fungi were not detected.

In this work, the antifungal activity of the W10-Sp1 protein might be the reason for its affecting hyphal structure (including increasing hyphal diameter, leading to swollen hyphae and producing vesicular-like structures) and inhibiting spore germination. The characteristics were in accordance with those of the treatment of B. licheniformis W10 strains (Tang et al., 2005; Sun et al., 2007), which indicated that the W10-Sp1 protein was an important extracellular secreted substance for the biocontrol function of B. licheniformis. Furthermore, the EC50 values of its antifungal activity were 4.2–398.2 mg/L with 10 different plant pathogenic fungi; among them, the W10-Sp1 protein had a much better biocontrol effect on G. graminis, and that of B. cinerea was the worst. The EC50 values provide an important experimental basis for the applicability of the products of the W10-Sp1 protein as the main ingredients in the future.

In addition, P. amygdali, which causes peach shoot blight to seriously affect peach production (Yang et al., 2022), was used as an example in the present work to explore the underlying molecular regulatory mechanism of the W10-Sp1 protein in plant pathogenic fungi through transcriptome analysis. RNA-seq identified 359 DEGs, 150 of which were upregulated and 209 of which were downregulated in the whole genome of P. amygdali treated with the W10-Sp1 protein when compared with untreated hyphae of P. amygdali (PCK). The top 10 GO enrichment and KEGG pathway enrichment analyses showed that treatment of P. amygdali with the W10-Sp1 protein significantly affected coenzyme binding, carbohydrate metabolic processes, amino acid metabolism, fatty acid metabolism, glyoxylate and dicarboxylate metabolism, and propanote metabolism. Interestingly, those pathways and biological processes had a common intersection, which was the TCA cycle. DEGs in the molecular function category of coenzyme binding, such as acetyl-CoA, which is a key regulator of the TCA cycle, were highly active. Amino acids are indispensable components in the formation of cell structures and various enzymes. The degradation of valine, leucine and isoleucine might be related to propanoate metabolism, which enters the TCA cycle (Tian et al., 2021). DEGs of valine, leucine and isoleucine degradation were all upregulated in this work, indicating that some cell structures and enzymatic activities might be damaged, similar to the hyphal morphological changes in P. amygdali. The results suggested that W10-Sp1 treatment affected the energy supply and amino acid metabolism of P. amygdali. In addition, genes expressing glycosyl hydrolase (GME11525_g, GME3789_g, GME4018_g, GME13604_g, GME7161_g, GME3329_g, GME10136_g) and glucanase (GME6808_g, GME4201_g, GME10462_g) were notably downregulated. Protein glycosylation is one of the most common and highly conserved posttranslational modifications in eukaryotes and plays important roles in protein structure and function (Willer et al., 2005). It has been reported that glycosylation is closely related to the virulence of plant pathogens and affects biological processes such as pathogen adhesion, signal transduction, immune response and colonization (Li et al., 2013; Rempe et al., 2016; Liu et al., 2021). Among them, glycosyl hydrolase and glycosyltransferase drive essential functions. Glycosylated proteins play important roles in composition of fungal cell wall structure. Moreover, glycolysis and the TCA cycle are both important energy supply processes, and there is crosstalk between the two processes (Payne et al., 2010). Besides that, previous work has reported that cyclic lipopeptides isolated from Bacillus inhibited the activity of (1,3)-beta-D-glucan synthase in fungi and caused abnormal cell walls (Kurtz and Douglas, 1997). They all affected the composition of the cell wall. Therefore, we suspect that the W10-Sp1 protein might affect the energy supply and cell wall structure, to inhibit the development of P. amygdali (Figure 10). Conductivity analysis confirmed the results that W10-Sp1 treatment surely damaged the cell wall of nine fungi. To our knowledge, this is the first study to uncover how biocontrol antifungal proteins protect against plant pathogens.
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FIGURE 10
Model for P. amygdali inducing energy supply and cell wall structure by purified W10-Sp1 protein.


Furthermore, we found that the W10-Sp1 protein has a better disease control effect, especially when pre-spraying the host, than when the protein was sprayed after inoculation with the pathogen. Furthermore, injection into the lower leaf of Xanthi tobacco within Sp1 protein for 12 h significantly inhibited the infection of B. cinerea, indicating that W10-Sp1 activated systemic resistance of the host, including peach twigs, fruits and Xanthi tobacco. Transcriptome analysis in Xanthi tobacco treated or not treated with the W10-Sp1 protein was used to explore the underlying mechanism of systemic resistance. There were 8862 DEGs treated with W10-Sp1 protein for 12 h compared with sterile water-treated Xanthi tobacco, 5937 of which were upregulated and 2925 of which were downregulated. The DEGs were mainly enriched in five pathways, including metabolic pathways, biosynthesis of secondary metabolites, plant hormone signal transduction, plant–pathogen interaction and MAPK signaling pathway–plant. The pathogenesis of plant–pathogen interactions and plant hormone signal transduction were also induced by hosts infected with pathogens such as sunflower/tomato infected with Verticillium dahlia (Tan et al., 2015; Guo et al., 2017) or biocontrol bacteria pre-treated with hosts and then infected with pathogens, such as cotton inoculated with Chaetomium globosum CEF-082 and V. dahlia (Zhang et al., 2020).

Plants encounter a variety of microorganisms, including both beneficial and pathogenic microorganisms, which establish an interaction relationship with each other through their sophisticated innate immune response (Rodriguez et al., 2019). In general, beneficial microorganisms can activate induced systemic resistance (ISR) of plants to suppress plant disease in uninoculated plant organs, and pathogenic microorganisms activate systemic acquired resistance (SAR) of plants, thus relieving plant disease in uninoculated plant organs (Nishad et al., 2020). Plant hormones, including SA and JA/ET, are well known to activate plant defense response (Robert-Seilaniantz et al., 2011; Pieterse et al., 2012); among them, SA signaling is vital for SAR (Bernsdorff et al., 2016); however, JA/ET signaling plays important roles in ISR independent of the SA signaling pathway (Ahn et al., 2007). Most work has demonstrated that antagonistic microorganisms or their secondary metabolites can activate ISR (Shoresh et al., 2010; Elsharkawy et al., 2013; Mejri et al., 2018). In the present study, transcriptome analysis found that DEGs in the SA and JA signaling pathways were highly active, and the contents of intracellular SA and JA were measured, which both significantly increased with W10-Sp1 treatment of Xanthi tobacco, implying that the Sp1 protein activated SAR and ISR in tobacco by simultaneously activating the SA and JA signaling pathways. The results were in agreement with the study that showed that B. cereus AR156 activated SA and JA signaling to activate systemic resistance in Arabidopsis thaliana, and similar results were obtained in P. fluorescens WCS417 in tomato against P. syringae pv. tomato and B. amyloliquefaciens I3 in the seeds of A. thaliana (Van Wees et al., 1997; Niu et al., 2011; Ilham et al., 2019). This might be the first report indicating that systemic resistance induced by antifungal proteins shares features of SAR and ISR.

In addition, RNA-seq in this study identified that DEGs were also enriched in the plant–pathogen interaction pathway and found that certain genes, including CDPK, RBOH, CNGCS, FLS2, PTO, PRF, NOS, PR-1, PBS1 and CML, were significantly upregulated or downregulated. A further statistical map of DEGs indicated that the W10-Sp1 protein strongly activated the Fls2-, Prf- and Rpm1-mediated immune response pathways, which might trigger the defense response of Xanthi tobacco, thus producing disease resistance. The immune responses mediated by Fls2, Rboh, CNGC and CaM/CML were activated after plants were infected by pathogens or plants were treated with biocontrol bacteria or exposed to various stresses in previous work (Zhang et al., 2014, 2020; Singh and Bhatla, 2016).

There is a close relationship between plant development and disease resistance. RNA-seq of TSp1 to TCK identified that DEGs were enriched in photosystem, protein chromophore, chlorophyll and defense response in the GO lineage DAG graph (Supplementary Figure S6), indicating that W10-Sp1 protein might promote the growth of Xanthi tobacco by strengthening its photosynthesis. In addition, the plant hormones IAA, GA, and CTK were differentially expressed, which also affected the development of Xanthi tobacco treated with the W10-Sp1 protein. It is worth mentioning that B. licheniformis W10 is a plant growth-promoting rhizobacterium (PGPR). These results indicated that the Sp1 protein was surely an important antimicrobial protein of the W10 strain.

In summary, in the present work, we found that serine protease Sp1 secreted by B. licheniformis W10 has a broad antifungal spectrum by inhibiting its vegetative growth, changing its hyphal structure and reducing the spore germination. In addition, the W10-Sp1 protein also has an inhibitory effect on some plant pathogenic bacteria. Furthermore, dual transcriptome analysis indicated its potential molecular mechanism of anti-fungal resistance, activated systemic resistance and induced plant defense responses. The W10-Sp1 protein might perform similar functions in a variety of plant pathogenic fungi and plants. This study supplies a solid foundation for the applicability of the Sp1 protein.
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A comparative proteomic study at 6 h of growth in minimal medium (MM) and bacteroids at 18 days of symbiosis of Rhizobium etli CFN42 with the Phaseolus vulgaris leguminous plant was performed. A gene ontology classification of proteins in MM and bacteroid, showed 31 and 10 pathways with higher or equal than 30 and 20% of proteins with respect to genome content per pathway, respectively. These pathways were for energy and environmental compound metabolism, contributing to understand how Rhizobium is adapted to the different conditions. Metabolic maps based on orthology of the protein profiles, showed 101 and 74 functional homologous proteins in the MM and bacteroid profiles, respectively, which were grouped in 34 different isoenzymes showing a great impact in metabolism by covering 60 metabolic pathways in MM and symbiosis. Taking advantage of co-expression of transcriptional regulators (TF’s) in the profiles, by selection of genes whose matrices were clustered with matrices of TF’s, Transcriptional Regulatory networks (TRN´s) were deduced by the first time for these metabolic stages. In these clustered TF-MM and clustered TF-bacteroid networks, containing 654 and 246 proteins, including 93 and 46 TFs, respectively, showing valuable information of the TF’s and their regulated genes with high stringency. Isoenzymes were specific for adaptation to the different conditions and a different transcriptional regulation for MM and bacteroid was deduced. The parameters of the TRNs of these expected biological networks and biological networks of E. coli and B. subtilis segregate from the random theoretical networks. These are useful data to design experiments on TF gene–target relationships for bases to construct a TRN.
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Introduction

Rhizobium etli CFN42 is a soil bacterium classified as an alpha-proteobacterium able to establish a symbiotic relationship with leguminous plants, and this faculty is shared with some members of the beta-proteobacterium group (Andrews and Andrews 2017; Lardi and Pessi 2018; Dicenzo et al. 2019). When the seeds of the bean plant Phaseolus vulgaris germinate with R. etli CFN42 in a tropical soil, chemical communication starts in the roots to establish a symbiotic relationship. In this process, the root of the plant develops an infection thread through which the bacteria are internalized and travel with some duplications, while the root cortex gives rise to the nodule primordium. When the infection thread reaches the nodule cells, the bacteria are released into organelle-like membranes derived from the host cell plasmalemma called the symbiosome in the nodule. In this stage, Rhizobium has some additional duplications, but very soon they stop growing and become pleomorphic, and symbiotic biological nitrogen fixation (SNF) starts (Rascio and La Rocca 2013; Dicenzo et al. 2019). These pleomorphic bacteria, called bacteroids, carry out the expensive reduction of atmospheric N2 to ammonium, which is exported to the plant cell, in an exchange of carbon compounds supplied from the photosynthesis of the plant cells. This photosynthate is metabolized by the bacteroid to sustain the SNF (Rascio and La Rocca 2013). Rhizobial inoculants are inexpensive alternatives to environmentally polluting industrial nitrogen fertilizers, with significant impacts on the livelihood of the community. Replacing the use of chemical fertilizers with SNF is a relevant strategy against global warming, favoring sustainable agriculture for the production of grains for human consumption, feed and pasture species (Oldroyd et al. 2011; Ferguson et al. 2019). Proteomic studies on symbiosis have been reported (Larrainzar and Wienkoop 2017; Lardi and Pessi 2018; Liu et al. 2018; Khatabi et al. 2019) and a search for binding sites (motifs) of transcriptional regulators (TFs; Fischer 1994; Tsoy et al. 2016; Rutten and Poole 2019). Now, the first study on O2-dependent regulation of the SNF by extending known motifs by bioinformatic methods was performed to establish a regulatory network of proteins and global TFs considering 50 genomes of the Alphaproteobacteria by extending known motifs recognized by the TFs based on a phylogenetic footprinting approach, i.e., the nifA-rpoN regulon of nitrogen fixation in the Alphaproteobacteria group was searched, and the deduced matrix from the motifs of the TFs inferred with a strict p-value was used to scan with the Run profile tool in the Regpredict site (Novichkov et al. 2010). Using the same p-value to search for additional regulon members, 95 operons with potential NifA-binding sites comprising 280 genes were found in Alphaproteobacteria (Tsoy et al. 2016). The NifA-RpoN regulon of R. etli CFN42 was determined experimentally and with bioinformatic methods; it consisted of 120 genes, which indicates that the aforementioned study of the NifA regulon in Alphaproteobacteria is highly conservative, highlighting that genes not directly related to nitrogen fixation were found (Salazar et al. 2010), as was also observed (Tsoy et al. 2016). Based on the biological functions resulting from protein interactions, the symbiosis interactome of Sinorhizobium meliloti with its host plants was proposed by computational methods, which is composed of 440 proteins involved in 1041 unique interactions (Rodriguez-Llorente et al. 2009).

These data show that the symbiotic nitrogen fixation regulatory circuitry is suspected to be complex. Most of the symbiotic stage protein profiles in the cited literature include TFs (see above), but efforts are needed to infer the genetic circuitry between TFs and the proteins for each profile. We need to take advantage of the co-expression of TFs with potential target proteins in a proteomic profile due to the enrichment of common motif sites involved in the transcriptional regulation of these genes (Van Helden et al. 1998; McGuire et al. 2000; Aerts et al. 2003; Ihuegbu et al. 2012), considering autoregulation of the TFs and that they are involved in the transcriptional regulation of proteins of their respective profile.

We recently constructed the RhizoBindingSites database1 (Taboada-Castro et al. 2020), a DNA-motif site collection based on the inferred motifs from each gene recognizing a site in its own promoter region, covering nine representative genomes of the taxon Rhizobiales. This algorithm aligns all the upstream regions of the orthologous genes per gene per genome to search for pairs or conserved position-specific trinucleotides (dyads) to define the motifs (Defrance et al. 2008). These dyads represented in a position-specific scoring matrix (PSSM; Hertz et al. 1990) were used to scan all the genes of a respective genome. These output data per gene per genome were fractionated at low, medium, and high stringency of p-value ranges. These data are used to match protein profiles from experimental or theoretical data to predict transcriptional regulatory networks at the desired p-value, or using the “auto” option, in which in each round the algorithm selects the data with the lowest p-value (high stringency) by searching from the highly strict to low strict data in the proper genome, assuring the output data are with the highly strict p-value as possible (Taboada-Castro et al. 2020). This database contains from one to five conserved motifs represented in matrices per gene that have different significance. At the moment, it is not clear which motifs conserved in a gene are directly involved in the recognition of the ARN polymerase and which p-value corresponds to the biological action of the TF. The lowest p-values are generally used (Tsoy et al. 2016). Inferred data on transcriptional regulation in the SNF are important to accelerate experiments on transcriptional regulation to define TF gene targets, which are basic components of a regulatory network (Resendis-Antonio et al. 2005, 2012; Tsoy et al. 2016).

For R. etli CFN42, a systems biology of the metabolic activity during SNF integrating proteome and transcriptome data was used, i.e., 415 proteins and 689 upregulated genes, respectively. From this, 292 unique proteins were identified. This constraint-based model was used to simulate metabolic activity during SNF, and 76.83% of enzymes were justified. The metabolic pathways sustaining SNF activity were discussed compared with aerobic growth in succinate ammonium minimal medium (MM; Resendis-Antonio et al. 2011).

In this work, the study of the SNF proteome of R. etli CFN42 was revised with the same experimental conditions (Resendis-Antonio et al. 2011), comparing the aerobic growth at 6 h in MM and the symbiosis at 18 days post-inoculation (dpi). A total of 1730 proteins were identified in MM and 730 in bacteroids; compared to the first report (Resendis-Antonio et al. 2011), it contains 2.5 times more proteins identified in symbiosis. Similar pathways supporting the SNF and a role of the different genome compartments were identified, and new pathways related to adaptation to environmental conditions were described. A new study of the vicinity of the genes expressed in the genome of R. etli CFN42 showed specific zones for growth in MM and bacteroid. The chromosome has more genes for growth in MM than in bacteroid, which were more scattered, while for the SNF, the symbiotic plasmid d (p42d) has more genes than for growth in MM. The MM and bacteroid proteome profiles included 127 and 62 TFs, respectively. A potential transcriptional regulatory network for MM and bacteroid was constructed using the RhizoBindingSites database and the prediction of regulatory network approach with the auto option, proposing on average 87% of TF gen-target relationships with p-values ranging from 1.0e-5 to 1.0e-20, which represents a strict criterion.

Assuming that the TFs in MM and bacteroid profiles are involved in the transcription of their corresponding protein profile, a bioinformatic study with conserved motifs of TFs was used to establish a TF gen-target relationship, and a transcriptional regulatory network for MM and bacteroid was proposed.



Materials and methods


Culture of Rhizobium etli CFN42 strain

The R. etli CFN42 strain was grown in minimal medium with ammonium chloride and succinic acid as previously reported (Taboada et al. 2018), it was cultured for 6 h, and the cells were pelleted by centrifugation at 7,500 × g at 5°C, for 5 min.



Plant inoculation with Rhizobium etli CFN42

The Phaseolus vulgaris bean seeds were surface sterilized and placed on 0.8% agar in Petri dishes (Wacek and Brill 1976). Each seed was inoculated with 105 R. etli cells previously washed with sterilized distilled water after growing in a peptone-yeast-rich medium as described (Encarnación et al. 1995); after 18 days post-inoculation, the bacteroid were extracted on a percoll gradient as described (Romanov et al. 1994).



Sample preparation

The cell pellets from both free-living bacteria and bacteroid were lysed in a solution containing 7 M urea, 2% CHAPS, 1 mM DTT in 50 mM Tris–HCl pH 8. Cells were resuspended in the lysis buffer and sonicated on the ice for 15 microns. Samples were incubated with an additional 20 mM DTT for 30 min at 40°C to completely reduce disulfide bridges. Cysteine residues were alkylated with 50 mM IAA for 30 min at room temperature in darkness. After centrifugation, the proteins were collected in the supernatant. Proteins were precipitated overnight with cold ethanol (9 volumes) and washed with a 90% ethanol solution.

The precipitate was dissolved in sodium deoxycholate SDC 0.5%, SDS 0.5%, in 100 mM triethylammonium bicarbonate buffer (TEAB). Proteins were submitted to a chemical acetylation reaction of all lysine residues as previously described (Gil et al. 2017; Gil and Encarnación-Guevara 2022). Fully acetylated proteins were dissolved in AmBiC 50 mM, SDC 0.5%, and digested by adding trypsin to a ratio of 1:50 (enzyme:protein), and the reaction was incubated for 16 h at 37°C. SDC was removed with ethyl acetate acidified with trifluoroacetic acid (TFA) as previously reported (Gil et al. 2017; Gil and Encarnación-Guevara 2022). The peptide mixture was dried on a Speed-Vac and stored at −80°C until MS analysis.



LC–MS/MS and data analysis

Peptides were dissolved in 0.1% TFA in water and loaded on an RSLC nano UPLC system (Ultimate 3000, Dionex) coupled to a Q-Exactive high-resolution mass spectrometer (Thermo Fischer Scientific). The chromatographic conditions, as well as the MS acquisition parameters, were as previously described (Gil et al. 2017). The analysis was performed at the Proteomics Core Facility, Ecole Polytechnique Fédérale de Lausanne in Switzerland. The data presented in the study are deposited in the ProteomeXchange Consortium via the PRIDE repository (Perez-Riverol et al. 2022), accession numbers PXD035204 and 10.6019/PXD035204.

Raw data were processed for peptide and protein identification/quantification using the MaxQuant platform. The database search parameters were as follows: Trypsin/R was selected as the digestion enzyme, up to two missed cleavages were allowed, carbamidomethylcysteine and acetylated lysine were set as fix modifications, and oxidized methionine was considered variable. The database used for protein identification was released in 2006 (González et al. 2006) and is publicly available through the UniProt repository. Three biological replicates of each condition were included in the study. Proteins and peptides were identified with an FDR of 1% based on the target-decoy strategy integrated in the software.



Statistical analysis

Only proteins identified with at least two peptides and one of these unique peptides and at least two intensity values in each condition were used for statistical analysis. The protein abundance was normalized, and missing values were imputed with the Random Forest method (missForest, R package; Stekhoven and Bühlmann 2012). The PCA was carried out on the protein intensity correlation matrix (FactoMiner, R package; Lê et al. 2008) to generate a protein abundance pattern for the cell lines. To determine whether any component could distinguish between the cell lines, the sample scores for each component were plotted. After finding the component, we identified the more correlated proteins in that component with discriminatory capacity using the square cosine of the correlation matrix between the components and the proteins (Abdi and Williams 2010). It is observed in the graphic, MM and bacteroid conditions were clustered separately but grouped by condition, recovering a great diversity of data, 64.8 and 19.3% of data for one and two dimensions, respectively, giving a total of 84.1% (Figure 1). A total of 1,730 and 735 proteins were significantly identified in the minimal medium and bacteroid, respectively. In addition, 322 proteins were without change in their expression.
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FIGURE 1
 Principal component analysis of protein expression at 6 h of minimal medium growth MM1, MM2, MM3 and 18 days post inoculation Bacteroids of the symbiosis from Rhizobium etli CFN42 with the plant Phaseolus vulgaris Bac1, Bac2, Bac3 biological replicates.




Metabolic pathways analysis

Overrepresentation of pathways was performed online employing the Gene List Analysis tool on the PANTHER Classification System site.2 Only proteins with an absolute value of association with a p-value equal or greater than 0.5 with data of the first two components (Abdi and Williams 2010) were selected for comparative overrepresentation analysis based on Gene Ontology (Ashburner et al. 2000). To obtain the GO terms significantly overrepresented in this experiment we used the hypergeometric test and only processes with a p-value less than 0.05 were selected. The presence of genes for each metabolic pathway was compared as percent respect of the background number of genes per pathway in MM and bacteroid profiles (Figures 3, 4).
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FIGURE 3
 Comparison of GO classified proteins expressed per metabolic pathway in minimal medium and bacteroids from Rhizobium etli CFN42.
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FIGURE 4
 Metabolic pathways for biosynthesis and degradation of organic compounds environment related from Rhizobium etli CFN42.




Metabolic maps construction

For analysis of metabolic pathways in MM and bacteroid, and genes without changes in their expression, the Kegg mapper3 was used (Kanehisa 2017). This mapper uses the KO Kegg Orthology, which is based on the function of the ortholog genes. The K identifiers for R. etli CFN42 were obtained for the entire genome with the application blastKOALA4 (Kanehisa et al. 2016), the input was the sequences in FASTA format of the genes from R. etli CFN42 genome divided into two parts, then the R. etli CFN42 locus tag identifier was associated to the K identifiers, and a list including MM, bacteroid and with no change expression proteins was used in the Kegg mapper (Supplementery Table 2). Obtention of the EC number was from the KO Orthology application from Kegg5 (Kanehisa et al. 2016).



Design of a regulatory network

The protein profiles of R. etli CFN42 grown in minimal medium (MM) at 6 h and of bacteroid isolated from nodules at 18 days post-inoculation of the bean plant Phaseolus vulgaris, were used to construct a transcriptional regulatory network with the application “Prediction of transcriptional regulatory networks” of the RhizoBindingSites database (Taboada-Castro et al. 2020). Briefly, this database contains predicted matrices deduced from conserved dyads (Defrance et al. 2008), composed of position-specific di or tri-nucleotides in the orthologs genes of each gene in members of the Rhizobiales taxon. These position-specific nucleotides were converted into a matrix format, which describes the conserved motifs for each gene (Hertz et al. 1990), the dyad analysis of the footprinting discovery algorithm deduced from one to five matrices per gene. The matrices of the TF’s were used to scan with a matrix-scan RSAT analysis (Nguyen et al. 2018), all the upstream regulatory sequences of the genes, establishing TF gene-target relationships data, which is in the motif information window of the RhizoBindingSites database (Taboada-Castro et al. 2020; RhizoBindingSites database user guide), this information is used in the “Prediction of a transcriptional regulatory network” application.

For the prediction of transcriptional regulatory networks, a three-step method was implemented. The first step consisted in to construct networks with the MM protein profile including the 127 co-expressed TF´s. As well as, the bacteroid protein profile with the 62 co-expressed TFs, with the application “Prediction of the transcriptional regulatory network” from the RhizoBindingSites database, with the “auto” option. This step, is to eliminate the genes of the proteins not recognized by any TF, and TF’s whose matrices had no homology with any upstream regulatory sequences of potential target genes. With the option “auto”. With this option, the application searches for TF gene-target relationships for each of the TF’s co-expressed with the entered genes by looking into the motif information data from the RhizoBindingSites database. Only 1,336 genes, including 107 TF’s genes from MM (Supplementary Table 1A) and 583 genes including, 50 TF’s co-expressed bacteroid genes (Supplementary Table 1B), respectively, were found with a relationship, giving rise to hypothetical regulons available (Supplementary Tables 1A, B). The TF-matrices may have homology with the upstream regulatory sequences of target genes three levels of stringency, low stringency (p-value from 1.0e-4 to 9.9e-4), medium stringency level (p-value 1.0e-5 to 9.9e-5) or highly strict (from the p-value 1.0e-6 to lower p-values). In the second step, a matrix- clustering analysis for each condition, with the matrices of the 1336 genes of MM, as well as, the matrices of the 583 bacteroid genes including their respective TF´s was done (Castro-Mondragon et al. 2017). This step is to eliminate false-positive data as possibly, since the motifs are short conserved functionally compromised sequences (Ihuegbu et al. 2012), to avoid possible TF gene-target relationships by chance. In this analysis, the matrix of a TF should be grouped by homology with the nucleotide sequence of matrices of the potential target genes. Matrix-clustering algorithm creates the file clusters_motif_names.tab, which is edited to obtain all the genes whose matrices were clustered containing at least two different genes. Only the clusters, including matrices of a TF or TFs (Clustered-TF) were selected from MM (Supplementary Table 1C) and bacteroid profiles (Supplementary Table 1D), the NCBI genomic information of the genes was added to these tables as well as the Clustered-TF for each cluster (column headed “Clustered-TF” Supplementary Tables 1C, D). An alignment of MM and bacteroid matrices from matrix-clustering showed how much conserved are motifs in the clusters (Supplementary Tables 1E, F, respectively). The matrices were grouped into 207 and 92 clusters for MM and bacteroid, respectively. In this second step, additional depuration of genes after a matrix-clustering analysis was observed since only 655 genes, including 93 TF’s genes from MM, and 247 genes, including 46 TF’s genes, were clustered. A TF gen-target relationship with only genes of a clusters was confirmed (Results and discussion, Appendix G and H). In the third step, second networks were constructed (as in the first step) only with clustered-TF genes, called “Clustered-TF-MM” and “Clustered-TF-BACTEROID” (Figure 5). and cluster_97 and cluster_112 from bacteroid were chosen. For cluster_34, all the genes had a TF gene-target relationship. For cluster_195, 22 out of 27 genes were connected (Supplementary Table 1G). For cluster_97, 21 of 26 genes were connected and for cluster_112, 21 from 22 genes were connected (Supplementary Table 1H). It is worth noticing that, after the matrix-clustering grouping genes, all the genes for each condition had one or more relationships. Quality of MM, bacteroid, clustered-TF-MM and Clustered-TF-BACTEROID networks were analyzed (Results and discussion, Figure 5). Then, the transcriptional regulatory networks of MM and bacteroid protein profiles are constructed with motifs interspecies conserved.
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FIGURE 5
 Comparison of genes per p-value range of the first and second transcriptional regulatory networks of minimal medium and bacteroid from Rhizobium etli CFN42.


These data confirmed that clustered matrices of genes are strongly related to the structure of a network, and these genes probably represent hubs.

To search for expected transcriptional regulation for isoenzymes in MM and bacteroids, the tables of the transcriptional regulatory networks described above were ordered in decreasing order by the column headed “p-value” (Supplementary Tables 1A, B). These tables were identified in the right column with the condition they pertain giving rise to new files ordered from MM and bacteroid and Clustered-TF-MM and Clustered-TF-BACTEROID separately. A Supplementary Table 1I containing the “K” number with a R. etli CFN42 locus tag identifier and the pertaining physiological condition per row was constructed. Then, the table from Supplementary Table 1I was paired with new files from the MM and bacteroid and Clustered-TF-MM and Clustered-TF-BACTEROID aforementioned. A new file with three groups of columns was produced; the first group contains information on the expected regulation with information from MM and bacteroid networks (with columns; Condition, Locus tag, K number, Upstream_region, Matrix_ID, Chain, End_motif, Start_motif, Site, Weight, p-value, and Significance). The second group of columns contains information of the expected transcriptional regulation with information from the Clustered-TF-MM and Clustered-TF-BACTEROID with columns headed as the MM and bacteroid data. The third group of columns contains information of the enzymatic function of the K numbers headed as; Condition, Locus tag, K number, Compartment, locus name, COG number, COG group, Function from KO orthology, and Function from NBCI. To look for the expected transcriptional regulation for the same K number with different locus tag in MM and bacteroid, it was located in the column “Matrix_ID” with a format “RHE_RS13345_m5,” which means the TF is RHE_RS13345 and “_m5” means the matrix number “5” of the TF (as was mentioned, a TF has one to five matrices; Supplementary Table 4).



Properties of networks

The most recent E. coli and B. subtilis “strong” evidence networks were retrieved from Abasy Atlas v2.2 (Escorcia-Rodríguez et al. 2020). Both networks only include regulatory interactions supported by experiments showing a direct interaction between the transcription factor and the upstream region of the target gene. We contrasted the inferred networks with the E. coli and B. subtilis curated networks as a positive control, and 1000 Erdös-Rényi random networks parametrized having the same number of nodes and edges as the corresponding biological networks as a negative control.

We computed several global structural properties for regulatory networks. Namely, regulators ([image: image]), self-regulations, maximum out-connectivity, giant component size, network density, feedforward circuits, complex feedforward circuits, 3-Feedback loops, average shortest path length, network diameter, average clustering coefficient, adjusted coefficient of determination ([image: image]) of [image: image], and [image: image] of [image: image]. Regulators, self-regulations, maximum out-connectivity, and giant component size were normalized by the number of nodes in the network. The density was included as the product of the network density and the fraction of regulators. Network diameter was normalized by (number of nodes – 2; as if no shortcuts would exist). 3-feedback loops, feedforward loops, and complex feedforward loops were normalized by the number of potential motifs in the network, defined as:
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Where [image: image] is the number of nodes in the network, [image: image] is the number of nodes in the motif ([image: image]), [image: image] is the number of TFs in the network, and [image: image] is the number of TFs required for each motif type ([image: image] for 3-feedback loops, and [image: image] for feedforward and complex feedforward loops). We scaled the values of each property vector across networks to the range between 0 and 1, inclusively. Then, we clustered networks and properties using Ward’s method. Further, we used pairwise Pearson correlation for the network property profiles and clustered the networks according to the Euclidean distance using Ward’s method.



Hierarchy reconstruction of networks

First, we removed all the structural genes (nodes having [image: image]) and their interactions from the network. Next, we classified each network edge (a, b) as ‘top-down’ if [image: image] (where [image: image] is the out-connectivity of node n), otherwise, it was classified as ‘bottom-up’. Then, we removed all the ‘bottom-up’ edges from the network. This step removed the feedback circuits present in the network, transforming it into a directed acyclic graph. Then we applied a modified topological sorting algorithm that returned the list of layers composing the hierarchy, where each node in a layer only can regulate nodes in lower layers. As the number of ‘bottom-up’ edges is low (<5% in average), our strategy maintains the global structure of the network to reveal the hierarchy. Besides structural nodes, no other nodes are removed, and ‘bottom-up’ edges can be added back to the hierarchy to reveal the feedback among layers and reconstruct the original network.




Results and discussion

In a previous study, we identified 292 proteins of the symbiotic state at 18 days post-inoculation (Resendis-Antonio et al. 2011); now, we discuss new data covering 2.5 times more proteins from symbiosis in this work. Principal components (one and two) covered 84.1% of the total initial data (Figure 1). The update of the R. etli CFN42-Phaseolus vulgaris bean plant symbiosis is with 1,730, 738, and 323 protein profiles for MM, bacteroid, and without no change in their expression, respectively (see below). There were 39.7% of common proteins in the bacteroid between the previous report (Resendis-Antonio et al. 2011) and this study. The low coverage observed in the new data may be due to the great diversity of different experiments collected for the last study. While in the new data, the variation in the experimental condition was from only two biological replicates, because our interest was to take advantage of the TF and non-TF protein co-expression (Galán-Vásquez and Perez-Rueda 2019), under the assumption that these TFs were involved in the transcriptional regulation of these proteins, to establish a TF gene–target relationship, only new data are considered in this analysis, and our previous data are considered only for discussion.


Compartmentation of proteins in MM and bacteroid

Rhizobium etli CFN42 contains six plasmids and a chromosome (González et al. 2003). An analysis of gene location from MM and bacteroid showed that for MM proteins, most of the genes are codified in the chromosome, while for bacteroid proteins, higher participation was found for plasmids p42b, p42d, p42e, p42f than in MM (Figure 2). Of note, the symbiotic plasmid (p42d) had a 5.3% higher participation in bacteroids than in MM, in line with a wide transcription rate of the symbiotic plasmid (psym) genes of R. etli CFN42 under microaerobic conditions (as in symbiosis) or in aerobic conditions in the presence of genistein (Valderrama et al. 1996). Additionally, many of the genes expressed in MM (78.7%) and bacteroid (67.1%) were from the chromosome, while 21 and 32% of the expressed genes were from plasmids, respectively. The higher number of genes expressed from the chromosome agrees with the finding that exponential growth in MM and nitrogen fixation activity have in common a great demand for energy synthesis, and most of the metabolic pathways for this process are similar (see below). One of the exceptional differences is that in symbiosis, the high-affinity cbb3 cytochrome oxidase terminal is expressed (Delgado et al. 1998; Lopez et al. 2001). Rhizobium leguminosarum bv. viciae UMP791 contain five plasmids and a chromosome, similar to R. etli CFN42, which contains six plasmids. A proteome analysis of R. leguminosarum bacteroid with its host plant Pisum sativum showed that most of the bacteroid proteins were from the chromosome (81.6%), showing a lower participation of the plasmids than with the R. etli CFN42 strain (Durán et al. 2020).
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FIGURE 2
 Compartmentation of (A) minimal medium protein profile expressed at six hours of growth in minimal medium and (B) 18 days post inoculation of bacteroid protein profile from Rhizobium etli CFN42.


The plasmids contain essential genes for growth in MM, such as p42e (minCDE; Landeta et al. 2011) and plasmid p42f (panCB; Villaseñor et al. 2011). Moreover, a cured R. etli CFN42 of p42f complemented with the panCB genes did not restore wild-type growth, meaning that p42f has unidentified genes that are important for growth in MM (Villaseñor et al. 2011).



Metabolic pathways

A detailed view of the pathways that operate in exponential growth in MM (ammonium-succinate) and bacteroid, a non-growing state in symbiosis at 18 days post-inoculation, with a maximal peak of nitrogen fixation, showed 105 pathways according to the KEEG program with Gen Ontology (GO) gene off classification (see “Materials and Methods” section; Maere et al. 2005; Figure 3). In MM, 31 representative metabolic pathways with greater or equal to 30% of genes, and in bacteroid, 10 pathways with greater or equal to 20% of genes per pathway with respect to the genome content were found (Figure 3), which is related to the high demand for the synthesis of metabolites to sustain growth in a minimal medium compared to the non-growing bacteroid state. In contrast, in symbiosis, most of the energy for the synthesis of metabolites is dedicated to nitrogen fixation. In agreement with this, carbon metabolism, including synthesis of amino acids, sugars, purine and pyrimidine, sulfur metabolism, glycolysis-gluconeogenesis, pyruvate metabolism, TCA cycle, oxidative phosphorylation, nitrogen metabolism, fatty acid metabolism, nicotinate and nicotinamide, vitamin synthesis, DNA replication, aminoacyl-tRNA biosynthesis, ribosome synthesis, protein export, and flagellar assembly, had a higher percentage of genes in MM than in bacteroids (Resendis-Antonio et al. 2011), as was shown in a comparative proteomic study of a free-living aerobic condition and the symbiosis of the Bradyrhizobium japonicum USDA110 strain (Sarma and Emerich 2005, 2006). Some other pathways, such as histidine metabolism, glutathione metabolism, pentose phosphate pathway, beta-alanine, starch, and sucrose metabolism, were similar in MM and bacteroids; likely, histidine metabolism is necessary for the synthesis of inosine monophosphate, a precursor for the synthesis of purines and subsequently for the synthesis of allantoin and allantoic acids. These nitrogen compounds from nitrogen fixation are exported to the bean plant Phaseolus vulgaris by the R. etli CFN42 bacteroid (Alamillo et al. 2010; Collier and Tegeder 2012). Glutathione plays a crucial role against oxidative damage during the establishment of symbiosis (Hérouart et al. 2002); it is a precursor for cysteine synthesis, a sulfur donor for the synthesis of the Fe-S centers involved in defense against oxidative stress and in the prosthetic groups of sensory proteins. The pentose phosphate pathway is essential for the synthesis of phosphoribosyl pyrophosphate (PRPP), a precursor for purine synthesis during symbiosis (Newman et al. 1994; Miranda-Ríos et al. 1997). Beta-alanine is a precursor for the synthesis of pantothenate, which is essential for the ubiquitous compound coenzyme A (coA), subsequently used for many metabolic reactions, including phospholipid synthesis, fatty acid synthesis and degradation, and the tricarboxylic acid cycle. The panCB genes for the synthesis of pantothenate codified in p42f from the R. etli CFN42 strain were characterized (Villaseñor et al. 2011). Starch and sucrose synthesis was not detected in free-living or symbiotic conditions of R. etli CFN42. For the synthesis and degradation of ketone bodies, phosphonate and phosphinate metabolism were higher in bacteroids than in MM. R. etli CFN42 synthesizes poly-β-hydroxybutyrate granules during symbiosis with P. vulgaris; because this polymer is a reserve of carbon and reducing power, its accumulation is greater in symbiosis than in MM, where the energy is for supporting growth (Cevallos et al. 1996). Additionally, there is a high demand for phosphate in nitrogen-fixing nodules; it is an essential macronutrient necessary for the synthesis of proteins and nucleic acids (Liu et al. 2018), and phosphate is probably limited during symbiosis. As a response, the transcription of this pathway is raised, as was shown for bacteroids harvested from soybeans grown under field conditions (Delmotte et al. 2010). A detailed study with transcriptomic and proteomic technologies of the symbiosis compared with the aerobic growth showed 3,587 genes/proteins, expressing 43% of the predicted genome from B. japonicum (Delmotte et al. 2010), 807 proteins were identified in symbiosis; while in this study, 738 proteins were identified; i.e., in this study, there is a great proteomic coverage of the symbiosis R. etli CFN42-Phaseolus vulgaris bean plant considering that the B japonicum genome size is bigger than the R. etli genome. Although R. etli is a fast grower and B. japonicum is a slow grower in minimal medium, they elicit determinate nodules. In contrast to the symbiont S. meliloti with their host Medicago sativa alfalfa plant that induces indeterminate nodules, there are notable differences between the structure and composition of the symbiont in determinate and indeterminate nodules, reviewed in (Rascio and La Rocca 2013). Although B. japonicum and R. etli symbiosis occur in temperate and tropical weather, respectively, despite these differences, R. etli and B. japonicum symbiosis is more similar than S. meliloti symbiosis. A proteomic comparison of free-living and symbiosis from B. japonicum showed a greater number of proteases in free life than in symbiosis (Sarma and Emerich 2006). Similarly, in this study, 27 and two proteases were expressed. Most likely, the recycling of metabolites may be one of the factors that impacts the spending of energy in free life and symbiosis. It was suggested that bacteroids expend their energy judiciously between protein synthesis and nitrogen fixation by altering protein turnover (Sarma and Emerich 2006).



Environmental metabolism

Moreover, some GO genes classified for the metabolism of environmental compounds were mapped; in MM, these genes covered approximately 39% of genes, while in bacteroids, they covered 14% with respect to the genome content (microbial metabolism in diverse environments, Figure 4). For some pathways, there is a low representation with respect to the total content of the R. etli CFN42 genome. The pathways for the degradation of benzoate, caprolactam, and naphthalene were more highly expressed in MM than in bacteroids. For chloroalkane and chloroalkene degradation and novobiocin biosynthesis, the number of proteins expressed was similar (Figure 4). Proteins for the degradation of chloroalkane and chloroalkene were also identified in a metagenomic analysis in the rhizosphere soil of a constructed wetland (Bai et al. 2014). Novobiocin is a very potent inhibitor of DNA gyrase, which works by targeting the GyrB subunit of the enzyme for energy transduction, and resistance to novobiocin of Lotus rhizobia was related to the effectiveness of the symbiosis with Lotus pedunculatus (Pankhurst 1977). For the degradation of atrazine, chlorocyclohexane and chlorobenzene, and aromatic compounds limonene and pinene, the number of genes was higher in bacteroid than in MM. Atrazine is an herbicide that may inhibit the growth of Rhizobium species, P. vulgaris-Rhizobium sp. Consortium symbiosis has been used for the bioremediation of soil contaminated with atrazine (Madariaga-Navarrete et al. 2017). Genes for the degradation of the aromatic compounds chlorocyclohexane and chlorobenzene were also reported in the genome of Burkholderia phenoliruptrix BR3459a, a symbiont of the Mimosa flocculosa leguminous plant (Zuleta et al. 2014). It was observed that for the Rhizobium leguminosarum E20-8 strain, limonene and pinene have antioxidant activity promoting growth under stress provoked by cadmium (Sá et al. 2020) and antibacterial activity (Ghaffari et al. 2019). In the B. japonicum bacteroid proteome, the NrgC protein and a gene for phenazine biosynthesis were identified for a response against microbial attack (Sarma and Emerich 2005, 2006). These genes in MM and bacteroid for degradation of metabolites of the environment are used for a fast response, competence, and better adaptation in soil conditions. Unlike B. japonicum (Sarma and Emerich 2006), R. etli bacteroid showed a wide strategy to withstand environmental stresses.



Isoenzymes in MM and bacteroid

The KEEG mapper for visualization of the metabolic maps was used (see “Materials and Methods” section). This mapper uses the “K” number to identify the function of the gene, and it is assigned based on the orthology of the genes (Kanehisa et al. 2016). For an integral view of the metabolism in MM, bacteroid, and proteins present in both conditions with “no change” (Nch), genes were mapped (Supplementary Tables 2 and 3A). Discussion of the central metabolism involved 37 representative pathways. Analysis of mapped genes showed that for some enzymatic reactions, different genes for the same enzymatic step in MM and bacteroid were found, e.g., for the pentose phosphate pathway there were two genes for the conversion of D-ribulose phosphate to D-ribose-5P by the 6-phosphogluconate dehydrogenase enzyme; one is expressed in MM RHE_RS12615, and a different one was expressed in the bacteroid RHE_RS17825 (Table 1), suggesting the presence of a condition-dependent isoform (Supplementary Table 2 pathway 15, and Supplementary Table 3A). From here on, we will call it “multiplicity.” The Fructose and mannose metabolism pathway (Supplementary Table 2 pathway 10, and Supplementary Table 3A), for the catalysis of L-fucose to L-fucolactone by the enzyme D-threo-aldose 1-dehydrogenase; the proteins in MM RHE_RS02500 and bacteroid RHE_RS28605 were expressed (Table 1), showing multiplicity. For the galactose metabolism pathway (Supplementary Table 2 pathway 11, and Supplementary Table 3A), the conversion of UDP-glucose to UDP-galactose, UDP-glucose 4-epimerase was synthesized in MM RHE_RS03845 and in bacteroid RHE_RS17845 was expressed. As well as, for the enzyme dgoD, galactonate dehydratase [EC:4.2.1.6] for catalysis of D-galactonate to 2-dehydro-3-deoxy-D-galactonate in MM the RHE_RS18905 and in bacteroid RHE_RS24515 proteins were expressed (Table 1), showing multiplicity for two different enzymes of the same pathway. These data showed that the same enzymatic reactions are performed in MM and bacteroids with distinct proteins, suggesting that some alternative proteins are specific for free-living aerobic conditions and others for symbiosis for the same metabolic step. The pyruvate metabolism pathway (Supplementary Table 2 pathway 18, and Supplementary Table 3A), for the conversion of acetyl-CoA to acetoacetyl-CoA in MM, RHE_RS23190 was expressed, while in bacteroid, two different genes were expressed; RHE_RS02820 and RHE_RS20545 which showed differences in metabolism from MM and in bacteroid (Table 1), and since distinct TFs were identified in MM and bacteroid, a different transcriptional regulation for isoenzymes was analyzed (see below). Moreover, for the inositol phosphate pathway (Supplementary Table 2 pathway 2, and Supplementary Table 3A), for the myo-inositol-1(or 4)-monophosphatase enzyme in MM was identified the RHE_RS10865, RHE_RS17960, and RHE_RS22570 enzymes, and in bacteroid RHE_RS22680 and RHE_RS04240 were found (Table 1), again showing that the metabolism in symbiosis compared with MM has some differences. For valine, leucine, and isoleucine biosynthesis pathway (Supplementary Table 2 pathway 6, and Supplementary Table 3A), the enzyme ilvD, dihydroxy-acid dehydratase [EC:4.2.1.9], and the RHE_RS08720 and RHE_RS23070 proteins were expressed in MM and bacteroid, respectively, supporting multiplicity (Table 1). Similarly, for valine, leucine, and isoleucine degradation (Supplementary Table 2 pathway 7, and Supplementary Table 3A), the enzyme acd acyl-CoA dehydrogenase [EC:1.3.8.7] RHE_RS20670 was expressed in MM and in bacteroid, the isoenzyme RHE_RS04555 was identified (Table 1). Additionally, for the enzyme atoB, acetyl-CoA C-acetyltransferase [EC:2.3.1.9] in MM the RHE_RS23190 was present, and in bacteroids, the isoenzymes RHE_RS02820 and RHE_RS20545 were found (Table 1), showing a multigenic strategy for the degradation of branched-chain amino acids. For the synthesis of the poly-β-hydroxybutyrate polymer, the enzyme β-ketothiolase (acetyl-CoA C-acetyltransferase) converts two molecules of acetyl-CoA to acetoacetyl-CoA. In MM, the enzyme RHE_RS23190 was detected, and in bacteroid, two enzymes, RHE_RS02820 and RHE_RS20545, were identified (Table 1).



TABLE 1 Isoenzymes in MM and bacteroid from Rhizobium etli CFN42.
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The ABC components of the sugar transporters were present in MM and bacteroid; i.e., maltose/maltodextrin, galactose, raffinose/stachyose/melibiose, lactose/L-arabinose, sorbitol/mannitol, trehalose/maltose, cellobiose, chitobiose, arabinooligosaccharide. In bacteroids, for monosaccharide transporters, glucose, ribose, galactofuranose, and myo-inositol 1-phosphate were identified, while D-xylose, fructose, rhamnose, myo-inositol, and glycerol were identified in MM (Supplementary Table 2 pathway 37).

The multiplicity of ABC transporters was for seven K numbers (Supplementary Table 3A); for afuA, fbpA; iron(III) transport system substrate-binding protein; in MM, RHE_RS10880 was identified, and RHE_RS13955 in bacteroid (Table 1). For occT, nocT, octopine/nopaline transport system substrate-binding protein; in MM, RHE_RS24420 was identified and RHE_RS30295 was expressed in bacteroid (Table 1). The malK, mtlK, thuK; multiple sugar transport system ATP-binding protein [EC:3.6.3.-]; in MM, the proteins RHE_RS10605, RHE_RS14795, RHE_RS27505 were identified, and RHE_RS25965 was expressed in bacteroid (Table 1). The msmX, msmK, malK, sugC, ggtA, msiK; multiple sugar transport system ATP-binding protein, in MM represented by RHE_RS12565, RHE_RS18950, RHE_RS22575, RHE_RS23370, RHE_RS26890, RHE_RS28085, RHE_RS29410 were found, while the RHE_RS24520, RHE_RS24950 and RHE_RS28400 were identified in bacteroid (Table 1). For the lacK; lactose/L-arabinose transport system ATP-binding protein, sn-glycerol-3-phosphate ABC transporter, the ATP-binding protein UgpC in MM RHE_RS22750 and in bacteroid RHE_RS19645 were identified (Table 1). The rbsB; ribose transport system substrate-binding protein is represented by the isoenzymes RHE_RS09135, RHE_RS22400, RHE_RS27555, RHE_RS30010, RHE_RS30060 in MM, and RHE_RS29865 was expressed in bacteroid (Table 1). For the nupA, general nucleoside transport system ATP-binding protein in MM RHE_RS10660 and in bacteroid RHE_RS00955 were identified (Table 1; Supplementary Table 2, pathway 37 and Supplementary Table 3A). Once multiplicity was detected in MM and bacteroid, a wide search for multiplicity in data was performed. Interestingly, from the 101 proteins representing 48 unique K numbers (a K number may have more than one protein), 34 isoenzymes were identified that cover 60 metabolic pathways (Table 1; Supplementary Table 3A). In synthesis, multiplicity in only one enzyme was equally found for other metabolic processes such as for peptidases, inhibitors, amino acids and related enzymes, messenger ARN biogenesis, ribosome, ribosome biogenesis, transfer ARN biogenesis, translation factors, chaperones and folding catalysis, DNA replication proteins, DNA repair, and recombination proteins. While other pathways had multiplicity in two different enzymes, e.g., lipid biosynthesis proteins, mitochondrial biogenesis, two-component system, and bacterial motility proteins. Furthermore, multiplicity for three enzymes in a pathway was also detected, e.g., glutathione metabolism (Supplementary Table 2 pathway 3, and Supplementary Table 3A), for pepA, leucyl aminopeptidase [EC:3.4.11.1] enzyme, the RHE_RS01080 was expressed in MM, while in bacteroid the RHE_RS07430 was identified (Table 1). For the gst, glutathione S-transferase [EC:2.5.1.18] in MM RHE_RS01425, RHE_RS05865, RHE_RS06130, RHE_RS06230, and RHE_RS11855 were identified and in bacteroids, RHE_RS05070, RHE_RS07560, RHE_RS25110, and RHE_RS12380 were identified (Table 1). As well as, the gntZ, 6-phosphogluconate dehydrogenase [EC:1.1.1.44 1.1.1.343] in MM RHE_RS12615 and in the bacteroid RHE_RS17825 were expressed (Table 1). Multiplicity was also found in 5 transcription regulators and 16 transporters (Supplementary Table 3A).

From this data, there are some relevant points; it has been shown that during symbiosis of R. leguminosarum, bacteroids become auxotrophic for branched-chain amino acids, and their supply depends on the leguminous pea plant (Prell et al. 2009). In contrast, in R. etli CFN42, for valine, leucine, and isoleucine biosynthesis, 9, 3, and 3 enzymes were detected in MM, bacteroid, and Nch, respectively (Supplementary Table 2 pathway 6, and Supplementary Table 3A), suggesting a functional pathway in R. etli CFN42. Multiplicity was also found for the β-hydroxybutyrate dehydrogenase enzyme in B. japonicum USDA110, two isoforms were exclusively expressed in free-living conditions and a new isoform was expressed in nodule proteomes (Sarma and Emerich 2006). Another difference between the symbiosis of R. etli CFN42 is the expression of a great number of ABC sugars transporters which does not seem to be expressed in the symbiosis of B. japonicum and S. meliloti, reviewed in (Sarma and Emerich 2006). Also, this data confirmed two different systems for defense against oxidative stress for R. etli CFN42 (Resendis-Antonio et al. 2011), which is also observed in S. meliloti 1021 (see below), one prevailing in free-living conditions and the other in symbiosis. As shown, the multiplicity of genes for an enzyme is a generality in the cellular functioning of R. etli CFN42 in free-living conditions and symbiosis, clearly showing a greater genetic redundancy for enzymes expressed in MM than in symbiosis that may or may not be paralogous genes (Supplementary Table 3A). Additionally, a contrasting analysis of function assigned to the genes between the KO Orthology database (Kanehisa et al. 2016; Kanehisa 2017) and the NCBI database6 was performed from the 48 unique K numbers covering 101 and 74 proteins for MM and bacteroid, respectively (Table 1); only four K numbers from R. etli CFN42; K01684, K02433, K00459, and K10439 were different, showing a great coincidence between the two methods (see shaded green rows; Supplementary Table 3A). When genes with the same annotated function exist, phenotypic change of a bacterium is not present by loss of function of a gene copy; it is called “Robustness,” which is the ability to maintain the function when there is a change, as it was from free life to symbiosis (González et al. 2006; Diss et al. 2014), and they are maintained by context-dependent differences (Putty et al. 2013). These data suggest that when R. etli CFN42 is in free life and under symbiotic conditions, there is a metabolic adaptation, implying distinct transcriptional regulation for these genes.



Isoenzymes in Sinorhizobium meliloti 1021

An identical analysis was performed with a peptone yeast-rich medium and bacteroid transcriptome data from S. meliloti 1021 to search for isoenzymes. Significant data were selected with two parameters, log ≥0.96 and with software with p ≥ 0.05 (Barnett et al. 2004). In contrast to R. etli CFN42, S. meliloti only showed 7K genes for isoenzymes; SMc03978 tkt2 for transketolase was expressed in TY, while in bacteroids, SMc00270 was expressed (Supplementary Table 3B). The protein SMc03994 for the 30S ribosomal protein S21 was present in TY medium, while SMc04320 for the 30S ribosomal protein was present in bacteroids. The SMa0744 protein GroEL was translated in TY and was substituted by the SMa0124 GroEL protein in bacteroids. Moreover, SMc02897 for the cytochrome C transmembrane protein was expressed in TY medium, and the equivalent activity was substituted by the SMc01981 cytochrome C protein in the bacteroid. Moreover, as shown for R. etli CFN42 for defense against oxidative stress in MM and bacteroids, S. meliloti 1,021 in TY medium expressed five glutathione-S transferases, SMc00097 (gst2), SMc00383 (gst3), SMc00407 (gst4), SMc03082 (gst8), and SMc00036 (gst1). This activity was performed by the SMc01443 (gst6) glutathione-S transferase protein in bacteroids (Supplementary Table 3B). These data suggest that an alternative system for defense against oxidative stress also exists in S. meliloti 1021 bacteroids. There were contrasting low K numbers in S. meliloti 1021 compared with the R. etli CFN42 genome, and these data probably have a bias from a different method for the selection of significant data between these bacteria.



Transcriptional regulatory network

Taking advantage of the RhizoBindingSites database7 (Taboada-Castro et al. 2020), networks were constructed for MM and bacteroid protein profiles with the application “Prediction of regulatory network” (see “Materials and Methods” section). A three-step method to build a network was implemented (see “Materials and Methods” section). In the second step (see methods), Clustered-TF genes obtained with the matrix-clustering analysis, were used as input in the application of RhizoBindingSites database “Prediction of regulatory networks” with the option “auto”, to corroborated potential TF gen-target relationships. The cluster_34 and cluster_195 from MM, and cluster_97 and cluster_112 from bacteroid were chosen. For cluster_34, all the genes had a TF gene-target relationship. Indeed, for cluster_195, 22 out of 27 genes were connected (Supplementary Table 1G). For cluster_97, 21 of 26 genes were connected and for cluster_112, 21 from 22 genes were connected (Supplementary Table 1H). These data showed that the matrix of a clustered-TF, has homology to a matrix of the target gene. In consequence, the matrices from both, the TF´s and the gene-target are conserved in their respective orthologs genes, because upstream regulatory regions of the orthologs genes were used to deduce the matrices (Taboada-Castro et al. 2020). Suggesting, this conservation is by a compromised function of the motifs for the TF and the target genes and not by chance. Then, the transcriptional regulatory networks of MM and bacteroid protein profiles are constructed with motifs interspecies conserved. The quality of the MM, bacteroid, clustered-TF-MM and clustered-TF-BACTEROID networks, which are data of the three-step method, was compared by analyzing the number of interactions per p-value range. The number of interactions of p-values with low stringency decreased, and those with a higher stringency in the network from clustered-TF-MM and clustered-TF-BACTEROID increased, meaning that there was an enrichment of interactions with high stringency p-value levels (see “Materials and Methods” section, Figure 5), emphasizing that most of the TF gene–target interactions eliminated from clustered-TF-MM and clustered-TF-BACTEROID had low stringency p-values. These data confirmed that clustered matrices of genes are strongly related to the structure of a network, and these genes probably represent hubs. We expect this new method will be helpful for the depuration of regulons from any potential TF gene-target data, since it provides data with the highest level of restriction as possible, based on coexpression of the TF´s, instead of arbitrarily imposing a threshold to determine the significance of data. The number of clusters per network was 654 and 92 for Clustered-TF-MM and Clustered-TF-BACTEROID, respectively. Moreover, 654 proteins, including 93 TFs for Clustered-TF-MM, and 246 TFs for Clustered-TF-BACTEROID, including 46 TF proteins, were identified (Supplementary Tables 4A-B). These expected regulatory networks had 5,091 and 1,114 TF gene–target relationships for MM and bacteroid, respectively, the hypothetical regulons are available (Supplementary Tables 4 A-B). Additionally, to determine whether the matrices of these networks detect motifs in the upstream regulatory region of their corresponding orthologous genes in the order Rhizobiales, an analysis with a footprint-scan method was conducted (Nguyen et al. 2018). These data showed a great number of motifs detected with these matrices even for phylogenetically distant species of R. etli CFN42 (data not shown), suggesting that this conservation of motifs occurs by a functional compromise.

We wondered how our inferred networks assess against known curated networks. As no curated network is available for R. etli, inspired by recent work showing that assessing using network structural properties provides results consistent with using a gold-standard (Zorro-Aranda et al. 2022), we performed a pairwise comparison via correlation of the normalized structural profiles of two well-curated regulatory networks, E. coli and B. subtilis, as positive control and a background of Erdös-Rényi parametrized random networks as a negative control (Figure 6A; “Materials and Methods” section).

[image: Figure 6]

FIGURE 6
 (A) Network similarity and (B) Symmetric properties of experimental networks from Escherichia coli, Bacillus subtilis and predicted networks from Rhizobium etli CFN42; MM, Clustered-TF-MM, BACTEROID and Clustered-TF-BACTEROID compared with 1000 Erdös-Rényi random networks.


Comparing these properties showed that negative control networks were clearly segregated from the experimental and inferred biological networks, showing that experimental and inferred biological networks were more similar (Figure 6A). Consequently, the inferred biological networks were not random. We then analyzed these structural property profiles of the networks using mix-max scaling across networks to maximize the differences (Figure 6B). We confirmed the segregation of the negative controls from the biological and experimental networks, which means that our networks are not random and that the experimental and inferred networks were more similar. The density was higher for the inferred networks than for the experimental networks. Between the inferred networks, the density of bacteroid and clustered-TF-BACTEROID was higher than that of the MM and clustered-TF-MM networks. The density of Clustered-TF-MM and Clustered-TF-BACTEROID could be increased due to grouping the matrices with the aforementioned matrix-clustering strategy (Figure 6B; “Materials and Methods” section).

The scale-free properties of the inferred networks were contrasted to the experimental networks of E. coli and B. subtilis by two alternative methods: robust linear regression and maximum likelihood estimation. Currently, the transcriptional regulatory network of a Rhizobium strain is unknown. A bioinformatic study based on functional relationships from the PROLINKS and STRING databases showed a scale-free interaction network and modularity for Sinorhizobium meliloti (Rodriguez-Llorente et al. 2009). However, they considered greater, more significant proteins than this study. Consistently, many genes showed a modular organization in a metabolic network of R. etli CFN42 with proteomic, transcriptomic, and metabolomic data (Resendis-Antonio et al. 2012). Additionally, there are more 3-feedback loops in the MM and Clustered-TF-MM networks than in the bacteroid, Clustered-TF-BACTEROID, E. coli, and B. subtilis networks. The self-regulation, complex feed-forward circuits, and feed-forward circuits from inferred networks were higher than the experimental ones (Figure 6B). Self-regulation is higher for inferred networks than experimental networks because the RhizoBindingSites database was built only with genes whose matrices could recognize a motif in their upstream promoter region.

The average clustering coefficient, maximum out connectivity, cluster coefficient R2 C(k), and connectivity distribution R2 P(k) were higher for the experimental than for inferred biological networks, implying that the inferred networks have an atypical very low modularity. As previously shown in several organisms (Freyre-González et al. 2008; 2012; Freyre-González and Tauch 2017; Escorcia-Rodríguez et al. 2021), the Natural Decomposition Approach (NDA) reveals that bacterial regulatory networks shape a diamond-like, three-tier, hierarchy where global TFs govern modules, and the local response of these modules is integrated at the promoter level by intermodular genes, whereas modules are shaped by local TFs and structural genes (Freyre-González et al. 2022). An analysis of our predicted networks using the NDA showed a hierarchy only composed of global TF and basal machinery, where neither modules nor intermodular genes could be identified (data not shown). These could be a consequence of the atypical high density of the inferred network, as this causes the networks to be more interconnected than usual.

As we found that in our networks the integrative layer composed of the intermodular genes is absent, we leverage that it has been previously shown that regulatory networks are mainly descendent (Ma et al. 2004) but there are still some feedback circuits (Freyre-González et al. 2008, 2012). We unveil a hierarchy of the inferred networks by removing the top-down edges, thus eliminating feedback, and applying a topological sorting algorithm to the predicted network (Figure 7; Supplementary Table 5 and “Materials and Methods” section). Our strategy maintains the global structure of the network to reveal the hierarchy. Besides structural nodes, no other nodes are removed, and ‘bottom-up’ edges can be added back to the hierarchy to reveal the feedback among layers and reconstruct the original network.
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FIGURE 7
 Hierarchy of the transcriptional regulators (TF’s) of the networks; (A) Minimal medium, (B) Clustered-TF-MM, (C) BACTEROID, and (D) Clustered-TF-BACTEROID from Rhizobium etli CFN42.


The hierarchy of the MM network showed that RHE_RS06405 (MucR family) is at the top. Under the top, there are four genes: RHE_RS25725 (LysR family), RHE_RS16230 (ROK family), RHE_RS05945 (LuxR family), and RHE_RS02355 (ROK family; Figure 7A; Supplementary Table 5). In contrast, for the Clustered-TF-MM network (Figure 7B; Supplementary Table 5), RHE_RS06405 (MucR family) and RHE_RS05945 (LuxR family) were at the top, and under the top seven TFs identified, RHE_RS25725 (LysR family) and RHE_RS20575 (carD family), a CarD protein, pertaining to the CarD_CdnL_TRCF family of TFs described in Mycobacterium tuberculosis 2018, binds to RNA polymerase and activates transcription by stabilizing the transcription initiation complex, elongation or termination steps, and deletion of N-terminal residues hampers amyloid formation (Kaur et al. 2018). It was shown that the interaction of CarD with the RNAP beta-subunit is responsible for mediating M. tuberculosis viability, rifampicin resistance, and pathogenesis. It is a highly expressed protein, also induced by multiple stresses. Transient depletion of CarD makes M. tuberculosis more sensitive to being killed by reactive oxygen species, and its mutation abolishes persistence in mice (Weiss et al. 2012). In addition, RHE_RS16230 (ROK family), RHE_RS02355 (ROK family), RHE_RS17050 (response regulator), RHE_RS01875 (helix-turn-helix transcriptional regulator), and RHE_RS00415 (TetR family) were identified. For bacteroid and clustered TF-BACTEROID, the hierarchy of transcriptional regulatory networks showed the same three TFs at the top; RHE_RS23775 (NAC, nitrogen assimilation transcriptional regulator). In Escherichia coli, the nac and glnK promoters were strongly activated when cells stopped growing, and ammonium became scarce (Atkinson et al., 2002), as well as RHE_RS03515 (substrate-binding domain) and RHE_RS10580 (LacI family DNA-binding transcriptional regulator; Figures 7C,D; Supplementary Table 5). For MM and clustered-TF-MM transcriptional regulatory networks, seven and six different levels of regulation are shown, respectively (Figures 7A,B; Supplementary Table 5). In contrast, for bacteroid and clustered-TF_BACTEROID, only three and four levels of regulation were shown, respectively (Figures 7C,D; Supplementary Table 5).



Inferred transcriptional regulation of isoenzymes in MM and bacteroids

TF gene–target relationships for genes coding for isoenzymes in the MM, Clustered-TF-MM and bacteroid, Clustered-TF-BACTEROID networks were inferred (Supplementary Table 6). The transcriptional regulator per locus tag is found in the column E headed “Matrix_ID” with the RHE_RS13345_m5 format (Supplementary Table 6), see “Materials and Methods” section. It is shown by the enzyme PGD, gnd, gntZ; 6-phosphogluconate dehydrogenase [EC:1.1.1.44 1.1.1.343] (Supplementary Table 6, column AK), the isoenzymes RHE_RS12615 and RHE_RS17825 were expressed in MM and in the bacteroid (Supplementary Table 6, column B), respectively. In MM, the transcriptional regulator is RHE_RS13345_m5 (Supplementary Table 6, column E) with a p-value of 1.7e-5 (Supplementary Table 6, column K), and in the bacteroid, it is RHE_RS27925_m4 (Supplementary Table 6, column E) with a p-value of 0.18e-4 (Supplementary Table 6, column K). However, there are no data with respect to the Clustered-TF-MM and Clustered-TF-BACTEROID networks (Supplementary Table 6, columns S–Z) due to a reduction of TF’s by the matrix-clustering analysis. Therefore, fabG, OAR1; 3-oxoacyl-[acyl-carrier protein] reductase [EC:1.1.1.100] (Supplementary Table 6, columns A–K) enzyme for fatty acid biosynthesis, we identified RHE_RS05335 and RHE_RS06685 in MM, and RHE_RS19755 in bacteroid (Supplementary Table 6, column B), which are potentially regulated by the TFs RHE_17755_m2, RHE_RS30790_m1 and RHE_RS23180_m2 (Supplementary Table 6, columns E and S), with p-value of 7.30E-07, 1.20E-06 and 2.60E-06 (Supplementary Table 6, columns K and Y), respectively, for MM, bacteroid and Clustered-TF-MM and Clustered-TF-BACTEROID networks, showing for this enzymatic step that the multiplicity also corresponds with a different TF involved in transcriptional regulation. Note that each network contains its own p-value (see Supplementary Table 6, columns K and Y). For a better choice of a TF gene-target, data from a clustered-TF network and a low p-value as possible is desirable. From here on, in this discussion, the p-value located in Supplementary Table 6, column K, for not clustered networks and Supplementary Table 6, column Y, for clustered networks will be omitted. Concerning the enzyme D-threo-aldose 1-dehydrogenase [EC:1.1.1.122], in MM and bacteroid, the isoenzymes RHE_RS02500 and RHE_RS28605 were expressed, and the inferred TFs were RHE_RS22090_m3 and RHE_RS03515_m5, respectively, showing a potentially distinct TF-dependent physiological condition, but incomplete data were obtained for Clustered-TF networks (Supplementary Table 6, columns S–Z). In the case of gcvT and AMT, aminomethyltransferase enzyme [EC:2.1.2.10] in MM expressed RHE_RS28340 and two isoenzymes in bacteroid; RHE_RS26195 and RHE_RS26150 were expressed, and their corresponding TFs RHE_RS28340_m3, RHE_RS00285_m4, and RHE_RS05730_m3 were deduced, respectively, for both non and clustered-TF networks, supporting the suggestion of distinct regulation of these genes in MM and bacteroid (Supplementary Table 6).

Most likely, the microaerobic conditions and the metabolic functions prevailing in the bacteroid (fixing nitrogen), in comparison with the bacteria cultivated in MM (free life), induce specific strategies against oxidative stress, e.g., for the case of the enzyme GST, gst; glutathione S-transferase [EC:2.5.1.18], in MM RHE_RS0630 and RHE_RS11855 proteins were expressed for the MM network, while in bacteroid, the RHE_RS12380 was identified with a Clustered-TF network, with the TFs RHE_RS06135_m4, RHE_RS27645_m3 in MM and RHE_RS08350_m3 in the bacteroid (Supplementary Table 6). Regarding yghU and yfcG, GSH-dependent disulfide-bond oxidoreductase [EC:1.8.4.-] in MM and bacteroid isoenzymes RHE_RS22490 and RHE_RS04155, respectively, were expressed, potentially under the transcriptional control of TFs RHE_RS12670_m4 and RHE_RS12205_m4, respectively (Supplementary Table 6). For these proteins involved in the repair of oxidized proteins, a different transcriptional regulation is suggested in MM and bacteroid and clustered-TF-MM and clustered-TF-BACTEROID networks. Iron transport is relevant for metabolism regarding afuA and fbpA, which encode the iron(III) transport system substrate-binding protein and express the isoenzymes RHE_RS10880 and RHE_RS13955 in MM and bacteroid, respectively, with the TFs RHE_RS28340_m4 and RHE_RS16205_m5, respectively, for MM and bacteroid networks (Supplementary Table 6), our data suggest two distinct metabolic strategies for transport of iron in MM (free life) and bacteroid (nitrogen fixing) conditions. It has been discussed that transport is specific for these metabolic stages (Sarma and Emerich 2006); indeed, this was supported for amino acid transport regarding ABC.PA. S; the polar amino acid transport system substrate-binding protein, in MM RHE_RS02695, RHE_RS11720, and RHE_RS27400, and in bacteroid RHE_RS07475 and RHE_RS27430 were expressed, potentially regulated by the TFs RHE_RS30745_m3, RHE_RS24110_m2, RHE_RS14135_m3 and RHE_RS18525_m2, RHE_RS26505_m5, respectively. All these data were clustering TF-associated, showing distinct TFs for each metabolic condition (Supplementary Table 6). Concerning transcriptional regulators, lacI and galR belonging to the LacI family in Clustered-TF-MM RHE_RS03090, RHE_RS12585, RHE_RS17450, RHE_RS23055, RHE_RS23350, and RHE_RS27560 were expressed in comparison with Clustered-TF-BACTEROID, where the following proteins were identified: RHE_RS03515, RHE_RS15245, and RHE_RS27525. Probably some genes are expressed because they respond to different physiological conditions with the aim of regulating different groups of genes. The inferred TFs for these genes were RHE_RS03090_m2, RHE_RS12585_m4, RHE_RS17450_m4, RHE_RS23055_m3, RHE_RS23350_m1, RHE_RS27560_m3, and RHE_RS03515_m5 for cluster-TF-MM, as well as, RHE_RS24095_m3 for bacteroid network, and RHE_RS03515_m5, RHE_RS27525_m2 for clustered-TF-BACTEROID, respectively (Supplementary Table 6). These data support the idea that isoenzymes have distinct regulations. For the ABCB-BAC ATP-binding cassette, subfamily B, bacterial beta-(1 –> 2)glucan export ATP-binding/permease NdvA protein, the proteins RHE_RS20455 and RHE_RS10390 were expressed in MM and bacteroid, respectively, with the TFs RHE_RS23325_m5 and RHE_RS26875_m3, for both not and clustered-TF were inferred, respectively, supporting a differential transcriptional regulation (Supplementary Table 6). Multiple rbsB; ribose transport system substrate-binding protein transporters, RHE_RS09135, RHE_RS22400, RHE_RS27555, RHE_RS30060, and RHE_RS30060 were expressed in MM, while RHE_RS29865 was identified in bacteroid; the data suggested that they were under the Clustered-TF transcriptional control of RHE_RS22090_m2, RHE_11740_m2, RHE_RS27560_m3, RHE_RS04690_m3 and RHE_RS02355_m4 and the not clustering TF associated RHE_RS10580_m1, respectively (Supplementary Table 6). Currently, it is not clear whether the plant supplies sugar to the bacteroid. A metabolome study showed that GDP-mannose and GDP-galactose were identified to be 7.4 times higher in bacteroids than in bacteria grown in MM (data not shown); in the opposite sense, proteins for these pathways were significantly higher in MM than in bacteroids (Supplementary Table 2, pathway 10). The two-component system, OmpR family response regulator proteins RHE_RS06580, RHE_RS10890, RHE_RS12325, and RHE_RS21355, were detected in MM and RHE_RS29195 in bacteroid, with TFs RHE_RS06580_m4, RHE_RS05790_m3, RHE_RS12325_m2, and RHE_RS21355_m3, for the proteins expressed in MM and RHE_RS29195_m2 for bacteroid, respectively (Supplementary Table 6), for non and clustered-TF networks, showing that multiplicity has a distinct potentially transcriptional regulation. The nodD LysR family transcriptional regulator recognizes a nod-box for transcriptional activation (Mao et al. 1994). We have demonstrated the function of the nodD transcriptional regulators by supplementation of MM with the flavonoid naringenin, which induced the synthesis of the nodulation factor (Meneses et al. 2017). The nodD genes RHE_RS30790, RHE_RS31010, and RHE_RS31005 proteins were expressed in Clustered-TF-MM and Clustered-TF-BACTEROID, respectively, probably under the transcriptional control of the inferred TFs RHE_RS30790_m2, RHE_RS12670_m4 Clustered-TF and RHE_RS20460_m2, not Clustered-TF, respectively (Supplementary Table 6). It was demonstrated that lysR nodD genes were autoregulated (Hu et al. 2000), as was in silico shown for the NodD RHE_RS30790 (Taboada-Castro et al. 2020); in addition, the nodD genes may be regulated by other TFs (Barnett and Long 2015), as was inferred for nodD RHE_RS31005 (Taboada-Castro et al. 2020). Altogether, these data suggested that in addition to specific isoenzymes expressed in a condition-dependent manner, they are potentially under specific transcriptional regulatory control. This data suggested how R. etli CFN42 re-program its transcriptional regulatory network to be metabolically adapted for growth in MM or in the symbiosis with the leguminous plant.




Conclusion

A free-living and symbiotic proteomic study from R. etli CFN42 were performed. A lower number of proteins per pathway in bacteroids than in MM was found, and approximately 30 and 20% of proteins for some metabolic pathways were detected in MM and bacteroids with respect to the genomic content, respectively. A mapping of classified proteins based on orthology allowed us to discover the presence of isoenzymes specific for growth in minimal medium and symbiosis with deduced specific transcriptional regulation. In addition to the metabolic pathways identified, genes for the degradation of environmental compounds were detected in MM and symbiotic proteomes. In contrast, a low number of isoenzymes were found in the S. meliloti transcriptome data. Taking advantage of the RhizoBindingSites database, which contains inferred TF gene–target relationships of R. etli CFN42 and eight additional symbiotic species, a method was implemented to construct transcriptional regulatory networks for these metabolic conditions. An inferred clustered TF gene network was constructed with motifs highly conserved in the upstream regulatory regions of the genes that are also conserved in the orthologous genes from each gene.

This pioneer bioinformatic framework is an important reference to obtain basic information on the genetic circuitry to increase knowledge about an experimental transcriptional regulatory network. Given the changing climate conditions, experimental validation of these genetic circuits for remodeling the metabolic pathways to optimize the SNF of R. etli CFN42 is the next step.
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Plant growth-promoting rhizobacteria (PGPR) can produce hormone-like substances, promote plant nutrient uptake, enhance plant resistance, inhibit the growth of pathogenic bacteria, and induce plant resistance to biotic and abiotic stresses. Bacillus is one of the most studied genera that promote plant root development. Since its discovery in 2009, B. aryabhattai has shown promising properties such as promoting plant growth and improving crop yield. However, the mechanisms of B. aryabhattai promoting plant growth remain to be investigated. In this study, the chromosome of B. aryabhattai strain LAD and five plasmids within the cell were sequenced and annotated. The genome, with a length of 5,194,589 bp and 38.12% GC content, contains 5,288 putative protein-coding genes, 39 rRNA, and 112 tRNA. The length of the five plasmids ranged from 116,519 to 212,484 bp, and a total of 810 putative protein-coding genes, 4 rRNA, and 32 tRNA were predicted in the plasmids. Functional annotation of the predicted genes revealed numerous genes associated with indole-3 acetic acid (IAA) and exopolysaccharides (EPSs) biosynthesis, membrane transport, nitrogen cycle metabolism, signal transduction, cell mobility, stress response, and antibiotic resistance on the genome which benefits the plants. Genes of carbohydrate-active enzymes were detected in both the genome and plasmids suggesting that LAD has the capacity of synthesizing saccharides and utilizing organic materials like root exudates. LAD can utilize different carbon sources of varied carbon chain length, i.e., methanol, acetate, glycerol, glucose, sucrose, and starch for growth and temperature adaptation suggesting a high versatility of LAD for thriving in fluctuating environments. LAD produced the most EPSs with sucrose as sole carbon source, and high concentration of IAA was produced when the maize plant was cultivated with LAD, which may enhance plant growth. LAD significantly stimulated the development of the maize root. The genome-based information and experimental evidence demonstrated that LAD with diverse metabolic capabilities and positive interactions with plants has tremendous potential for adaptation to the dynamic soil environments and promoting plant growth.
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Introduction

Plant growth and development is highly dependent on the interactions with other living organisms that habitat the soil ecosystem. These interactions are very complex and critical for maintaining the biodiversity in the below-ground system (Lau and Lennon, 2011; Bever et al., 2013; Shao et al., 2018). Microbes are the most abundant and diverse entities in soil and can directly participate in ecological processes and nutrient cycling. The role of soil microbial community in soil ecosystem functioning and plant production has been widely investigated via isolation of culturable microbes and culture-independent techniques (Liu et al., 2019; Roy et al., 2020). However, the soil environment is extremely heterogeneous imposing great challenges on studies of soil microbial ecology.

Roots harbor a rich abundance of biomass and are the crucial organ of the plant to absorb water and nutrients for the plant. Rhizosphere the narrow region immediately adjacent to the root is the plant root-soil interface and is the hot spot for microbial interactions and cross-kingdom interactions between plants and microbes (Chaparro et al., 2014; Korenblum et al., 2020). Rhizosphere microbes and the plant may form symbiotic relationships in which the root microbiome utilizes root exudates and secretes compounds benefiting plant growth (Berendsen et al., 2012). Rhizosphere microbes may synthesize antibiotics as required by the plant for suppression of soil-borne pathogens and ultimately enhance the plant health (Mendes et al., 2013; Lazcano et al., 2021). Other rhizosphere microbiome-plant mutualistic interactions include microbiome fixing and providing essential elements (e.g., nitrogen) for plant growth (Moreau et al., 2019). Rhizosphere microbiome may also induce systemic root exudation of metabolites and mediate root-root signaling promoting soil conditioning (Korenblum et al., 2020). Meanwhile, many environmental and biotic factors can influence rhizosphere microbiome-plant interactions making it more complicated to study the mechanism of different rhizosphere microbes promoting plant growth.

Rhizospheric microorganisms could produce hormone-like substances, then promote plant growth and nutrient uptake, inhibit the growth of pathogenic bacteria and induce plant resistance to biotic and abiotic stresses (Ahmed and Hasnain, 2014). For example, inoculation with typical beneficial microbial mycorrhizal fungi not only promotes the secretion of organic acids and phosphatases from the roots of symbiotic plants, but also enhances the ability of plant to activate insoluble phosphates in the soil and promotes the uptake of water and minerals, especially phosphate (Berta, 2000; Erik et al., 2000; Philippe, 2001; Maria, 2005). Bacillus amylolyticus strain B3 harbors functional genes capable of directly promoting crop growth, like yhcX and ysnE, key genes for plant growth hormone (IAA) synthesis; and AlsS, AlsD, and AlsR, synthase genes related to the volatile disease-promoting substance 2,3-butanediol. The phytase synthesis gene phy is present intact in the B3 genome, and phytase can catalyze the degradation of phytic acid into inositol, facilitating plant uptake and utilization of nutrients from soil (Idriss et al., 2002; Zhang et al., 2010). The exocrine secretion of Bacillus subtilis BS-2 promotes rice growth, increases chlorophyll content in the crop, slows membrane lipid peroxidation in rice, and promotes indoleacetic acid production in the plant (Ma et al., 2018). Bacterial colonization can trigger plant immune reaction, and the interaction between beneficial bacteria and plant immune system is essential for efficient bacterial colonization, survival, and plant growth promoting hormone production (Tzipilevich et al., 2021).

Bacillus is the one of the most studied genera among the plant growth promoting rhizobacteria and shows tremendous potential in promoting plant growth (Chen et al., 2007; Tahir et al., 2017; Backer et al., 2018). Bacillus aryabhattai are widely distributed in nature but were only discovered in 2009 (Shivaji et al., 2009). More strains of B. aryabhattai were isolated from various environments including plant roots, and evaluations of this rhizosphere bacteria have revealed promising properties of this Bacillus species for promoting plant growth and improving crop yields thus having attracted plenty of attention from researchers (Bhattacharyya et al., 2017; Park et al., 2017; Ghosh et al., 2018). Mehmood et al. (2021) found that B. aryabhattai promoted wheat growth and reduced the effects of salt stress on wheat. However, the mechanism of this rhizobacteria species promoting plant growth remains to be investigated. With the development of sequencing technology, whole genome sequencing of the isolated microbial strains has been widely used to reveal the potential functions of the microbes in enhancing the plant performance (Chu et al., 2020; Chen et al., 2022).

In a recent study, an excellent plant inter-rhizosphere strain, B. aryabhattai LAD, was isolated from maize rhizosphere, and the impact of LAD on rhizosphere microbial structure was also explored in the previous study (Deng et al., 2022). LAD showed promising plant growth promoting properties, including nitrogen fixation and phosphorus solubilization and IAA production. Here, we aimed to reveal the genes related to plant growth-promoting functions of this strain through whole genome sequencing and investigate the genetic differences between this strain and similar plant growth promoting rhizobacterial strains via comparative genomics. The metabolic and phenotypic traits and habitat-specific adaptations of this strain to maize root promotion were also investigated.



Materials and methods


Total DNA extraction and whole genome sequencing

The strain LAD was isolated from maize rhizosphere in our lab, and initial characterization of the newly isolated bacterial strain was performed and the effects of LAD on corn seedlings were also evaluated. In this study, LAD was grown in its optimum growth medium containing 20 g L−1 sucrose, 2 g L−1 beef extract, 0.4 g L−1 KH2PO4, 0.4 g L−1 MgSO4·7H2O, 0.4 g L−1 NaCl, 0.4 g L−1 CaSO4·2H2O, and 2 g L−1 CaCO3 at 180 rpm and 37°C. The bacterial cells were harvested at the late exponential phase (around 22 h) for total DNA extraction with the extraction kit. The extracted DNA was quantified with Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and sent out to Shanghai Personal Biotechnology Co., Ltd. for next-generation sequencing of the total DNA. Whole genome sequencing of LAD was performed using on PacBio Sequel (Pacific Biosciences of California, Inc., Menlo Park, CA, United States) and Illumina NovaSeq (Illumina, Inc., San Diego, CA, United States) sequencing platforms, respectively.



Whole genome annotation

The obtained sequence reads from PacBio platform were assembled into contigs using HGAP4 WGS-Assembler 8.2 and CANU (Chin et al., 2016; Koren et al., 2017). The Illunima reads were employed for correction of the assembled contigs with Pilon 1.22 to get the final complete genome (Walker et al., 2014). GeneMarkS was used for finding protein-coding genes via GeneMark.hmm program (Besemer et al., 2001). Transfer RNAs (tRNAs) were predicted using tRNAscan-SE, and the prediction of other non-coding RNAs was performed in Rfam (Lowe and Eddy, 1997; Kalvari et al., 2018). Clustered regularly interspaced short palindromic repeats (CRISPRs) were predicted using CRISPRFinder program (Grissa et al., 2007). PHASTER (Phage Search Tool Enhanced Release) was used for detection of prophages on the genome (Arndt et al., 2016).



Genomic comparisons

Reference genome sequences of other Bacillus strains were retrieved from NCBI GenBank database for comparative genomic analysis of B. aryabhattai LAD (Table 1). B. aryabhattai is a homotypic synonym of Priestia aryabhattai. Pairwise genome comparisons were performed on JSpeciesWS which evaluates whole genome homologies via BLAST alignments for determination of the average nucleotide identity (ANI) between genome sequences (Richter et al., 2016). The bacterial pan genome analysis (BPGA) pipeline was used to identify the orthologous pan genome profile among the genomes of the B. aryabhattai strains (Chaudhari et al., 2016). Core genome (the set of shared genes by all strains), accessory genome (genes shared by different strains but not by all strains), and unique genes (exclusively belonging to one strain), and pan genome (non-homologous genes) were identified with BPGA. Carbohydrate-active enzymes (CAZy) were characterized based on the CAZy database (Lombard et al., 2014). The whole genomic sequence data of B. aryabhattai LAD was deposited to NCBI GenBank, with the accession number of GCA_017743055.1.



TABLE 1 Genome information of 19 strains used in this study.
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Bacillus aryabhattai LAD growth under different temperatures and carbon sources

The growth of LAD on different carbon sources and at different temperatures was evaluated with Epoch 2 microplate spectrophotometer (BioTek Instruments Inc., Winooski, VT, United States). LAD cells were inoculated in LB medium and grown at 37°C overnight. The LAD culture was used as inoculum (1%) for growth in the optimum growth medium, but the carbon source in the medium was the same concentration (2%, m v−1) of sodium acetate, glycerol, glucose, sucrose, or starch. The growth of LAD on methanol was also examined in the optimum medium but with the carbon source replaced with 0.5% (v v−1) methanol. The growth curves of LAD populations on different carbon sources and at different temperatures (20°C and 37°C) were obtained by culturing the cells in 24-well plates and analyzed at a 1-h interval in the Epoch 2 microplate spectrophotometer. Each treatment included three replicates, and the mean cell density was used to plot the growth curves.



Indole-3-acetic acid production by Bacillus aryabhattai LAD

The maize seeds (Dongdan 1,331) were immersed in 105 CFU ml−1 LAD cell suspensions and cultivated in the artificial climate room for 8 days. As the control treatment, the maize seeds were immersed in sterilized water and cultured for 8 days under the same conditions. Each treatment included three replicates, and t-test was used to reveal the statistical differences between LAD treatment and control. The plant was removed after cultivation, and the liquid culture was concentrated by rotary evaporation and was archived for later use. Liquid chromatography system of Waters ACQUITY UPLC (Milford, MA, USA) with a liquid chromatography column (182.1 mm × 50 mm i.d., 1.7 μm) was used to determine the amount of the produced IAA (Fu et al., 2012). IAA was isolated in a mobile phase consisting of methanol solution (mobile phase A) and 0.1% formic acid aqueous solution (mobile phase B). The gradient elusion was run at a flow rate of 0.2 ml min−1 with initial 20% mobile phase A which was increased to 80% in the next 12 min. The volume fraction of mobile phase A was reduced from 80 to 20% in the time range of 12 to 16 min. The injection volume for all samples was 3 μl and the column temperature was 40°C. The mass spectrometer that affiliated with the UPLC system used an electrospray ion source, with a capillary voltage of 0.8 KV in positive ion mode (ESI+), a taper voltage of 25 V, a dissolvent temperature of 650°C, a dissolvent gas flow rate of 1,000 l h −1, and a conical hole back blow 5 l h −1. The collision voltage was set 30 V at 176 > 103 and 15 V at 176 > 130.



Production of exopolysaccharides

LAD cells were grown in LB medium at 37°C for 24 h before the cells were transferred into the optimum growth medium with different carbon sources, i.e., methanol (0.5, v v−1), sodium acetate (2%, m v−1), glycerol (2%, m v−1), glucose (2%, m v−1), sucrose (2%, m v−1), and starch (2%, m v−1), respectively. The bacterial cells were cultivated at 37°C with the EPSs production being evaluated at 24 and 72 h of the cultivation. For EPSs extraction, 10 ml bacterial culture was centrifuged at 5,000 rpm for 20 min, and the supernatant was transferred to a clean 50 ml centrifuge tube with 2-fold volume of 95% ethanol. The mixture was stirred using a glass rod until clear flocculent precipitation appeared. The mixture was stored at 4°C for 24 h before centrifugation at 10,000 rpm for 15 min. The extracted products, crude EPSs, were air dried at room temperature and weighed for determination of the EPSs production on different carbon sources.



Impacts of LAD on maize root development

LAD was cultivated in selective nutrient broth at 37°C for 72 h (until OD600nm reached 1.4). The LAD cells were harvested by centrifugation and resuspended in sterile water, and the cell suspension was diluted to a final concentration of 105 CFU ml−1 using sterile water. The maize seeds were immersed in the diluted bacterial suspension for 24 h, after which the maize seeds were cultivated in laboratory hydroponics and in the field, respectively. In the control treatment, the maize seeds were soaked in the sterile water for 24 h before being cultivated in laboratory hydroponics and field. The root development of the maize seedlings in hydroponics was measured by a root system analyzer after 14 days, while measurement of the root development of each maize plant grown in field was performed after 60 days (Bucksch et al., 2014). The hydroponic and field cultivation for each treatment included 10 maize plants, respectively. Each treatment was repeated three times. Student’s t-test was used to compare the root development under LAD treatment with that of the control to show the statistical differences.




Results


Functional annotation of Bacillus aryabhattai LAD whole genome

A total of 184,213 sequence reads was obtained in the next-generation sequencing. The de novo genome assembly using HGAP revealed a single circular chromosome genome and five circular plasmids in B. aryabhattai LAD. The newly sequenced genome was composed of 5,194,589 bp with a GC content of 38.12% (Figure 1). The five plasmids contained 212,484, 168,720, 137,532, 126,990, and 116,519 bp, respectively, with GC content ranging from 33.71 to 35.18%. The properties of the chromosome genome and plasmids are shown in Table 2. The genome contained 5,390 predicted genes, and the total length of the predicted genes was 4,303,422 genes accounting for 82.8% of the genome length. The five plasmids contained 246, 181, 165, 129, and 141 genes, respectively, with the coding percentage ranging from 66.7 to 73%. There were 112 tRNA genes and 39 rRNA genes on the chromosome genome. Fifteen genome islands (GIs), 4 CRISPRs, and 2 incomplete prophages were predicted on the genome of B. aryabhattai LAD. There were 13 5S rRNA genes (with an average length of 110 bp), 13 16S rRNA genes (average length of 1,549 bp), and 13 23S rRNA genes (average length of 2,932 bp) on the genome. The genomic annotation also revealed rRNA genes on plasmid1 and plasmid4. Specifically, one 5S rRNA gene of 108 bp was present on plasmid1, and there were one 5S rRNA gene (111 bp), one 16S rRNA gene (1,549 bp), and one 23S rRNA gene (2,932 bp) on plasmid4.
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FIGURE 1
 Circular chromosome diagram of B. aryabhattai LAD. From the inner circle to the outer circle, the information on each of the seven circles shows genome position, GC skew, GC content, coding sequence on the positive and strands (classified by Cluster of Orthologous Groups of protein), and the position of the coding sequence, tRNA and rRNA on the genome.




TABLE 2 Basic features of B. aryabhattai LAD chromosome genome and plasmids.
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There were 148 CAZymes, including 35 glycosyltransferases (GTs), 1 polysaccharide lyases (PLs), 34 carbohydrate esterases (CEs), 12 auxiliary activities (AAs), 17 carbohydrate binding modules (CBMs), and 49 glycoside hydrolases (GHs) identified in the B. aryabhattai LAD chromosome genome via the CAZy annotation pipeline (Figure 2A). CAZymes were also present in two plasmids, with 1 GTs, 2 CEs, 2AAs, and 2GHs identified on plasmid 1, and 1 GTs and 1 GHs identified on plasmid 2. The eggNOG (evolutionary genealogy of genes: Non-supervised Orthologous Groups) annotation revealed an abundance of genes for basic cellular functions including amino acid transport and metabolism (381 genes, accounting for 7.07% of the total gene abundance), carbohydrate transport and metabolism (305, 5.7%), inorganic ion transport and metabolism (268, 5%), energy production and conversion (249, 4.6%), cell wall/membrane/envelope biogenesis (202, 3.7%), signal transduction mechanisms (188, 3.5%), and replication, recombination and repair (166, 3.1%; Figure 2B). The Gene Ontology (GO) classification revealed that ion binding, oxidoreductase activity, and DNA binding were very active molecular functions, and cellular nitrogen compound metabolic process, biosynthetic process, small molecule metabolic process, and transport were major biological processes (Figure 2B). The analysis against the Comprehensive Antibiotic Resistance Database (CARD) identified 28 antibiotic resistance genes and 4 antibiotic biosynthesis genes on the genome and 3 more antibiotic resistance genes on the plasmids.
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FIGURE 2
 (A) Annotation of carbohydrate active enzymes (CAZymes) genes on B. aryabhattai LAD genome. The hmmscan program was used for estimation of the CAZy genes (alignment length > 80 amino acids, E-value <1e-5; alignment length < 80 amino acids, E-value <1e-3). (B) eggNOG annotation. The protein-coding gene sequences were compared to COG database using DIAMOND blastp (cutoff at 1e-6).




Dig of promoting growth genes

In the whole genome of LAD strain, there were many genes related to the promotion of plant growth, some of which are shown in the Table 3. Ten related genes were found to be involved in the Nitrogen metabolism pathway in LAD strains, and the NifF gene was found at chr_4496 and NifU gene at chr_5091. In the KEGG pathway of Tryptophan metabolism, 25 genes related to IAA synthesis were identified, including amidase (amiE), which hydrolyzes indole-3-acetamide to indoleacetic acid, and aldehyde dehydrogenase (ALDH), which hydrolyzes indole-3-acetaldehyde to indoleacetic acid. We identified 20 genes related to biofilm formation. Four genes encoding related proteins in LAD strains mapped to the KEGG pathway of phosphonate and phosphinate metabolism, including phosphoenolpyruvate phosphomutase (pepM), phosphonopyruvate decarboxylase, phosphoribosyl 1,2-cyclic phosphate phosphodiesterase (phnP) and phosphinothricin acetyltransferase (pat, bar), and a total of 53 phosphatase genes were identified in the LAD genome, mapping to 34 KEGG metabolic pathways. The extracellular polysaccharide production by LAD strains is closely related to carbohydrate metabolism, a total of 315 carbohydrate related genes were found for carbohydrate metabolism. The two-component regulatory system is a major mechanism for biotransduction and response to external environmental changes, which can sense environmental changes, regulate internal gene expression and play an important role in the survival and adaptation of microorganisms to different environments, and help microorganisms preserve their competitive advantage in the environment. A total of 98 KEGG pathways of two-component system were identified in LAD strains, including phosphate limitation, oxygen limitation, and temperature limitation system. A total of 106 genes related to the ABC transporters metabolic pathway were identified in LAD strains, including mineral and organic ion transporters, phosphate and amino acid transporters, peptide and nickel transporters, monoasccharide transporters, oligosaccharide, polyol, lipid transporters, metallic cation and iron-siderop hore and vitamin B12 transporters.



TABLE 3 Genes related to the promotion of plant growth(partial).
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Comparative genomics analyses

The ANI between the whole genome sequences was measured by pairwise genome comparisons using JSpeciesWS Online Service to evaluate the homologies of the whole genomes and determine if the strains belong to the same species. The matrix of nucleotide identities between the whole genomes of the Bacillus strains was shown in Table 4. The ANI value of B. aryabhattai LAD based on BLAST against other Bacillus strains ranged from 67.7 to 95.6%, and the aligned percentage of the genome sequence ranged from 24.2 to 82.4%. The ANI values of B. aryabhattai LAD compared with other B. aryabhattai strains and B. megaterium strains were higher than 95%, which was the threshold identity for species boundaries.



TABLE 4 Average nucleotide identities (ANI) analysis for pairwise genome comparison between B. aryabhattai LAD and other Bacillus strains.
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PGAP pipeline was used to determine the pan-genome for B. aryabhattai LAD and 18 other Bacillus strains. The 19 compared Bacillus strains had a total pan-genome consisted of 94,898 putative protein-coding genes, and 1,111 of them (accounting for 1.17% the pan-genome) were core conserved genes across the genomes of the 19 strains (Figure 3). The number of strain-specific genes for each train ranged from 0 to 288, and Priestia aryabhattai FJ-16 had 288 strain-specific genes which was the highest among the 20 strains. The isolate in this study, B. aryabhattai LAD, had 1 strain-specific gene.
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FIGURE 3
 Pan-genome analysis of 19 Bacillus strains. The number in the overlapping center represents the number of orthologous coding sequences (core genome) shared by all analyzed strains. The number of coding sequences specific to each strain was shown in the non-overlapping portion of the oval.


Highly reliable pan-genome analysis can be obtained by mathematical extrapolation with more than five genomes (Vernikos et al., 2015). The analysis via BPGA showed that the pan-genome of the 19 Bacillus genomes had a parameter γ of 0.4 in the reduced power-fit curve equation [f(x) = 4175n0.4] suggesting that the pan-genome was open (Figure 4). The exponential curve equation of core genome [f1(x) = 4228.01e-0.07] had a steep slope and reached a minimum of 1,111 gene families.

[image: Figure 4]

FIGURE 4
 Pan genome and core genome profile plot of 19 Bacillus strains. The analysis was performed through the Bacterial Pan Genome Analysis (BPGA) software package.




Bacillusaryabhattai LAD growth and production of IAA and EPSs

The growth of B. aryabhattai LAD on different carbon sources was evaluated with Epoch 2 microplate spectrophotometer at 20°C and 37°C. The results showed that LAD can utilize all the six carbon sources, including acetate, glycerol, glucose, sucrose, starch, and methanol, under appropriate temperatures (Figure 5). LAD had the best growth on sucrose at 37°C, and the bacterial density reached the highest OD600 value (as high as 1.9). Glucose and glycerol supported good LAD growth both at 20°C and 37°C, with the OD600 value of glucose reaching 1.4 at 20°C and 1.5 at 37°C, and the OD600 value of glycerol reaching 1.1 at 20°C and 1.8 at 37°C. Interestingly, LAD can efficiently utilize methanol as carbon source for growth with the ability to reach a high bacterial density (an OD600 value of 0.4 at 20°C and 0.2 at 37°C) which demonstrates that B. aryabhattai LAD belongs to methylotrophic bacteria. Acetate also supported the growth of LAD with the bacterial cell density reaching an OD600 of 0.4 at 37°C. LAD was able to utilize starch, but the bacterial growth rate and final cell density were both lower than using other carbon sources.
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FIGURE 5
 The growth plots for B. aryabhattai LAD. LAD cells were cultivated in the optimum growth medium with different carbon sources, i.e., methanol (0.5, v v−1), sodium acetate (2%), glycerol (2%), glucose (2%), sucrose (2%), and starch (2%), respectively. The temperature for LAD growth included 20°C and 37°C. Each data point represents the mean value of three replicates.


To examine the IAA-producing capacity of LAD, maize seedlings were cultivated with LAD cell suspensions (105 CFU ml−1) and with the same volume of sterile water, respectively, for 8 days. The concentrations of IAA in the bacterial suspensions and water were measured with UPLC. The concentration of IAA in the LAD suspension was 0.191 ± 0.014 μg ml−1, which was significantly higher than that in the hydroponic system without LAD (0.036 ± 0.0096 μg ml−1; t-test, p < 0.001; Figure 6). The results showed that LAD can produce IAA or promote IAA secretion from maize roots. The test of EPSs in the LAD cultures showed that stable production of EPSs by LAD was only detected in medium with sucrose as the sole carbon source. The EPSs production in sucrose supplemented medium was 3.18 ± 0.0198 g L−1 at 24 h and 0.63 ± 0.0041 g L−1 at 72 h.
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FIGURE 6
 Detection of IAA production by UPLC. The left figure shows the sample of the control, and the right shows the sample of B. aryabhattai LAD culture cultivated with maize seedlings.




Impacts on maize root development

To investigate how LAD affects the maize root development, the maize seeds were treated with 105 CFU ml−1 LAD cell suspensions and grown in laboratory and filed soils, respectively. The roots were collected and analyzed with root analyzer. The laboratory cultivation results showed that the total root length, total root surface area and total root volume of the LAD treatment group is 97.0, 90.1, and 75.6% higher than that of the control, respectively (t-test, p < 0.001; Figure 7). Like the laboratory cultivation, the results of field experiments revealed an increase of 47.6, 43.1, and 42.9% in the total root length, surface area, and volume in the LAD treatment compared with the control (t-test, p < 0.001). The longest root in the LAD treatment was 197% longer than the longest root in the control. The experiments demonstrated that LAD treatment significantly increased the maize root length, surface area, and volume (p < 0.001).
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FIGURE 7
 Maize root development in laboratory and field soils impacted by B. aryabhattai LAD. (A) The impacts of LAD on the maize root length. (B) The impacts of LAD on the maize root surface area. (C) The impacts of LAD on the maize root volume. Lab control: the root of the maize seedlings treated with water and cultivated in laboratory soil for 14 d; Lab LAD: the root of the maize seedlings treated with LAD and cultivated in laboratory soil for 14 d; Field control: the root of the maize seedlings treated with water and cultivated in laboratory soil for 60 d; Field LAD: the root of the maize seedlings treated with LAD and cultivated in laboratory soil for 60 d. Each treatment had 10 maize plants and was repeated three times. Student’s t-test was used to compare the root development under LAD treatment with that of the control. Statistical differences were shown with asterisks (i.e., *** representing p < 0.001).





Discussion

Plant-microbiome interactions are critical for plant health and growth. Rhizosphere microbes reside near or on the plant root and have direct contact and intense interactions with the plant tissue, therefore the root microbiome can utilize root exudates and secrete compounds that remarkably influence plant growth (Haney et al., 2015; Pascale et al., 2020). The interactions between plant and rhizosphere microbes are extremely complex, and the mechanism, ecological significance, and potential for application remain to be clarified. The data in this study shed light on the mechanism of B. aryabhattai LAD promoting plant growth based on both genomic analysis and experimental evidence. Whole genome sequencing of B. aryabhattai LAD showed that the rhizobacteria had diverse pathways for carbohydrate metabolism and mechanisms for environmental adaptations. The growth experiments of B. aryabhattai LAD demonstrated that LAD cells can utilize different types of carbons sources ranging from one-carbon methanol to polymeric carbohydrate starch, and the LAD cells can also grow well in a wide range of temperatures (20°C to 37°C). These properties are important for LAD to adapt to the fluctuating conditions in soil environments and further forming possible symbiosis with plant hosts, as plant root secretion of different carbon chain length may serve as nutrient supply for the root-associated bacteria while the bacterial activities may facilitate plant performance (Blom et al., 2011; Cheng et al., 2019; Lucke et al., 2020).

IAA, one of the most common and physiologically active plant hormones in nature, can induce cell elongation and division and is important for plant development and growth. Bacterial production of IAA as plant growth promoting strategy has been demonstrated in previous studies (Mohite, 2013; Wagi and Ahmed, 2019). For example, the IAA production by B. cereus So3II and B. subtilis Mt3b was shown by, and the growth conditions of the two Bacillus strains could be optimized to enhance optimum bacterial growth and production of IAA which ultimately may be used for plant growth stimulation. B. aryabhattai LAD in the present study produced high yield of IAA when cultivated with maize plant suggesting the symbiosis of the rhizobacteria with maize plant. Besides IAA production, B. aryabhattai LAD can also produce EPSs which is another plant growth-promoting trait (Wagi and Ahmed, 2019). A recent study by showed that EPS-producing bacteria stimulated the salt tolerance of plant because the bacterial produced EPSs can bind cations significantly decreasing the Na+ content in the environment (Upadhyay et al., 2011). Interestingly, the EPSs production decreased from 3.18 g L−1 at 24 h to 0.63 g L−1 at 72 h, suggesting that the produced EPSs might be utilized by LAD cells when available nutrients are depleted.

Microbial metabolisms associated with one-carbon compound conversion were prevalent in rhizosphere, and the methanol metabolism by B. aryabhattai LAD may contribute to the rhizosphere nutrient cycling (Knief et al., 2012; Li et al., 2019). The genome annotation revealed that B. aryabhattai LAD genome contains genes of alcohol dehydrogenases, and the alcohol dehydrogenases enzymes can facilitate the conversion of alcohols to aldehydes with production of NADH. Aldehyde dehydrogenase genes were also detected on B. aryabhattai LAD genome, and the products of the genes catalyze the oxidation of the aldehydes generated from methanol. The other possible pathway for methanol metabolism in B. aryabhattai LAD was through alcohol oxidase (AOX), catalyzing the oxidation of methanol to formaldehyde with production of hydrogen peroxide, and catalase, breaking down hydrogen peroxide, as genes for AOX and peroxidase were detected on B. aryabhattai LAD genome. Plant roots secrete a variety of carbon-containing compounds which significantly influence rhizobacterial activities and community structure (O’Neal et al., 2020; Okutani et al., 2020; Liang et al., 2021). The root exudates of varied molecular weight and complexity may serve as organic carbon sources for microbial growth, and the ability for rhizobacteria utilizing root exudates is critical for both the bacterial populations and the host plant (Mark et al., 2005; Fethel et al., 2014; Olanrewaju et al., 2019). The CAZymes annotation of B. aryabhattai LAD genome revealed an abundance of genes associated with the assimilation, modification, and decomposition of carbohydrates.

The whole genome of B. aryabhattai LAD was obtained via next-generation sequencing, and the comparative analysis showed that B. aryabhattai LAD had high similarities to other B. aryabhattai strains and strains in B. megaterium. For genomic characterization of B. aryabhattai LAD, the pan and core genome analysis were performed to cluster the genes in all the examined genomes. The eggNOG annotation and GO annotation revealed large groups of genes associated with carbohydrate transport and metabolism, oxidoreductase activity, cellular nitrogen compound metabolic process, and biosynthetic process, all of which are important for the symbiotic relationship between bacterial populations and plants and were also found in other plant growth promoting bacterial strains (Taghavi et al., 2010; Han et al., 2011; Bhattacharyya et al., 2017). The CARD analysis identified 31 antibiotic resistance genes and 4 antibiotic biosynthesis genes on the genome and plasmids of B. aryabhattai LAD, suggesting that B. aryabhattai LAD can be resistant to various antibiotics and have potential for synthesizing antibiotics. Antibiotics production were also reported in other Bacillus strains which has a major role for rhizobacteria to suppress plant diseases. For example, the whole genome sequencing of B. amyloliquefaciens FZB42 showed a high potential for production of polyketides bacillaene and difficidin, and over 8.5% of the genome is committed antibiotics and siderophores biosynthesis (Chen et al., 2007). Kinsella et al. (2008) also showed a high yield of antibiotics (i.e., surfactin and iturin) by Bacillus subtilis on cucumber roots (Kinsella et al., 2008).



Conclusion

Plant roots harbor a diverse microbial community, and the complicated interactions between plant and rhizosphere microbes have major ecological importance and critical implications for agricultural practices. The whole genome sequencing of methylotrophic B. aryabhattai LAD revealed many signature genes that are functionally associated with plant growth promotion. Genome analyses revealed the ability of B. aryabhattai LAD to adapt to the environments with antibiotics, oxidative, cold temperature, and heavy metal stresses. Our experiments confirmed that B. aryabhattai LAD has versatile metabolism and can utilize a wide range of carbon sources. B. aryabhattai LAD is also capable of synthesizing IAA and EPSs that are beneficial for plant growth and bacterial colonization. The genomics analysis and experimental studies collectively demonstrated the plant growth promoting capacities of B. aryabhattai LAD making it an exceptional bacterial strain for application in agricultural practices. The impacts of B. aryabhattai LAD on maize root development was directly evaluated, and the results demonstrated the root development stimulation and plant growth promoting capacities of the Bacillus strain. Future efforts are needed for studying the molecular mechanisms of B. aryabhattai LAD in promoting plant growth and evaluating the ecological impacts of bioaugmentation with LAD on soil microbial community.
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Soil microorganisms play an indispensable role in plant growth and are widely used to promote plant growth. However, poor microbial strains are homogeneous. The heavy application of chemical fertilizers and pesticides to agricultural soil has adversely affected the soil flora, necessitating the regulation of the soil flora to maintain soil health. In this study, X-45, a highly efficient and phosphorus-dissolving strain of the lysogenic bacterium Serratia marcescens N1.14 was isolated from bare rock slope soil samples from Yueyang Avenue, Hunan Province, China. We observed that microbial strain X-45 could release P from the rocks into solution when the sample rocks were used as the only phosphorus source. Furthermore, we observed that the P content in media increased by 3.08 X compared to the control. After applying X-45 as a bacterial fertilizer, the growth of potted Indigofera pseudotinctoria plants significantly increased, the soil physicochemical properties were significantly improved, and the relative abundance of Bradyrhizobium in the soil increased significantly from 1 to 42%. Besides, Bradyrhizobium became the most dominant genus in the soil. The indirect promotion of another beneficial microorganism by X-45 further revealed the intrinsic mechanism by which X-45 exerted its effect on plant promotion and soil improvement. Using this bacteria, the hypothesis of the superposition effect of legume plant promotion was also confirmed.
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Introduction

The restoration of high and steep exposed rock walls demands urgent attention as human activities, such as road construction and mining, have led to the exposure of high and steep slopes, adversely affecting the ecological habitat of human beings. Phytoremediation is considered the most promising restoration technology because of its low cost and environmental friendliness. However, restoration of exposed rock walls is challenging because they are mainly made of hard rocks, and their poor ground conditions make it difficult for plants to grow. The improvement of environmental conditions is crucial to the restoration of exposed high and steep slopes. Soil microorganisms have a vital role in rock weathering (Zhu et al., 2014). Besides, soil microbes enhance the release of rock nutrients and promote plant growth (Wu et al., 2017). For instance, bacteria actively solubilize phosphorus, which is then transported by mycorrhizal fungi to the plant root system (Song et al., 2021). Soil microbes also facilitate rock dissolution, creating a microenvironment conducive to plant growth (Mo and Lian, 2011). The weathering rate of minerals and rocks by microbial activities is significantly higher than in other abiotic systems (Barker et al., 2018). For instance, microorganisms play a positive role in CO2 mineral trapping (Zhao et al., 2014). Soil microbes facilitate well-established conditions for the growth of plants by facilitating the weathering of rocks.

Currently, the regulatory function of microbial communities on ecosystem function has been extensively investigated; however, drivers of subsurface microbial communities remain largely unexplored. Microbial communities are regulated by soil nutrients. For instance, increased carbon input promotes soil microbial processes and plant growth. However, adding carbon to soil significantly increases soil microbial biomass and activity, but it has limited implications on the soil microbial community structure (Ma et al., 2012). Compared with soil conditioners, microbial addition to existing soil microbiota alters the structure of soil microbiota. Besides, adding soil microbes plays a vital role in the re-construction and regulation of subsurface microbial communities, significantly improving the abundance of beneficial soil microbes (Dong et al., 2019). Adding soil microbes also shortens the time for microbial agents to improve soil quality compared to compost (Zhuang et al., 2021). Thus, phytoremediation of exposed high steep rock walls progresses in the correct direction.

In phytoremediation, leguminous tree and shrub species are widely used due to their stress resistance, rapid regeneration, and the ability to restore a degraded environment (Mahmud et al., 2020). These plants reestablish degraded ecological functions and soil characteristics and positively affect the subsurface microbial community (Hu et al., 2015). In this study, the high steep slope of Yueyang Avenue in Hunan, China, was selected as an experimental site. Soil microbes in minerals were screened through rock weathering experiments. We studied the effects of microbial bacterial agents on the growth of legumes and soil physicochemical properties in combination with potting experiments. Besides, we also studied the intrinsic mechanism of bacteria-mediated plant growth promotion, intending to provide plant-growth promoting bacterial agents for efficient ecological restoration of challenging sites, such as high steep bare rock slopes. In a previous study, we proposed a hypothesis of “the imposed effect for promoting leguminous plant growth,” including mineral weathering, nodule growth promotion, and beneficial microbial regulation, and tested by fungi Penicillium simplicissimum NL-Z1 (Zhuang et al., 2021). In this study, we focused on the effects of microbial bacterial agents on the growth of legumes and soil physicochemical properties in combination with potting experiments.



Materials and methods


Sample source

The soil samples for screening microbial monocultures were obtained from the soil of the legume Robinia pseudoacacia from the high steep bare rock slopes of Yueyang Avenue, Yueyang City, Hunan Province, China. These soil samples were sieved through 0.075 mm for physical and chemical properties. In addition, local rock samples were collected from the same site and transferred to the laboratory. These rock samples were cleaned, crushed, and ground for compositional analysis of rock samples and subsequent weathering experiments.



Screening and rock weathering experiments


Culture medium


(a)Phosphorus solubilizing strain isolation medium: 0.3 g sodium chloride, 0.3 g potassium chloride, 0.5 g ammonium sulfate, 0.3 g magnesium sulfate heptahydrate, 0.03 g ferrous sulfate heptahydrate, 0.3 g manganese sulfate tetrahydrate, 5.0 g calcium phosphate, 10 g sucrose, 15-20 g agar, deionized water 1,000 mL, and pH 7.0-7.5.

(b)Beef paste peptone medium: 3 g beef (dip) paste, 10 g peptone, 5 g sodium chloride, 20 g agar, 1,000 mL deionized water, and pH 7.0-7.2.

(c)Monkina organic phosphorus medium: 10 g glucose, 0.5 g ammonium sulfate, 0.3 g sodium chloride, 0.3 g potassium chloride, 0.3 g magnesium sulfate heptahydrate, 0.03 g ferrous sulfate heptahydrate, 0.03 g manganese sulfate, 5.0 g calcium carbonate, 0.3 g lecithin, 20 g agar, deionized water 1,000 mL, and pH 7.0-7.5.

(d)Monkina inorganic phosphorus medium: 10 g glucose, 0.5 g ammonium sulfate, 0.3 g sodium chloride, 0.3 g potassium chloride, 0.3 g magnesium sulfate heptahydrate, 0.03 g ferrous sulfate heptahydrate, 0.03 g manganese sulfate, 5.0 g tricalcium phosphate, 20 g agar, 1000 mL deionized water, and pH 7.0-7.5.

(e)Modified Monkina medium: In this medium, phosphorus-containing components mentioned in mediums 3 and 4 were replaced with rock samples.

(f)LB liquid medium: 10 g peptone, yeast dip powder 5 g, sodium chloride 5 g, deionized water 1,000 mL, and pH 7.2.





Isolation and purification of strains

A tenfold serial dilution of soil samples were smeared on NA and PDA to isolate bacteria and fungi, respectively. Three replicates of each diluent were cultured at 28°C for 3 days in a constant-temperature incubator. Single strains were obtained through three rounds of purification, and the isolated strains were stored at 4°C.


Screening of phosphate-dissolving bacteria

The screening of phosphate solubilizing microbes were carried out on Monkina agar at 28°C following spot inoculation; three replicates were prepared for each strain. The plates were treated with organic and inorganic phosphorus for 5 and 7 days, respectively, at 28°C in an incubator. The results showed that the transparent circle in the medium was due to the phosphate-dissolving bacteria. The diameter of the colony (d) and of the transparent circle (D) were measured, and D/d was calculated to preliminarily evaluate the ability of the strain to dissolve phosphate, five strains of phosphate solubilizing microbes were selected for weathering experiment.



Rock weathering experiments

In this study, single microbial colonies were isolated and cultured from rocks. To isolate microbes with mineral weathering ability and understand phosphorus weathering process, screening of soil was carried out. To verify if the rock can be dissolved, five different single microbial colonies with good phosphorus dissolution effect were selected for rock weathering dissolution analysis to explore the rock weathering effect of these microbes. After culturing the microbes in nutrient agar media, these five single colonies were added to a 100 mL conical flask containing 30 mL LB medium and oscillated at 30°C and 180 RPM for three days. 1 mL bacterial culture was added to a 30 mL modified Monkina broth in an Erlenmeyer flask containing 1.5 g rock particles instead of phosphorus in the modified Monkina agar and incubated at 30°C and 180 RPM for ten days. At different time intervals (4, 7, and 10 days), samples (n = 3) after centrifugation (8000 RPM, 10 min) were collected from the inoculated group (X-4, X-8, X-11, X-14, X-45) and the control group. The resulting 5 mL of supernatant was added to 0.2 μm pour filtrate and centrifuged to determine the pH value, phosphorus (AP), potassium (k), calcium, and magnesium content. 100 mL Erlenmeyer flask containing 30 mL LB media was incubated at 30°C and 180 RPM for three days. Then, 1 mL broth of each five microbial strains was inoculated into the 30 mL modified Monkina broth media containing 1.5 g rock particles to replace the phosphorus component of Monkina agar in an Erlenmeyer flask and incubated at 30°C and 180 RPM for 10 days. Samples (n = 3) from inoculated groups (X-4, X-8, X-11, X-14, X-45) and the control group were collected on day ten and centrifuged at 8,000 RPM for 10 min. 5 mL of supernatant was filtered using a 0.2 μM membrane filter for the determination of pH, available phosphorus (AP), potassium (K), calcium (Ca), and magnesium (Mg). pH was determined using the Mettler toledo pH meter. AP was determined using the molybdenum-antimony anti-colorimetric method. K, Ca, and Mg was determined using the atomic absorption spectrometer. The shape and size of the rock particles were measured during the last sampling.





Potted plant experiment


Experimental environment

The experiment was conducted in a greenhouse at the teaching base of Nanjing Forestry University in Baima, with 65% air humidity, 450 ppm CO2 concentration, 28°C and a maximum photosynthetic radiation of 1,850 μmol/(m2⋅s). The soil was taken from the field trial fields below 20 cm at the Baima site and brought back to the laboratory to remove any gravel, dead material and roots, etc. The soil was sterilized in an autoclave at 121°C for 30 min to ensure sterility. Plastic pots with an inner diameter of 9 cm, an outer diameter of 13 cm and a height of 15 cm were used for planting I. pseudotinctoria.



Bacterial agent preparation

To produce bacterial X-45 inoculum, isolates were grown to a certain colony size on NA at 28°C and then inoculated into liquid medium at 30°C and 180 RPM for three days. The OD 600 of this media was measured by UV spectrophotometer, and the OD 600 value was adjusted to 0.8∼1.2. Later, the media was sealed and stored in 4°C refrigerators.



Experimental design

The bacterial strain X-45, which was effective in the weathering experiments, was selected for potting experiments to study the growth-promoting ability of this strain. The experiment was divided into a control group and an experimental group. Leguminosae I. pseudotinctoria were used as experimental plants. The pots were divided into two groups (CK and X-45, 3 replicates for each group) and placed in a greenhouse. Three young shoots of I. pseudotinctoria were planted in each pot and screened after one month of growth, keeping one healthy seedling in each pot (the same growth from pot to pot). For inoculation, the stored bacterial solution was diluted 100 times, 60 mL of diluted bacterial solution was added to each pot, and three replicates were set for each group, while an equal amount of sterile culture solution was added to the control group. Three months later, the plants were collected and the indexes were measured.



Determination of potted plant indicators

For plants: Vernier caliper and tape were used to measure the ground diameter and height of seedlings. Measuring the quantity and quality of root nodules. The leaf area was measured using a root scanner (10 upper, middle, and lower leaves of each pot were selected to measure the leaf area). Plants were sampled and dried, and the above-ground and underground biomass of the plants were measured, respectively.

For potted soils: The hydrolytic nitrogen of the soil was determined by the alkaline diffusion method. The effective phosphorus of the soil was determined using the acid soluble-molybdenum antimony anti-colorimetric method, and the pH was determined by a Mettler Toledo pH meter (water to soil ratio of 5:1).




Microbial strain identification and macro-genome sequencing


Identification of the physiological and biochemical characteristics

Physiological and biochemical characteristics, including the morphology of the bacteria, Gram test, amylase hydrolysis test, V.P test, methyl red test, hydrogen sulfide production test, gelatin liquefaction test, milk coagulation and peptonization test, and the nitrate reduction test Common Identification Method of Bacteria and Characteristics and Yeast Identification Manual.



16S rDNA identification of the gene sequence

The bacterial X-45 strain was identified using morphological characterization and 16s rRNA analysis. Molecular-level identification was performed with the support of Shanghai Jinyu Medical Laboratory Co., Ltd., The collected and collated rhizobial inter-rhizosphere soil samples were sent to Shanghai Mayobio Biomedical Technology Co., Ltd., for sequencing on the Illumina Miseq platform. The sequencing primer was 515F_907R.



Identification

As shown in Table 1, strain X-45 is a kind of bacteria producing bright red pigment, which is motile, convex, irregular on edge, unable to ferment sugars, and positive in Starch hydrolysis, indole, methyl red, V.P., citrate and hydrogen sulfide tests.


TABLE 1    Morphological physiological and biochemical characteristics of strain X-45.

[image: Table 1]

The 16S rDNA sequence of strain X-45 was compared and analyzed by using MEGA (version 6.0) software. As shown in the Figure 5, the phylogenetic tree was constructed. The sequence result was similar to that of Serratia marcescens by BLAST, and the similarity was 99.79%. Combining the previously mentioned results, the strain X-45 was confirmed as Serratia marcescens N1.14.
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FIGURE 1
Release of active phosphorus and pH changes.
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FIGURE 2
Phosphorus, potassium, calcium, and magnesium release from the fermentation broth of five strains of bacteria.
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FIGURE 3
The dissolution of the rock after 10 days by P. simplicissimum. (A,B) Means three replicates in the X-45 treatment group before and after the experiment, respectively.
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FIGURE 4
Relative abundance of bacterial communities at phylum.
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FIGURE 5
Relative abundance of bacterial communities at genus level.


The nucleotide sequence of X-45 and the potted soil 16S sequence have been uploaded to the NCBI database, the registration numbers are MT6456731 and PRJNA6457422, respectively.




Statistical analysis

The bacterial sequences were submitted to the GenBank database3. Raw sequence data and sequencing quality files were obtained as FASTA files, and file access was used for processing and analysis through Mothur software as described previously by Schloss (Hakim et al., 2019). To account for potted soil microbial diversity as well as the abundance of dominant species, α-diversity indices (Chao1, Simpson, and Shannon indices) and relative abundance were quantified using OTU richness. In addition, the analysis detected the relationship between environmental factors, samples, and flora using the ggplot2 package; the ggplot2 package was set as the default parameter in R, and the vegan package was set as the default parameter in R for environmental association analysis. Plant indicators and soil physical and chemical property indicators were analyzed using spss software. Analysis of function difference between groups was calculated by Welch’s t-test (Oksanen et al., 2011). Analysis of variance (ANOVA) was performed on plant biomass and soil physicochemical property data (Systat Inc., Evanston, IL, USA), using Student Newman-Keuls significant difference (p < 0.05) to distinguish treatments from controls (Manly, 2018).




Results and analysis


Screening of phosphate-dissolving bacteria

According to the results of the transparent phosphate-dissolving circle on the Monkina organic phosphorus and inorganic phosphorus culture plates, a strain with the ability of phosphate-dissolving was screened out. And the diameter of the transparent dissolved phosphate rings was D.

The colony diameter is represented by d, and D/d indicates the phosphate-dissolving effect of the strain: the larger the proportion, the better the effect of the dissolving phosphate. A total of 58 strains of bacteria were isolated from the soil samples in this experiment. As shown in Table 2, 21 strains were screened, of which 15 were organo phosphate-dissolving bacteria, and 15 were inorganic phosphate-dissolving bacteria. Nine strains could degrade both organo phosphorus and inorganic phosphorus. Finally, five strains with good effect were selected for further study, namely X-4, X-8, X-11, X-14 and X-45.


TABLE 2    Primary effect of phosphate-dissolving bacteria.
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Weathering effect of microbial strain X-45

Based on the results of the analysis of the rocks, the main components of the rock samples are shown in Table 3.


TABLE 3    Composition of rock sample.

[image: Table 3]

Five isolated bacteria were compared based on the release of effective phosphorus and the pH variation. With a concentration of 0.0228 mg/L, effective peak phosphorus released from microbial strain X-45 was the highest, which was 3.08 X higher than the control group (Figure 1). The pH of the fermentation broth was also determined. The pH of the group treated with X-45 decreased significantly relative to the blank control group. In addition, the X-45 microbial strain showed a greater ability to release each element into fermentation broth (Figure 2), and its peak release for potassium, calcium, and magnesium increased by 25.43, 11.71, and 155.56%, respectively, compared to the control. Overall, the release of the P, K, Ca, and Mg in the rock particles by each strain initially showed an upward trend followed by a downward trend. When the strains were in their growth phase, the concentration of the elements in the fermentation broth increased continuously. However, the strains in the growth phase would eventually consume large amounts of nutrient elements in the fermentation broth; moreover, the fermentation space is limited. Thus, the element dissolution rate is lower than the utilization rate, resulting in a downward trend. At the end of the experiment, we found that the rock particles became significantly smaller, and their morphology changed dramatically (Figure 3). The results showed that microbial strain X-45 effectively released each element and changed rock morphology significantly, indicating that X-45 can effectively promote rock dissolution.



Growth promotion of X-45

After treatment with microbial strain X-45, all above-ground indices of I. pseudotinctoria seedlings were higher than the sterile treatment group. With a significant increase of 22.7%, the above-ground biomass of the treated groups was 7.33 g. In addition, the ground diameter increased significantly by 23.52%, seedling height by 18.91%, and leaf area by 30.48% to the average values of 5.62 mm, 65 cm, and 6.55 cm2 (P < 0.05), respectively.

In this study, the root nodules of the experimental plants were analyzed. The average number of root nodules formed in the sterile treatment group was about 8 cm, and the total mass of root nodules was about 0.19 g. The average number of root nodules formed in the seedlings treated with microbial strain X-45 was 86, and the total mass of roots of the seedlings treated with microbial strain X-45 was about 0.42 g. Compared with the control group, the number of root nodules and total mass increased significantly by 11.21 X and 121.05% in the seedlings treated with microbial strain X-45, respectively. In addition, the root biomass, root surface area, and root volume of the sterile treatment group were 1.2 g, 232.26 cm2, and 1.71 cm3, respectively. The root biomass of the seedlings treated with microbial strain X-45 increased by 45% to 1.74 g (P < 0.05), root surface area increased significantly by 13.91% to 264.57 cm2, and root volume increased significantly by 53.8% (P < 0.05) to 2.63 cm3 (P < 0.05).

In addition, the physical and chemical properties of I. pseudotinctoria potted soil also changed. With a significant increase of 22.76% (P < 0.05) and 19.95%, concentrations of available phosphorus and hydrolyzed nitrogen of the potted soil treated with microbial strain X-45 were 3.02 mg/kg and 248.5 mg/kg, respectively. The potted soil was acidified to a certain extent, and the pH decreased from 7.06 to 6.89. Pot experiment further confirmed that microbial strain X-45 could convert phosphorus and nitrogen in soil into forms directly absorbed and utilized by plants to promote plant growth and create an environment conducive to the growth of I. pseudotinctoria plants. The growth-promoting effect of X-45 microbial strain on I. pseudotinctoria was further verified (Table 4).


TABLE 4    Comparison of physicochemical properties of soil plants.
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Effect of X-45 microbial strain inoculation on soil microbiota

The microbial diversity in potted soil was detected using high-throughput sequencing. The microbial community composition of potted soil was also analyzed. There was no difference in microbial community composition at the phylum level between the control group and the potted soil treated with the microbial strain X-45. However, a remarkable difference was observed in the relative abundance of microorganisms between these two groups. The Proteobacteria abundance increased from 35% to 64% (Figure 4). Bradyrhizobium (circa 46%) was found to be the dominant genus in the X-45 treated group, while the relative abundance of Bradyrhizobium in the control group was less than 0.5% (Figure 5). The student’s t-test was used to test the significance of species differences at the genus level (Figure 6). Bradyrhizobium was found to be significantly different between the two treatment groups (P < 0.05).
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FIGURE 6
Student’s t-test bar plot on genus level with 95% confidence intervals.




Redundancy analysis

Redundancy analysis (RDA) was conducted at the genus level to reflect the relationship among environmental factors, flora, and samples (Figure 7; axis 1 = 95.52%, axis 2 = 1.87%). This analysis showed that community distribution was significantly and positively correlated with available phosphorus (r2 = 0.91, P < 0.01), significantly and positively with hydrolyzed nitrogen (r2 = 0.99, P < 0.05), and negatively with pH (r2 = 0.97, P < 0.05). Out of the identified genera, Bradyrhizobium showed the strongest correlation with various environmental factors (Figure 7).
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FIGURE 7
Bacterial community redundancy analysis (RDA).





Discussion

The growth of plants is mainly dependent on the soil. However, the poor conditions of high and steep exposed slopes restrict the phytoremediation process. This study aimed to screen and isolate the microorganisms that could improve the soil environment and thus the efficiency of phytoremediation. In this study, the Mongina organic (inorganic) phosphorus medium screening method was used to screen phosphate-dissolving bacteria. Research has shown that the transparent circle on the Monkina plate and the available phosphate concentration in the fermentation broth can only preliminarily explain the phosphate dissolving ability of phosphate-dissolving bacteria and cannot further reliably evaluate their phosphate dissolving effect (Calvaruso et al., 2013). Therefore, in this study, rock particles were used instead of phosphate in Mongina culture medium for dissolution experiments, and the ability of the phosphate-dissolving bacteria was determined by analyzing the changes of phosphate in the fermentation broth. A considerable release of K, Ca, Mg, and active phosphorus by soil microbes in X-45 treated soil was observed through rock weathering experiments. In addition to the decrease in pH (Wang et al., 2018), previous studies have shown that microbes could secrete H + to dissolve minerals, validating the acidification effect of microbes (Azaiez et al., 2018). In this study, the rock weathering ability of microbial strain X-45 accelerated the soil formation process, improved the soil quality, and provided mineral nutrients required for plant growth.

Symbiotic nitrogen fixation of rhizobia in legume nodule injects about 40 million tons of nitrogen into the agricultural system every year (Udvardi and Poole, 2013), increasing plant nutrient content, improving soil health reclamation, and reducing synthetic nitrogen fertilizer application in agriculture (Mahmud et al., 2020). In the pot experiment, we observed that the number of root nodules of I. pseudotinctoria inoculated with microbial strain X-45 was 11.21X that of the control group. The total weight of root nodules increased by 121.05%, and hydrolyzed nitrogen content in pot soil increased by 19.95%. With increasing nitrogen content, X-45 microbial strain promoted the nodulation and nitrogen fixation in I. pseudotinctoria (Mu et al., 2018). Thus, the symbiotic nitrogen fixation ability of root nodules and host plants was effectively brought into play.

In this study, the microbial strain X-45 converted soil phosphorus and nitrogen to a form that could be directly absorbed and used by the plant. Also, a significant improvement was noticed in the hydrolytic nitrogen and effective phosphorus in the potted soil treated with microbial strain X-45. This validated that in this study, phosphorus-solubilizing bacteria in the experimental soil slowed down the fixation of effective phosphorus and promoted the growth of I. pseudotinctoria (Chungopast et al., 2021). The isolated microbial strain X-45 belongs to the genus Serratia. Previous studies have shown that it could transform insoluble phosphorus into accessible phosphorus and be used as an inoculant to increase phosphorus uptake by plants (Srinivasan et al., 2012). The above analysis proved that X-45, a phosphorus solubilizing bacterium, released phosphorus effectively. Besides, it improved soil quality and promoted plant growth. Thus, microbial strain X-45 could be used as a functional strain for phosphorus solubilization and microbial fertilizer.

Microbial agents could change soil microbial community structure. In this study, we observed that the application of microbial agent X-45 directly increased the relative abundance of Proteobacteria. Serratia marcescens (the original genus of X-45) was not found in the potted soil; however, the dominant genus was found to be Bradyrhizobium, which belongs to Proteobacteria just like microbial strain X-45. Bradyrhizobium, a type of rhizobium that grows in the roots of legumes, has nitrogen fixation ability (Hungria et al., 2015). Thus, it can improve the nodulation rate and nodulation amount (Masciarelli et al., 2014), increase nutrient content and dry matter accumulation (Gough et al., 2021), improve soil quality, and decrease soil degradation (Li et al., 2018). Previous studies have shown that soil microbes play an important role in the growth and health of plants. Relevant studies have shown that the relative abundance of Proteobacteria in healthy soil is higher than in soil infected with bacterial wilt (Yuan et al., 2020). A higher abundance of beneficial microorganisms improves soil quality and thus promotes a lower incidence of morbidity, higher nutrient content, and soil enzyme activity (Wang et al., 2017). In addition, according to the RDA analysis of environmental factors and bacterial communities, such bacterial communities as Bradyrhizobium are significantly positively correlated with available phosphate and hydrolyzed nitrogen, indicating that X-45 indirectly improves the release of nutrients by promoting the increase in the abundance of Bradyrhizobium. Therefore, X-45 can be used as a rhizobium growth promoter, and it is potentially important when planting legumes in poor soil areas for slopes protection.

In this study, we observed that X-45 microbial strain inoculant could rapidly shorten the soil improvement cycle compared with organic fertilizer. Previous studies have shown that after 35 years of field experiments with soybean compost, the abundance of beneficial microorganisms in the soil increased significantly, from less than 1 to 40% of the fungal species (Li et al., 2018). Compared with this study, experimental results of the current study showed that three months after inoculation with microbial strain X-45, the abundance of Aspergillus in the test group increased from 35 to 64%, and the abundance of Bradyrhizobium increased from less than 1 to 42%. This suggested that X-45 can rapidly shorten the time span of the improvement cycle of soil beneficial microbial populations compared to organic fertilizer application.

In a previous study, the hypothesis of “the imposed effect for promoting leguminous plant growth,” including mineral weathering, nodule growth promotion, and beneficial microbial regulation, was based on the role played by fungi Penicillium simplicissimum NL-Z1 (Zhuang et al., 2021). This study also confirmed the hypothesis of the superposition effect of legume promotion via bacteria. According to previous studies, the inoculation of beneficial microorganisms, such as fungi and bacteria, on legume plates may differ significantly from harmful microorganisms.



Conclusion

In this study, the highly efficient phosphorus-dissolving lithotrophic bacterium X-45 was isolated from soil samples of Yueyang Avenue, Yueyang City, Hunan Province, China, by conventional methods and rock weathering experiments. The pot experiment showed that microbial strain X-45 increased the legume’s symbiotic nitrogen fixation effect and promoted plant growth. The microbial analysis at the genus level showed that microbial strain X-45 substantially enhanced the growth of Bradyrhizobium. The ability of Bradyrhizobium to improve the physicochemical properties of the soil was verified using RDA analysis. Based on the above analysis, we concluded that the beneficial changes in soil flora of I. pseudotinctoria potted plants were due to bacterial agent X-45. Besides, the addition of X-45 for soil improvement, combined with symbiotic nitrogen fixation by legumes, indirectly regulated the abundance of beneficial soil microbes and improved soil quality. The interconnection of mineral weathering, rhizome promotion, and microbial regulation significantly promoted the growth of I. pseudotinctoria by improving soil quality, which is of great importance for slope restoration.
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Humic substances (HSs) are constituent fractions of organic matter and are highly complex and biologically active. These substances include humic acids (HA), fulvic acids (FA), and humin. HS are known to stimulate the root system and plant growth and to mitigate stress damage, including hydric stress. Humic acids have already been reported to increase microbial growth, affecting their beneficial effect on plants. However, there is scarce information on whether HA from vermicompost and millicompost, along with Bradyrhizobium, improves the tolerance of soybean to water restriction. This study aimed to evaluate the responses of soybean plants to the application of vermicompost HA (HA-V) and millicompost (HA-M) along with Bradyrhizobium sp. under water restriction. The experiment was carried out in a greenhouse, and the treatments received Bradyrhizobium sp. inoculation with or without the application of HA from vermicompost and millicompost with or without water restriction. The results showed that HA provided greater soybean growth and nodulation than the control. The application of HA-M stimulated an increase in the richness of bacterial species in roots compared to the other treatments. After the application of water stress, the difference between the treatments disappeared. Microbial taxa were differentially abundant in plants, with the fungal fraction most affected by HA application in stressed roots. HA-V appears to be more prominent in inducing taxa under stress conditions. Although the results showed slight differences between HA from vermicompost and millicompost regarding plant growth, both humic acids promoted an increase in plant development compared to the control.

KEYWORDS
 humic substances, microbiome, inoculation, water stress, humic acid


Introduction

Earthworm humus is recognized for its use in agriculture, as well as the humic acids (HA) extracted from this compound (García et al., 2018). The application of HA at low doses is capable of inducing beneficial effects on plants, improving their ability to take up nutrients and helping them overcome stress conditions (Canellas and Olivares, 2014). The role of HA in plant metabolism is closely related to the structure of these substances, and compounds from different matrices are expected to act differently in plants (Nardi et al., 2021). Another compound that has stood out for its benefit to plants is millicompost, which is produced from the processing of millipedes (Diplopoda sp.). These animals are able to use agricultural and urban waste, generating organic waste of great quality for plant growth. To date, there are no reports in the literature of the extraction and characterization of humic substances from millicompost.

The application of HA from different sources can increase soybean growth (Guo et al., 2015; da Silva et al., 2021a). This crop plays a key role in the world’s agricultural and economic scenario, and part of the success of soybean establishment in Brazil is due to the benefits of inoculating this crop with elite Bradyrhizobium strains (Hungria and Mendes, 2015). This symbiosis provides all the nitrogen needed for soybeans and reduces the dependence on nitrogen fertilizers and, consequently, prevents nitrogen losses by leaching and the emission of gases into the atmosphere (Hungria and Mendes, 2015). However, biotic and abiotic stresses can reduce crop productivity – even harming the contribution of biological processes to agriculture – and are therefore a risk to global food security (De Freitas et al., 2022). The application of agrochemicals to control environmental stresses may be ineffective, and in this context, the use of biostimulants has been recommended (Hossain et al., 2020). As HA plays an important role in plant resilience in relation to abiotic stresses and in the protection of bacteria in unfavorable environmental conditions, it is plausible that the use of HA contributes to the maintenance of biological processes even under adverse environmental conditions (Canellas et al., 2020; da Silva et al., 2021a).

It is known that the phytomicrobiome has the ability to act as an extension of the plant genotype (Carrión et al., 2019) and that its composition can be influenced by external factors such as the application of biostimulants (da Silva et al., 2021b). Changes in the plant microbiome can often increase tolerance to environmental stresses. Timm et al. (2018) demonstrated that different abiotic stresses have an impact on the bacterial community, enriching specific microbial groups, which may contribute to plant protection against adverse environmental conditions. A study showed that the application of a plant stress-related amino acid (1-aminocyclopropane-1-carboxylate, ACC) can remodel the soil microbiome and promote greater plant tolerance to salt stress (Liu et al., 2020). The application of HA to rice roots also caused changes in the composition of bacterial genera associated with the plant, and the authors suggested that the enriched bacterial groups would be related to plant protection; however, experiments under stress conditions have not been performed (da Silva et al., 2021b).

Despite this knowledge, there are practically no studies on the effects of HA on the community of endogenous and plant-associated bacteria and how this relationship affects plant growth, development and protection against biotic and abiotic stresses. It is well established in the literature that plants naturally harbor a great diversity of microorganisms in their tissues, and this microbiota is involved in functions that affect plant growth and survival (Vandenkoornhuyse et al., 2015). Therefore, the aim of this study was to evaluate the composition of the endophytic community of soybean plants in relation to the application of humic acids from different sources (vermicompost and millicompost) cultivated under different water availability conditions.

Specifically, the following hypotheses were tested: (i) the application of millicompost (HA-M) and vermicompost (HA-V) HA in soybean have different effects on plant growth and (ii) select different microbial groups related to plant growth promotion in water restriction.



Materials and methods


Extraction of humic acids

Millicompost and vermicompost came from an experimental agroecological farm, called “Fazendinha Agroecológica km 47”, which is a consortium between Embrapa Agrobiology, Federal Rural University of Rio de Janeiro and Pesagro. Humic acids and fulvic acids (FA) were extracted from these composts with KOH 0.1 mol L−1 in a ratio of 1:10 (v/v compost/solvent) under stirring for 4 h at room temperature. After that, the supernatant was separated from the humin (insoluble fraction), which was deposited at the bottom of the flask. Then, the supernatant (HA and FA) was acidified with 6 mol L−1 HCl to pH 1.5. Then, HA (insoluble fraction) was separated from FA by centrifugation at 2,000g for 10 min. The HAs were frozen and lyophilized.



Characterization of humic acids

Humic acid samples were ground and sieved in sieves with a mesh size of 2 mm. Spectra acquisition was performed by cross polarization-magic angle spinning in a Bruker BioSpin 400 MHz spectrometer (Bruker Corporation, Billerica, United States) using a cross polarization-magic angle sample spinning sequence. Samples were placed in 4 mm probes using a rotor spinning speed of 14 kHz, and the spectra acquisition parameters were as follows: temperature of 297 K, 13C NMR frequency of 100.57 MHz, acquisition time of 0.04 s, contact time of 1 ms, recycle delay of 5 s, 1H and 13C pulse lengths of 2.5 and 3.8 μs, respectively, and 1,000 scans.

The spectra were processed with Bruker Topspin 3.2 software, phased, smoothed with a line broadening of 100 Hz, and baseline corrected. Each spectrum was then integrated after dividing it into chemical shift regions assigned to different carbon functional groups: 0–45 ppm (alkyl-C), 45–60 ppm (O- or N-substituted alkyl-C), 60–110 ppm (O-alkyl-and di-O-alkyl-C), 110–145 ppm (aromatic-C) 145–160, phenolic-C and 160–220 ppm (carbonyl-C + carboxyl-C). Based on the NMR results, the hydrophobicity index was calculated according to Aguiar et al. (2013).

The different carbon functional groups of humic acid samples were characterized using Fourier transform infrared (FTIR) spectroscopy on an IRAffinity-1 Shimadzu® spectrometer according to the method described by Stevenson (1994). Measurements were performed using 1 mg of ground sample mixed with 100 mg of potassium bromide (KBr), operating between wavelengths from 400 to 4,000 cm−1. The elemental analyses of the C, H, and N contents of the HA were analyzed by a Perkin Elmer elemental analyzer (model 2,400). The results were as follows: C, 37.1%; H, 4.5; N, 3.1; C:N ratio, 12; H:C ratio, 0.120 for HA-M and C, 32.6%; H, 4.1; N, 3.3; C:N ratio, 10; H:C ratio, 0.125 for HA-V.



Soil experiment

The experiment was set up in a randomized block design in a 3 × 2 factorial scheme, having as factors the application of humic acids and two water conditions (with and without water restriction). The experiment was carried out in a greenhouse using 5 L pots filled with red latosol, and fertilization was performed according to soil chemical analysis: pH, 6.9; C, 10 g kg−1; Al, 0 mmol kg−1; Ca, 79 mmol kg−1; Mg, 13 mmol kg−1; P, 14 mmol kg−1; K, 0.7 mmolc kg−1, no N source was added. Pots filled with dry soil were kept at field capacity, and irrigation, when necessary, was carried out with the same water volume for all pots until the time of water restriction. Treatments were composed as follows: (I) only inoculation of soybean seeds with commercial inoculant containing Bradyrhizobium japonicum SEMIA 5079 and Bradyrhizobium diazoefficiens SEMIA 5080; (II) inoculation of B. japonicum SEMIA 5079 and B. diazoefficiens SEMIA 5080 and application of 100 mg L−1 of millicompost HA in soybean seeds via the foliar route and (III) inoculation of B. japonicum SEMIA 5079 and B. diazoefficiens SEMIA 5080 and application of 150 mg L−1 of vermicompost HA in soybean seeds via the foliar route. A volume of 1 ml of inoculant was applied via soybean seeds of the ADV 4317 IPRO cultivar., and treatments that received HA had this compound added to the inoculant at the time of planting at the concentrations described above. The HA doses used in the present study were based on previous dose–response experiments of the different HAs in soybean. Each pot contained two seedlings, and foliar HA application occurred after 10 days of seed germination, with applications every 3 days. Three applications were performed at doses of 100 mg L−1 of millicompost HA and 150 mg L−1 of vermicompost HA, both diluted in water. In the treatment without HA, applications were performed only with water. After 25 days from the beginning of the experiment, a group of plants was submitted to water restriction for 5 days; in the other group with the same treatments, irrigation was maintained. Collection took place after 30 days of experimentation. The dry shoot and root mass, nodules and number of nodules, relative leaf water content (RWC) and chlorophyll and carotenoid contents were evaluated according to Wellburn (1994). Shoots and roots were collected for DNA extraction.



Soil moisture, relative leaf water content and chlorophyll and carotenoid contents

Soil samples were collected at a depth of 10 cm, with three samples per pot, to obtain the soil moisture. The soil wet mass was weighed, and later, these samples were taken to an oven for 24 h at 105°C to obtain the dry mass. These measurements were used to obtain soil moisture based on the following equation: M% = [(soil wet mass) – (soil dry mass)]/(soil wet mass) × 100.

To evaluate the relative leaf water content, 15 disks were collected from the same leaf of the penultimate trefoil of each plant as a single sample; then, its fresh weight (FW) was measured. Subsequently, the material was submerged in distilled water for 6 h. The turgid weight (TW) of leaves was obtained, and after that, the material was placed in an oven at 60°C for 48 h to obtain the dry weight (DW). The following equation was used to calculate the RWC: RWC = [(FW – DW)/(TW – DW)] × 100%.

A total of 0.025 g of fresh leaf mass was removed from the penultimate trefoil and placed in tubes filled with 80% acetone. The extraction process was carried out in triplicate. After this period, readings were taken at the following wavelengths: chlorophyll a at 663 nm (A662); chlorophyll b at 647 nm (A645) and carotenoids (carotene [c] + xanthophylls [x]) at 470 nm (A470). To calculate the chlorophyll (Chl) and carotenoid (Car) concentrations, the formulas described by Lichtenthaler (1987) were used: Chl a + b = 7.05 A661.6 + 18.09 A644.8. Total chlorophyll (Chl a + b) and carotenoid contents were expressed as μg of pigment per gram of fresh mass (μg/g; Wellburn, 1994).



DNA extraction

To obtain the endophytic community, shoots and roots were sterilized. First, the plant material was washed in running water and then added to sterile tubes containing 50% bleach (with 0.01% Tween 20). The plant material was vortexed at maximum speed for 2 min, the disinfectant solution was removed, and 70% alcohol was added. Subsequently, stirring was carried out at maximum speed for 1 min, and then, the alcoholic solution was removed and distilled water (previously sterilized) was added, again stirring for 1 min, which step was performed twice more. The water from the last wash was inoculated into Luria Bertani (LB) solid medium, and plates were incubated for 3 days at 28°C to infer the efficiency of the sterilization process. Sterilized shoots and roots were macerated with a previously sterilized mortar and pestle in the presence of liquid nitrogen, and 80 mg of the material was used for total DNA extraction. A Qiagen DNeasy® PowerPlant® kit was used, and the methodology was performed according to the manufacturer’s instructions. The quantity and quality of the total DNA extracted was evaluated in a NanoDrop® ND 1000c spectrophotometer. The DNA concentration (ng μL−1) was measured by absorbance at a wavelength of 260 nm, and the relationship between absorbance values at 260 and 280 nm was used as an indicator of the extracted DNA quality. Integrity was assessed by 1% agarose gel electrophoresis. The gel was submitted to 70 V for 90 min and then stained with ethidium bromide and subsequently visualized with ultraviolet light in a transilluminator.



Sample sequencing

For the sequencing analysis, three replicates of root and shoot DNA samples from each treatment were used, which were sent to be sequenced at the NGS company. The hypervariable region of the 16S rRNA V4 gene was amplified with the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′; Caporaso et al., 2011), which were modified by adding degenerate nucleotides (Ns) in the 5′ region to increase the diversity of target sequences (de Souza et al., 2016). For the fungal fraction, the internal transcript spacer (ITS) was selected using ITS1f (CTTGGTCATTTAGAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC; Smith and Peay, 2014) primers. In both cases, library preparation followed previously established protocols with two-step amplification (de Souza et al., 2016; Armanhi et al., 2018). In the first PCR, the V4 prokaryotic region (16S rRNA) was amplified from the total DNA using the aforementioned primers with PNA-clamps (for the reduction of mitochondrial and chloroplast amplification; Lundberg et al., 2013). The products of this amplification were visualized on a 1.5% agarose gel. The purification of this PCR product was performed with Beckman’s AMPure XP beads. After purification, Illumina adapters were ligated into a PCR. These ligation products were further purified and then visualized on a 1.5% agarose gel. The adapter binding products were quantified and normalized to the same concentration. After normalization, an equimolar pool of each sample and qPCR quantification were performed to validate and determine the final pool concentration in nM. The kit used was the KAPA Library Quantification kit for Illumina. The equipment used was the Illumina MiSeq in 2 × 250 base pair (bp) runs.



Analysis of experimentation data in the greenhouse

Experimentation data had normality and heteroscedasticity evaluated by the Shapiro–Wilk and Bartlett tests, respectively. Subsequently, analysis of variance (ANOVA) was performed, and when differences were detected, means were compared using Tukey’s multiple comparison test. There was no significant difference between the blocks; therefore, this effect was disregarded.



Sequencing data processing

Processing started by assessing the quality of the data sequenced using the “FastQC” software (v.0.11.9). Subsequently, the cut-off parameters of the sequences were established. For this, the “-fastx_info,” “-fastq_eestats2” and “-search_oligodb” functions from the “USEEARCH” software (v.11.0.667) were used, where the average quality thresholds and size and placement of adapters were obtained. Adapters were then removed using the “atropos” software (v.1.1.21), where sequences that did not contain them (“--discard-untrimmed”) or were smaller than 200 bp (“--minimum-length = 200”) were discarded. Adapter-free sequences underwent a quality control process using the “PRINSEQ-lite” software (v.0.20.3), where the final end was excluded, whose quality window (“-trim_qual_window = 3”) was <20 and 18 for the “forward” (R1) and “reverse” (R2) sequences of each library, respectively. Finally, library pairs were sorted (“fastq_pair”; v.1.0) and merged (“PEAR”; v. 0.9.11). The merged sequences were submitted to the “DADA2” pipeline (v.1.22.0) through a package made available for R statistical software (v. 4.1.2; R Core Team, 2021), for the establishment of amplicon sequence variants (ASVs). The pipeline starts with a quality control (“filterAndTrim”), where sequences were filtered and truncated respecting the insert size of the 16S rRNA gene V4 region (“truncLen = 250”) – for ITS sequences, whose size shows great variability, this parameter was suppressed. Then, possible sequencing errors were identified (“learnErrors”) and corrected to obtain the exact ASV for each sample. Each ASV was taxonomically classified (“assignTaxonomy”) based on the SILVA (v.138.1) and UNITE (v.8.2) reference banks for 16S rRNA and ITS libraries, respectively.



Diversity analysis and statistics

ASV counts per sample, as well as the relative taxonomic classifications, were imported as a “phyloseq” object (R package “phyloseq”; v.1.38.0) transformed into compositional data by the function “phyloseq_standardize_otu_abundance” (R package: “metagMisc” – v.0.0.4) with the “total” method, which applies total sum scaling (TSS) to the dataset. For alpha diversity, richness (Chao1) and diversity measures (Shannon and Gini-Simpson indices) were calculated using the “alpha” function of the “microbiome” R package (v.1.10.0). The existence of general differences in the alpha diversity means was evaluated with ANOVA/Kruskal–Wallis tests (depending on data distribution), and in the case of significance (p-value < 0.1), means were compared pair-to-pair with Student/Wilcoxon t-tests. Additionally, we performed a three-way ANOVA with alpha diversity measures to assess whether the interaction between the evaluated factors could influence these measures. For beta diversity, dissimilarities were calculated using the Bray–Curtis index (“distance” function of the “phyloseq” R package), from which the hierarchical clustering of samples was extracted in the form of a dendrogram, as well as a principal coordinate analysis (PCoA). The statistical significance of the separation of conditions evaluated was given through PERMANOVA, considering a p-value of 0.1. Finally, microorganisms that had significant changes in abundance among the conditions studied were identified. For this, the “DESeq2” approach was used, which implements the Wald test for the comparison of means (p-value < 0.05). For this analysis, samples were sectioned concerning plant tissue + stress condition and compared to humic acid treatments (formula = “plant tissue + stress ~ treatment”). The microbiota was collapsed at each taxonomic level and compared with the raw count sum of each taxon.




Results and discussion

Regarding the variables soil moisture, RWC and pigment content, only the stress factor differed (p-value ≤ 0.05). Soil moisture, RWC and pigment content were significantly higher in irrigated plants than in plants submitted to water restriction. Regarding plant dry mass, differences were observed between treatments with HA in both water conditions (Table 1).



TABLE 1 Soybean plant parameters evaluated under different water conditions.
[image: Table1]

In the present work, millicompost and vermicompost HA were evaluated, and to date, we have no reports of studies that have extracted and characterized millicompost HA and evaluated its effect on plants and their microbiota. The effect of millicompost and vermicompost HA on soybean growth was compared with that of the control (treatment that did not receive HA), both under favorable environmental conditions and under water deficit (Table 1).

Nuclear magnetic resonance and FTIR analyses revealed structural differences between HA-M and HA-V (Table 2; Supplementary Figure S1). These differences result from the biological and biochemical composting processes, in addition to differences in the composition of the source material itself. The 13C NMR results show that both composts were in an advanced stage of humification with strong C aromatic and phenolic groups (Tadini et al., 2022). The HA-M and HA-V aromatic C represent ~24 and 20.3% and C-Phenolic ~10 and 7.1% of the total area NMR spectra, respectively. The higher aromatic and phenolic C contents in HA-M than HA-V may indicate differences in the original organic material sources or differences in the composting process. These differences in chemical composition might help to explain the differences related to plant performance (Table 1). HA-M has a lower proportion of C-alkyl groups, which are organic groups formed by saturated hydrocarbons and are relatively inert in the soil and contribute to increasing the hydrophobicity index (Table 2). Both composts had similar levels of C-alkyl-O (Table 2), revealing that most of their bioavailable molecules were consumed during the stabilization process.



TABLE 2 Distribution of different types of carbons, relative areas of spectral regions and the degree of aromaticity in humic acids.
[image: Table2]

The FTIR spectra of HA-M and HA-V are similar, indicating similar chemical compositions, with the exception of the peak from 1,200 to 950 cm−1, which is stronger in HA-V than in HA-M (Supplementary Figure S1). The absorbance from 3,000–3,500 is assigned to OH groups of phenolic and carboxylic acids and alcohols and NH groups of amines and amides, from 3,000 to 2,800 is assigned to C-H alkyl bonds and from 1,800 to 1,550 is assigned to C=O bonds of carbonyl, quinone, carboxylic acids, esters and amide, and the C=C vibration of aromatic molecules shows similar intensities. The band between 1,200 and 900 cm−1 is stronger in HA-V, indicating a larger content of C-O bonds (Osiro et al., 2004) than in HA-M, which might be due to the residual polysaccharides and lignin phenolic and O-CH3 groups.

The concentration of millicompost HA (100 mg L−1) was lower than that of vermicompost HA (150 mg L−1), providing similar results on plants. These results may indicate that millicompost HA is more bioactive in plants than vermicompost HA, and this effect is possibly related to the chemical composition of these substances, as seen in Table 2, which, in turn, was influenced by the compound matrix, given that the extraction method was the same for both.

Supplementary Table S1 shows the counts of 16S rRNA amplicon reads throughout data processing per sample (see Supplementary material). Supplementary Table S2 shows the counts of ITS amplicon reads throughout data processing per sample. Supplementary Table S3 shows the counts of 16S rRNA amplicon reads throughout data processing, per group. Supplementary Table S4 shows the counts of ITS amplicon reads throughout data processing, per group. Supplementary Table S5 shows the counts of 16S rRNA amplicon reads classified in each taxonomic rank, and Supplementary Table S6 shows the counts of ITS amplicon reads classified in each taxonomic rank.

Regarding bacterial samples in the absence of stress, higher values (p-value ≤ 0.1) were observed for Shannon and Gini-Simpson diversity indices in leaves than in roots of the control treatment (Figure 1A). For the vermicompost and millicompost HA treatments, it was observed that roots presented greater species richness than leaves; however, unlike what was observed in the treatment without HA, the application of HA did not affect the diversity indices between leaves and roots. The imposition of stress causes these differences to disappear (Figure 1A). In addition to the evaluations of the effect of the factors separately, it is notable that the combination of the factors treatment with humic acids and stress significantly influenced the Chao1 and Shannon indices (Supplementary Table S9).
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FIGURE 1
 Boxplot of the alpha diversity metrics of bacterial (A) and fungal (B) fractions present in the shoot and root of soybean plants that received the application of vermicompost HA (HA-V), millicompost HA (HA-M) or that did not receive application (Control) in the presence and absence of stress. Different letters indicate significant differences between HA application within the same plant material (post-hoc test). Significant differences between different plant tissues under the same conditions (HA application and presence or absence of stress) can be seen by the presence of the following symbols: ****p < 0.001; ***p ≤ 0.01; **p ≤ 0.05; *p ≤ 0.1. The absence of letters/symbols indicates no significant differences between contrasts.


Regarding the fungal composition, in relation to the difference between roots and leaves, greater species richness and diversity were observed in roots than in leaves in the absence of stress (Figure 1B). Similar behavior was observed in stressed plants, but only in the control treatment (Chao1 and Shannon). The differences that were observed in relation to the different tissues of unstressed plants seem to have been attenuated or extinguished in stressed plants, especially in those that received HA applications (Figure 1B). In the absence of stress, application of millicompost HA showed higher Chao1 values in roots compared to treatments with vermicompost HA and the control and higher values of the diversity indices compared to the control (Figure 1A). The application of HA did not significantly alter the alpha diversity metrics (Figure 1B). However, the interaction of the three factors (HA application + plant tissue + stress) had a significant effect on the diversity indices (Shannon and Gini-Simpson; Supplementary Table S10).

Considering the taxonomic level of the family, it was observed that the highest abundance of taxa was within the family Proteobacteria, and the other families, present in smaller proportions, were Firmicutes and Bacteroidetes (Figure 2A). Regarding roots, it was observed that the most abundant group was Xanthobactereaceae, and unstressed roots that received millicompost HA showed a greater plurality of families than roots of the control and those that received vermicompost HA; in addition, there was a greater abundance of Rhizobiaceae. This family comprises rhizobia, bacteria associated with BNF in soybean (Breedveld and Miller, 1994). In the presence of stress, in roots with millicompost HA, there was an increase in Xanthobactereaceae and a relative reduction in the abundance of the other groups.
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FIGURE 2
 Relative abundances of the top 15 bacterial ASVs, collapsed to the taxonomic level of “family” (A). Graphic representation of principal coordinate analysis (PCoA) based on the Bray–Curtis distances of samples in the absence (B) and presence (C) of stress. At the first level (on the left), the PCoAs of all samples tested in terms of separation by plant material are observed. Next (center and right), the distribution of leaf and root samples, respectively, tested according to the treatment received is observed. Treatments refer to the application of vermicompost HA (HA-V), millicompost HA (HA-M) and that did not receive application (control).


Few studies have evaluated the effect of humic acids on microbial diversity in plants. Sun et al. (2022) verified that HA application in tomatoes resulted in the best flavor compared to the other two organic fertilizers. The Chaol estimator and Shannon index showed that fertilizer addition decreased microbial diversity but increased species richness. Akimbekov et al. (2020) demonstrated that HA increased potato growth (54.9%) and tuber yield (66.4%) when compared to the control and maintained the biogeochemical stability of soils, healthy microbial community structure, and increased the agronomic productivity of potato plants. Other studies have shown that the bacterial composition during vermicomposting was split between the families Proteobacteria, Bacteroidetes, Actinobacteria, Firmicutes and Verrucimicrobia. Proteobacteria were most abundant at the beginning of the process, while after the 14th day, their abundance decreased but remained significant (Gómez-Brandón et al., 2011, 2012).

Regarding the effect of fertilization on the soil microbial community, Wang et al. (2017) verified the effect of organic and inorganic fertilization on the soil microbial diversity during 10 years of fertilizer applications. The results of this study show that inorganic fertilization decreased the richness of bacteria and increased the richness of fungi. The application of mineral fertilizers increased the abundance of some oligotrophic bacteria, such as Bacteroidetes and Acidobacteria. On the other hand, the application of organic fertilizers increased the abundance of coprotrophic bacteria, such as Proteobacteria (Wang et al., 2017), which is a heterogeneous class that includes free-living, symbiotic, and gram-positive bacteria and some integral intracellular bacteria that generally have important metabolic capabilities, such as biological nitrogen fixation and carbon fixation (Hallez et al., 2017).

Principal coordinate analysis (PCoA) using Bray–Curtis distances was performed to determine the dissimilarity of bacterial communities between shoot and root samples in the different treatments. Regardless of HA application and the presence of stress, the bacterial compositions of the shoots and roots were different (p = 0.001; Figures 2B,C). Significance through PERMANOVA was only obtained in leaf samples, regardless of the “stress” factor (Figures 2B,C). In line with the PCoA graph, the hierarchical grouping shows the separation of the two groups (Supplementary Figure S4). Under nonstressful conditions, the variance in leaf communities and the PERMANOVA result showed a significant difference (p = 0.02) between treatments, where it was possible to observe the separation of the two groups, in which the community of the control treatment was more distant from the communities of leaves that received vermicompost and millicompost HA. In the presence of stress, a greater distance between samples treated with different HA was observed, forming three distinct groups, indicating the difference between bacterial communities. These results indicate that the enriched bacterial groups appear to play distinct roles in plants under water stress conditions.

For fungi, the taxa identified were mostly in the family Ascomycota, followed by Basidiomycota (Figures 3A). It is noteworthy that many of the most abundant sequences could not be classified even at the phylum level, as shown in Figure 3. Unstressed leaves presented mostly members related to the family Ascomycota. Specifically, in stressed leaves that received millicompost HA, an increase in the Erysiphaceae family was observed. In unstressed roots, the control showed an increase in members of the Chaetomiaceae family compared to the other treatments. Treatment with millicompost HA presented a greater abundance of Nectriaceae and Pleosporaceae. In the presence of stress, an increase in Chaetomiaceae was observed in treatments with HA, and an increase in Trichosphaeriaceae was observed in the control. For the distribution of compositions illustrated in PCoA (Figures 3B,C) and its respective dendrograms (Supplementary Figure S5), separation of leaf and root samples was observed (p < 0.05).

[image: Figure 3]

FIGURE 3
 Relative abundances of the top 15 fungal ASVs, collapsed to the taxonomic level of “family” (A). Graphic representation of principal coordinate analysis (PCoA) based on the Bray–Curtis distances of samples in the absence (B) and presence (C) of stress. At the first level (on the left), the PCoAs of all samples are observed and tested in terms of separation by plant material. Next (center and right), the distribution of leaf and root samples, respectively, tested according to the treatments received is observed. Treatments refer to the application of vermicompost HA (HA-V) and millicompost HA (HA-M) and that did not receive application (control).


Nectriaceae, Pleosporaceae and Trichosphaeriaceae are families of fungi that are pathogenic to Berchemia discolor, which is a drought-tolerant multipurpose tree with the potential to provide medicine, food and other commodities to drylands in several countries (Susan et al., 2022). Chaetomiaceae species are a wealthy source of enzymes with diverse biotechnological and industrial applications, such as PMO (polysaccharide monooxygenase), L-methioninase, β-1,3-glucanase, laccase, dextranase, lipolytic, pectinolytic, amylolytic, chitinolytic, and proteolytic enzymes. Different classes of secondary metabolites have been reported from this family and are derived from various biosynthetic pathways, such as alkaloids, polyketides, peptides, terpenes, and polyketide-amino acid hybrid secondary metabolites. These metabolites have attracted research interest due to their fascinating structural frameworks and bioactivities (Ibrahim et al., 2021). The family Erysiphe (including powdery mildew fungi only known as anamorph, Pseudoidium) is the largest genus in Erysiphaceae and contains more than 50% of all species in this family. Little is known about the phylogenetic structure of this genus. Erysiphaceae (Ascomycete: Erysiphales) are a group of obligate parasitic fungi of plants that cause powdery mildew diseases on ~10,000 angiosperm species (Amano, 1986). With the exception of the dormant stage, their life cycle completely depends on living hosts, from which they obtain nutrients without killing the host cells and without which they are unable to survive. To maintain the obligate parasitic life cycle, Erysiphaceae have developed highly specific and sophisticated mechanisms to avoid the resistance system of the host, to obtain nutrient resources from the host without injuring the host cells, and to synchronize their life-cycle parameters to those of the host (Aist and Bushnell, 1991).

To evaluate the compositional differences among microbial communities present in the leaf and root samples, we detected differentially abundant (DA) taxa between control and HA-treated samples in the presence and absence of stress. The list of DA taxa, as well as for which condition and in what proportion they were identified, is available in more detail in Supplementary Tables S7 (Bacteria), S8 (Fungi).

The application of HA had a great effect on the bacterial communities. In the absence of stress, treated leaves tended to considerably reduce the abundance of certain taxa compared to the control (Table 3). In the other conditions, treatments with HA were superior in this regard, causing an increase in the abundance of specific taxa (Supplementary Tables S7, S8).



TABLE 3 Quantifications of differentially abundant (DA) taxa related to each treatment under the experimental conditions evaluated.
[image: Table3]

In unstressed leaves, it was observed that the application of vermicompost HA promoted an increase in the genera Rickettsia, Candidatus hamiltonella, and Candidatus portiera (Figure 4), recognized endosymbionts of whitefly, a pest that causes damage to soybean plants (Bello et al., 2021). Despite the presence of these taxa, the prevalence of these groups was not observed in all replicates, possibly being a punctual contamination of one of the biological replicates. Despite this, the confirmation of these microbial groups shows that insect symbionts can enter plant tissues.
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FIGURE 4
 Differently abundant (DA) bacterial taxa. Both levels are presented ordered by the sum of relative abundances. The heatmap (left) demonstrates the relative abundance of taxa in leaves (L), roots (R), stressed leaves (LS), stressed roots (RS) by applying millicompost humic acid (HA-M), vermicompost humic acid (HA-V) and without application of HA (control). The dot plot (right) reveals in which niche differences in abundance between plant materials occurred.


The genera Variovorax and Kosakonia were DA in plants that received HA. These bacterial groups have already been isolated from soybean plants and, when evaluated in vitro, showed antagonistic activity against various bacterial and fungal pathogens of this crop (De Almeida Lopes et al., 2018). Members of the genera Variovorax and Oxalicibacterium have been reported to catabolize oxalate (Tamer et al., 2002). In some plants, the degradation of this compound provides protection against fungal pathogens (Müller et al., 2016). Additionally, microorganisms that degrade oxalate can also act to increase nutrient uptake by plants (Morris and Allen, 1994).

A study evaluated the foliar application of leonardite (a compound with high HA concentrations) in beetroot produced under hydroponics and in field conditions and evaluated the effect of this compound on the endophytic bacterial community. The authors observed that the genus most responsive to the application of leonardite in beetroot under both conditions was Oxalicibacterium (Della Lucia et al., 2021). This genus was also stimulated in plants that received vermicompost HA. Therefore, the effects observed in the treatment with leonardite may be additional (or mediated) to the effects of bacterial endophytes.

In the treatment with millicompost HA, increases in Cupriavidus pauculus, Sphingomonas naasensis, and Massilia armeniaca were observed, which are genera that have members related to tolerance to heavy metals, growth under low water availability, resistance to microbial agents and assistance in nutrient uptake by plants (Menon et al., 2019; Asaf et al., 2020; Zeng et al., 2020). Therefore, these bacterial groups may act on plant growth and protect against abiotic stresses. Actinoplane luojiashanensis was also DA in this treatment, and one of the few studies found with this species highlights its characteristic in antibiotic production (Jilian et al., 1995). This genus, Chitinophaga, is commonly associated with biological control (Hu et al., 2019).

Some studies found Novosphingobium ginsenosidimutans to be highly associated with the soybean rhizosphere (Meier et al., 2021), and HA may have favored its endophytic colonization in this plant.

In plants treated with vermicompost HA, an increase in Acinetobacter lwoffii was observed, which has already been described for improving bean growth through arsenic contamination (Das and Sarkar, 2018). This same work observed the effect of this species on the production of plant regulators under favorable environmental conditions, such as under stress. Additionally, it has also been successful in improving the plant’s response to oxidative stress. Sphingobium yanoikuyae also plays a known role in protecting plants, providing tolerance to water stress (Arunthavasu et al., 2019). Luteibacter jiangsuensis is a bacterial species related to the degradation of complex molecules, including compounds toxic to the environment (Lin et al., 2020). Members of the genus Devosia have the ability to nodule legumes (Rivas et al., 2002) and may play a relevant role in this regard in relation to soybeans, since Devosia elaeis was DA in samples. Actinoplane luojiashanensis was DA in the vermicompost and millicompost HA treatments.

A study showed that the root application of HA was able to change the bacterial composition in this plant organ, providing an increase in taxa belonging to Sphingobacteriaceae, Chitinophaga and Actinobacteria (da Silva et al., 2021b). Similar results were found in the present work. The authors emphasize that the role of HA in inducing plant tolerance may be related to the stimulation of these bacteria. Therefore, it is appropriate to suggest that HA improves the physiological response of the plant to cope with environmental stresses (Canellas et al., 2020), while it also selects microorganisms with a role in promoting plant growth and protecting the plant from stress.

Regarding the fungal portion, DA groups were observed in stressed roots, where treatments with HA were more impactful, especially treatment with vermicompost HA. At the species level, treatments with HA reduced Nigrospora oryzae (Figure 5). Interestingly, some enriched fungal groups are related to phytopathogens, such as Erysiphe diffusa (McTaggart et al., 2012) and Thanatephorus cucumeris (Chela Fenille et al., 2002). Despite this, no disease was observed in soybean plants. It is possible that different responses to plant growth promotion and pathogenicity are related to changes in the genotype of the plant and microorganisms. Such changes can generate changes in recognition and the type of interaction between them (Schmidt et al., 2012). Furthermore, the microbiome itself can affect interactions between microorganisms and plants.
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FIGURE 5
 Different abundant (DA) fungal taxa. Both levels are presented ordered by the sum of relative abundances. The heatmap (left) demonstrates the relative abundance of taxa in leaves (L), roots (R), stressed leaves (LS), stressed roots (RS) by applying millicompost humic acid (HA-M), vermicompost humic acid (HA-V) and without application of HA (control). The dot plot (right) reveals in which niche differences in abundance between plant materials occurred.


The species Periconia epilithographicola was enriched in the presence of HA, and its genus has members with a role in biocontrol (Verma et al., 2011). Cercophora mirabilis, a species of this genus, has been found to be associated with soybean roots in the field, but its function is still poorly understood (Bargaz et al., 2017). The genus Balansia has been reported as a pathogen, growth promoter and antagonist of agricultural pests (Clay et al., 1985; Porter et al., 1985; Ren and Clay, 2009). Curvularia also plays a dubious role in its effect on the plant, since this genus presents individuals who act in plant growth promotion and are capable of causing diseases in plants (Michael Tilley and Lynn Walker, 2002).

It is known that under abiotic stress, opportunistic pathogens more easily colonize previously weakened plants, reducing their defense against injuries (Tewari and Arora, 2014). Thus, the stimulation of microorganisms related to biological control is also of great relevance for plant establishment even under abiotic stresses. In nature, most plants are colonized by an enormous diversity of endophytic and pathogenic microorganisms. However, it is still unclear how the presence of multiple partners is balanced in plant roots to the point of maintaining plant growth (Niu et al., 2020).

In short, the application of millicompost and vermicompost HA helps plant growth and induces the modulation of the endophytic community. It was also shown that HA can trigger the enrichment of microorganisms with the potential to act both in plant growth and defense against pathogens and protection against abiotic stresses. These results support previous questions, such as the need for approaches to elucidate the real role of HA in plant physiology and the participation of plant microbiota. Our findings may point to the use of HA as part of a strategy to prepare plants against biotic and abiotic stresses by stimulating their defense metabolism.

It is noteworthy that perhaps the application of HA has favored the endophytic establishment of soil microorganisms, including opportunistic fungi. However, it is suggested that the organization of the microbiota is adjusted to prevent the development of diseases through these potentially pathogenic groups. Thus, the present study represents an advance in the understanding of HA-induced changes in the soybean microbiome and reinforces the potential of this compound to improve plant growth even under water restrictions. However, more studies should be developed to understand the effect of HA on the plant microbiota and its function in plants.



Conclusion

HA extracted from vermicompost and millicompost has the potential to promote the maintenance of plant growth even in adverse environmental conditions, acting in the best performance of the plant in the face of environmental stresses, as well as recruiting beneficial microorganisms to the plant. Although the results showed slight differences between vermicompost and millicompost regarding plant growth, both humic acids promoted an increase in plant development compared to the control. These substances could be used due to their beneficial function in the plant and its microbiome. HA can behave as a sustainable agricultural technology, promoting plant growth and thus reducing the need for agrochemicals.
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Agricultural application of plant-beneficial bacteria to improve crop yield and alleviate the stress caused by environmental conditions, pests, and pathogens is gaining popularity. However, before using these bacterial strains in plant experiments, their environmental stress responses and plant health improvement potential should be examined. In this study, we explored the applicability of three unsupervised machine learning-based data integration methods, including principal component analysis (PCA) of concatenated data, multiple co-inertia analysis (MCIA), and multiple kernel learning (MKL), to select osmotic stress-tolerant plant growth-promoting (PGP) bacterial strains isolated from the rice phyllosphere. The studied datasets consisted of direct and indirect PGP activity measurements and osmotic stress responses of eight bacterial strains previously isolated from the phyllosphere of drought-tolerant rice cultivar. The production of phytohormones, such as indole-acetic acid (IAA), gibberellic acid (GA), abscisic acid (ABA), and cytokinin, were used as direct PGP traits, whereas the production of hydrogen cyanide and siderophore and antagonistic activity against the foliar pathogens Pyricularia oryzae and Helminthosporium oryzae were evaluated as measures of indirect PGP activity. The strains were subjected to a range of osmotic stress levels by adding PEG 6000 (0, 11, 21, and 32.6%) to their growth medium. The results of the osmotic stress response experiments showed that all bacterial strains accumulated endogenous proline and glycine betaine (GB) and exhibited an increase in growth, when osmotic stress levels were increased to a specific degree, while the production of IAA and GA considerably decreased. The three applied data integration methods did not provide a similar grouping of the strains. Especially deviant was the ordination of microbial strains based on the PCA of concatenated data. However, all three data integration methods indicated that the strains Bacillus altitudinis PB46 and B. megaterium PB50 shared high similarity in PGP traits and osmotic stress response. Overall, our results indicate that data integration methods complement the single-table data analysis approach and improve the selection process for PGP microbial strains.

KEYWORDS
 osmotic stress, rice phyllosphere, plant growth-promoting bacteria, data integration, strain selection


Introduction

Global food production has been significantly affected by climate change and the evolution of pests and pathogens (FAO, 2022). Rice is one of the world’s most important food crops, but it is highly vulnerable to numerous abiotic and biotic stresses (Sandhu et al., 2020). Plants have several mechanisms to adapt to and establish tolerance and resistance to stress (Vats, 2018; Chauhan et al., 2022; Hidangmayum et al., 2022; Sachdev and Ansari, 2022). One such mechanism is symbiosis, wherein beneficial microorganisms living in or on plant organs directly and/or indirectly support plant growth and protect them from biotic and abiotic stresses (Shinwari et al., 2019). Given this beneficial effect, more attention has been paid to rice microbiome to increase crop yield and achieve sustainable agricultural goals. The microbial community composition of the rice rhizosphere has been extensively investigated using both culture-dependent and -independent approaches (Ding et al., 2019). Although the role of rhizobacteria in crop health improvement under abiotic stress has been widely reported (Ayuso-Calles et al., 2021; Saxena et al., 2021), the contribution of rice phyllosphere and spermosphere microbial communities and populations to this process is only partially understood (Kim and Lee, 2020).

The phyllosphere refers to a plant’s total aboveground surface, representing an unstable habitat, where microbes are subjected to extreme and highly variable environmental factors, such as light intensity, ultraviolet (UV) radiation, temperature, and dryness. Bacteria dominate this habitat, and their number estimated either by cultivation or direct microscopy can be up to 107 cells per cm2 on plant leaf surfaces (Vorholt, 2012; Remus-Emsermann and Schlechter, 2018). Microbial genetic and metabolic competence has been shown to help bacteria overcome and survive extreme environments (Sessitsch et al., 2012; Shu and Huang, 2022). Venkatachalam et al. (2016) demonstrated that the adaptability and functionality of culturable rice microbial communities were related to their diversity and abundance in the phyllosphere, while their ability to stimulate plant growth was strongly influenced by the rice cultivation method. Bacillus species can be highly resistant to extreme abiotic stress factors, such as UV radiation, high and low temperatures, and dryness, by forming resistant endospores and having higher survival rates than other bacterial species in the phyllosphere (Setlow, 2014; Saleem et al., 2017).

Under high temperatures and desiccation stress, microorganisms regularly encounter osmotic stress in the phyllosphere habitat. Under osmotic stress, most bacteria produce compatible osmolytes, such as proline, glycine betaine (GB), ectoine, trehalose, and sucrose (Santos and Da Costa, 2002). Proline reduces osmotic stress by acting as a chemical chaperone that directly breaks down the reactive oxygen species produced during stress and by means of an indirect mechanism that activates the signaling pathways that promote cell survival (Liang et al., 2013). In contrast, quaternary ammonium compounds, such as GB and choline, serve as osmoprotectants. Choline is a precursor of GB, and during osmotic stress, a certain level of choline is oxidized to GB by choline oxidase and betaine aldehyde dehydrogenase (Fitzsimmons et al., 2012). It has been demonstrated that plant growth-promoting bacteria (PGPB) that accumulate osmolytes reduce plant salinity stress (Upadhyay et al., 2011, 2012). Therefore, to understand the osmotic stress tolerance of microorganisms, it is essential to investigate their osmolyte production potential.

The levels of phytohormones in plants significantly affect their growth by regulating metabolism and defense mechanisms (Egamberdieva et al., 2017). Many plant-associated bacteria can produce beneficial phytohormones, mainly indole-acetic acid (IAA), gibberellic acid (GA), cytokinin, and abscisic acid (ABA; Belimov et al., 2014; Nutaratat et al., 2017; Baliyan et al., 2022; Mekureyaw et al., 2022). Some microbes support host plants indirectly by preventing the growth and infestation of pests and pathogens. Such microbes produce a variety of compounds that inhibit the growth of competing organisms. Some of the most important antagonistic mechanisms involve the production of hydrogen cyanide (HCN), which affects cellular respiration and siderophore production, leads to iron chelation, and limits iron accessibility to pathogens (Sayyed et al., 2013; Muthukumar et al., 2022; Singh et al., 2022). Such behavior of beneficial bacteria against host pathogens can suppress diseases in in vitro and in planta (Ramakrishna et al., 2019; Mahmud et al., 2021). Therefore, the application of phyllosphere bacteria that can produce phytohormones, have antagonistic activity against pathogens, and tolerate osmotic stress can be greatly beneficial in improving rice health through the alleviation of biotic and abiotic stress.

To select the most promising strains for plant applications, the phenotypic and, less often, the genomic data related to PGP characteristics of microbial strains are explored by applying statistical and exploratory analyses. The data obtained for microbial strains are most often examined using univariate statistical methods including t-tests, ANOVA, and linear models. Less frequently, univariate data analysis methods are complemented with multivariate approaches, such as cluster analysis or principal component analysis, which allow the elucidation of patterns among strains and relationships with their properties (da Costa et al., 2014). When several types of datasets, such as PGP traits and abiotic and biotic stress response parameters, are generated to characterize the potential of PGP-microbial strains for improving plant growth and health, an integration of these datasets is needed to facilitate the simultaneous identification of important phenotypic and genomic features during strain selection.

If the properties of microbial strains are assessed using different measurement methods and experimental conditions, the data produced by a particular method can be considered single-view data. It is possible to fuse microbial strain data from different perspectives using multi-view learning (MVL), which utilizes the consensual and complementary information between different views of the same set of microbial strains. MVL, also known as data fusion or integration from multiple feature sets, is an emerging direction in multi-view machine learning that can be used to improve generalization performance (Zhao et al., 2017; Li et al., 2018). Picard et al. (2021) recently delineated data integration methods into five different integration strategies (early, mixed, intermediate, late, and hierarchical). Data integration can be applied in two ways, depending on the nature of datasets: horizontal integration, which studies the same parameters across different microbial strains, and vertical integration, which examines multiple sets of variables on the same set of strains. Generally, machine learning methods are highly effective in data integration when datasets are appropriately transformed and combined (Picard et al., 2021; Cai et al., 2022).

Thus far, data integration methods have been applied to multi-omics datasets, where the combination of different layers of molecular information obtained for plant-related microbial communities has been analyzed (Kaul et al., 2016). The suitability of this data analysis approach for characterizing and selecting PGP microbial strains using various types of datasets has not yet been explored. We hypothesized that the application of data integration methods can enhance the selection of PGP microbial strains for plant application if multiple PGP-related datasets are measured for these strains.

The main aim of this study was to test the applicability of three unsupervised machine learning-based data integration methods for simultaneous grouping and trait evaluation of osmotic stress-tolerant PGP bacterial strains isolated from the rice phyllosphere. In addition, a set of univariate and multivariate data analysis methods conventionally used for this purpose was implemented.



Materials and methods


Study design

To assess PGP traits and osmotic stress responses in eight bacterial strains isolated from the phyllosphere of drought-tolerant rice varieties grown in Paramakudi, Tamil Nadu, India (Arun et al., 2020; Devarajan et al., 2021), two sets of different assessments were conducted. The following strains (genbank1 accession numbers in brackets) were included in this study: Bacillus endophyticus PB3 (MK969113), B. australimaris PB17 (MK979279), B. pumilus PB18 (MK979280), B. safensis PB23 (MK979280), Staphylococcus sciuri PB24 (MK994020), B. altitudinis PB37 (MK994020), B. altitudinis PB46 (MK979282), and B. megaterium PB50 (MK979284). The flowchart shows the study design in detail (Figure 1).
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FIGURE 1
 The flow chart depicts the basic workflow used in the current study to select the best phyllosphere bacterial strains for use in rice drought alleviation by screening the plant growth-promoting traits and osmotic stress response of bacterial strains. Obtained datasets were analyzed first using univariate and multivariate exploratory analyses. In the next step, the obtained datasets were integrated and analyzed using three unsupervised machine learning techniques: principal component analysis, multiple kernel learning, and multiple co-inertia analysis.




Assessment of PGP traits


Production of phytohormones

To estimate the production of bacterial phytohormones, the strains were inoculated in triplicate into tryptic soy broth (TSB) and allowed to grow at 37°C for 24 h. The growth temperature for bacterial strains in TSB broth was set at 37°C for all studies. This temperature was selected based on the air temperature (42°C) in this region and the fact that the crop leaf surface temperature is expected to be 5°C lower (37°C) than the atmospheric temperature (Deva et al., 2020). Extraction, purification, and quantitative determination of IAA, GA, zeatin, and ABA from different strains were carried out using the methods described by Karadeniz et al. (2006). Briefly, phytohormones were extracted from the bacterial supernatant using ethyl acetate and thin-layer chromatography (TLC) was developed using a mixture of isopropanol/ammonia/distilled water (10:1:1 v/v/v). IAA, GA, zeatin, and ABA bands and Rf (retardation factor) values of the samples were visualized under 254 nm of UV light according to the standards of IAA, GA, zeatin, and ABA. The detected bands were scraped from TLC plates and dissolved in methanol. The purified samples were analyzed by ultra-high-performance liquid chromatography (UHPLC) using an evaporative light scattering detector (ELSD) system with reversed phase C-18 column (Shimadzu, Japan) at an isocratic flow rate of 0.5 min ml−1 at 40°C. The wavelengths were 280, 208, 254, and 265 nm for IAA, GA, zeatin, and ABA, respectively (HiMedia, India), and the total duration for the detection of each hormone was approximately 15 min. The results of all phytohormone concentrations are expressed as μg ml−1.



Production of siderophores

Siderophores production was evaluated in all bacterial strains. Briefly, the chrome azurol sulfonate (CAS) medium was prepared by adding the CAS solution to melted King’s B agar medium at a 1:15 ratio, and 10 μl of rice phyllosphere bacterial strains actively grown in TSB at 37°C for 24 h were spot inoculated on the center of the CAS plate. Colonies with a yellow-orange halo after 3 days of incubation (28 ± 2°C) were considered positive for siderophore production (Schwyn and Neilands, 1987). For siderophore quantification, 100 μl of fresh culture was inoculated into 100 ml of iron-free succinic broth medium and incubated in a rotary shaker at 30°C for 24 h (120 rpm). Subsequently, the broth culture was centrifuged at 10,000 rpm for 10 min. The absorbance of the supernatant was measured at 400 nm using a spectrophotometer (LAMBDA 365 UV–Vis spectrophotometer, PerkinElmer, Mumbai, India), and siderophore production was calculated using the molar extinction coefficient (ε = 20,000 M−1 cm−1). The hydroxamate- and catecholate-type siderophores were characterized using Arnow’s and tetrazolium tests, respectively (Arnow, 1937). The quantification of siderophores is represented as μM, and the presence or absence of siderophore type is expressed by the signs “+” and “−,” respectively.



Production of HCN

The production of HCN by the bacterial strains was measured using the alkaline picric acid method described by Wei et al. (1991). For the qualitative measurement of HCN production, a change in the color of the filter paper strips from yellow to light brown, brown, or brick red was recorded as a mild (+), moderate (+ +), or strong (+ + +) reaction, respectively, whereas no color shift was considered as a negative (−) reaction. The color in the paper was eluted using 10 ml of distilled water, and the filter paper in a sterile medium blank was used as a control. HCN quantification was performed by measuring the absorbance of the eluted samples at 625 nm, and the results are presented as optical density (OD) units.



Evaluation of antagonistic activity

The biocontrol activity of all bacterial strains was tested against two fungal pathogens (Pyricularia oryzae and Helminthosporium oryzae) obtained from the Department of Plant Pathology, Tamil Nadu Agricultural University, Coimbatore, India, following the protocol proposed by Ji et al. (2013). In brief, the mycelial disks (5 mm diameter) of each rice pathogenic fungus were placed on the edge of potato dextrose agar media (30 mm), and each bacterium was streak inoculated close to the center of the plates that were incubated for 5–6 days at 25°C. Subsequently, the mycelial growth inhibition percentage of P. oryzae (PO.IP) and H. oryzae (HO.IP) by each bacterial strain was calculated as follows:




Evaluation of osmotic stress effect on bacterial strains


Estimation of bacterial growth and sample preparation

Phyllosphere bacterial strains were inoculated in 100 ml of TSB in side-arm flasks with different concentrations of PEG 6000 (0, 11, 21, and 32.6%) and incubated at 37°C for 24 h. The optical density (OD) of the broth cultures was estimated at 600 nm, and the growth results were expressed as OD units. The cells were then centrifuged at 10, 000 rpm for 5 min and the supernatant was collected to assess IAA and GA production. Cell pellets were used to measure the accumulation of endogenous proline and GB.



Estimation of IAA and GA production

To determine IAA concentration, 2 ml of the supernatant was mixed with 4 ml of Salkowski reagent (2% of 0.5 M FeCl3 in 35% HClO4), and sterile TSB was used as a control (Meudt and Gaines, 1967). Subsequently, the mixtures were incubated in the dark at 25°C for 24 h. The absorbance of IAA was measured at 520 nm using a spectrophotometer. The concentration of IAA in the samples was determined using the IAA standard curve and expressed as μg ml−1.

To determine GA concentrations, 2 ml of the supernatant was mixed with 2 ml of zinc acetate solution and 2 ml of potassium ferrocyanide solution before centrifugation at 8,000 rpm for 10 min (Holbrook et al., 1961). A 5-ml aliquot of supernatant was added to 5 ml of 30% hydrochloric acid and incubated at 27°C for 75 min. The absorbance was measured at 254 nm, and the GA concentration in the samples was determined using a standard GA curve and expressed as μg ml−1.



Estimation of proline and GB production

The endogenous production of proline and GB was measured using the protocol described by Qurashi and Sabri (2013). The harvested cells were boiled and centrifuged to collect the supernatant. For proline estimation, 150 μl of the supernatant was mixed with 100 ml of water and 1 ml of ninhydrin reagent (0.35% ethanol), and 150 μl of sterile water was used as a control. This mixture was heated for 20 min, and then the absorbance was measured at 520 nm. The concentration of proline was calculated using a standard curve prepared with L-proline and expressed as μg ml−1.

To estimate the endogenous accumulation of GB, the extracted supernatant was diluted (1:1) in boiled 2 N H2SO4, and sterile water was used as a control (Qurashi and Sabri, 2013). The mixture (0.50 ml) was cooled for 60 min in ice water, and 200 μl of cold KI-I2 reagent was added with gentle vortexing. The mixture was incubated for 16 h at 4°C and gradually centrifuged for 15 min at 10,000 rpm. After carefully removing the supernatant, the resulting pellet was dissolved in 9 ml of 1,2-dichloroethane, and the absorbance was measured at 365 nm. The concentration of GB was calculated using a standard curve and expressed as μg ml−1.




Statistical analysis

All experiments were conducted in triplicate, and the results are expressed as means with standard deviations. The obtained data were checked for normality and outliers and log-transformed prior to data analysis, if necessary. The following data analysis methods were used for analysis of direct and indirect microbial PGP traits: one-way ANOVA and multivariate ANOVA (MANOVA) with strain type as a single factor. Two-way ANOVA and MANOVA was applied to the set of microbial parameters (growth, production of indole-acetic acid, gibberellic acid, proline, and glycine betaine) with two factors—strain type and stress level. One-way ANOVA test was followed by Tukey’s post-hoc test. The significance level was set to 0.05 for all tests. Multivariate exploratory analyses included principal component analysis (PCA), heatmaps, k-means clustering, and spectral clustering. PCA was performed separately for two datasets (direct and indirect PGP traits and osmotic stress data). Heatmaps, k-means clustering, and spectral clustering were used as additional methods for analysis of osmotic stress dataset. The details of software packages used for the data analysis are provided in Supplementary Table S1 (Paradis et al., 2004; Lê et al., 2008; R Core Team, 2013; Meng et al., 2014; Mariette and Villa-Vialaneix, 2018; Kolde, 2019; John et al., 2020). In the case of PCA, the variables contributing significantly to the principal component (PC) axes were determined using the PCAtest package with random permutation, a bootstrap replication value of 1,000, and an alpha level of 0.05 (Camargo, 2022). The importance of the variable was ranked from each principal component axis using the total loading values.



Data integration

We used horizontal integration of the datasets to compare multiple treatment factors on similar variables and samples. We applied unsupervised machine learning techniques and implemented them using three integration techniques: early integration (PCA), mixed integration (multiple kernel learning, MKL), and intermediate integration (multiple co-inertia analysis, MCIA). Supplementary Table S10 contains information on the dataset combinations used for the integration methods.

In the case of the PCA analysis, the datasets were first combined and transformed, and then the PCA function from the factomineR package was applied to the obtained dataset (Supplementary Table S10). MCIA is a mixed integration technique in which the dataset is dimensionally reduced and transformed using ordination methods, such as PCA, correspondence analysis (COA), or non-symmetric correspondence analysis (NSCA), before being combined for analysis. In this study, the MCIA was performed on the data list (Supplementary Table S10) using the omicade4 package (Supplementary Table S1). Data dimension reduction, transformation, and analysis were performed using a single-function MCIA with singular value decomposition. The output was saved as a MCIA class object, and from that object, the variables from each dataset were visualized with regard to the sample relationship using the plotVar function.

The same data list was used in the R package mixKernel to perform MKL (Supplementary Tables S1, S10), wherein each dataset was first converted into a kernel object using the compute.kernel function with a linear kernel, thereby converting a linearly inseparable space object into a linearly separable one. The fully unsupervised MKL (UKML) method was used to combine all kernel objects, and the resulting kernels were subjected to PCA and an important variable analysis using the kernel.pca and kernel.pca.permute functions, respectively.

The results of different data integration techniques were compared using the congruence among distance matrices (CADM) approach (Campbell et al., 2011) implemented in the CADM.global function using the R package ape: analyses of phylogenetics and evolution (Supplementary Table S1).




Results


Direct and indirect PGP activities of phyllosphere bacterial strains

The analysis of direct PGP activities showed significant differences (one-way MANOVA, p < 0.001) in the production of phytohormones by the studied bacterial strains (Table 1; Supplementary Table S2). Bacillus megaterium PB50 showed the highest production of all four phytohormones, followed by B. endophyticus PB3, which produced the highest levels of IAA, GA, and ABA, and B. altitudinis PB46, which produced high levels of GA and cytokinin. The lowest levels of IAA and GA were produced by B. australimaris PB17 and those of cytokinin and ABA were produced by B. safensis PB23 and S. sciuri PB24, respectively.



TABLE 1 Mean and standard deviation values of the direct plant growth-promoting traits [indole-acetic acid (IAA), gibberellic acid (GA), cytokinin, and abscisic acid (ABA) production] measured for each rice phyllosphere bacterial strain (number of replicates, n = 3).
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Similarly, the studied strains significantly differed in their indirect PGP trait values (one-way MANOVA, p < 0.001, Table 2; Supplementary Table S2). Siderophore production was found to be the highest in B. megaterium PB50, followed by B. pumilus PB18. The characterization of siderophores revealed that only B. megaterium PB50 produced hydroxamate-type siderophores, whereas the remaining strains produced catecholate-type siderophores (Table 2). The analysis of HCN production results showed that B. pumilus PB18 produced the highest amount of HCN, while B. safensis PB23 and S. Sciuri PB24 produced the least amount of HCN. The assessment of the antagonistic activity of phyllosphere bacterial strains against the rice foliar pathogens revealed that only B. endophyticus PB3 and B. australimaris PB17 had an antagonistic activity against P. oryzae, and only B. megaterium PB50 inhibited the growth of H. oryzae (Table 2; Supplementary Figure S1).



TABLE 2 Mean and standard deviation values of the indirect plant growth-promoting traits, such as siderophore (Sid.) production, qualitative (Qual.), and quantitative (Quant.) assessment of hydrogen cyanide (HCN) production, and growth inhibition of Pyricularia oryzae and Helminthosporium oryzae measured for each rice phyllosphere bacterial strain (number of replicates, n = 3).
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Bacterial growth and production of phytohormones and osmolytes under different osmotic stress levels

Analysis of bacterial growth under different osmotic stress levels showed that under non-stressed conditions, B. pumilus PB18, B. safensis PB23, S. sciuri PB24, and B. megaterium PB50 reached the highest OD, with no significant difference between them. No significant difference was observed among B. australimaris PB17, B. altitudinis PB37, and B. altitudinis PB46, which had the lowest OD values (Table 3; Supplementary Table S6). The maximum growth values were achieved by B. altitudinis PB46 at 11 and 21% PEG 6000 concentrations and by B. megaterium PB50 at 32% PEG 6000 (Figure 2A). The lowest growth was observed in B. altitudinis PB37 at 11 and 21% PEG 6000 concentrations and in B. australimaris PB17 and B. altitudinis PB37 at 32.6% PEG 6000, with no significant difference between them.



TABLE 3 Mean and standard deviation values of growth of each rice phyllosphere bacterial strain (number of replicates, n = 3) measured under three different osmotic stress conditions and a non-stress condition.
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FIGURE 2
 Results of two-way ANOVA showing the mean differences of dependent variables according to two independent variables (strain and stress) and their interaction. Shown are mean and standard error values for two grouping variables. Plots (A) growth; (B) indole-acetic acid (IAA); (C) gibberellic acid (GA); (D) proline; and (E) glycine betaine. The strain codes refer to the following strains: Bacillus endophyticus PB3, B. australimaris PB17, B. pumilus PB18, B. safensis PB23, S. sciuri PB24, B. altitudinis PB37, B. altitudinis PB46, and B. megaterium PB50. AIC, akaike information criterion; BIC, Bayesian information criterion; and η2, effect size. Individual p values are given in Supplementary Table S5.


As the PEG 6000 concentration increased, IAA and GA production decreased in all strains (Table 4; Figures 2B,C). The strain B. megaterium PB50 produced the highest IAA amount under almost all stress conditions, except for PEG 6000 at the 21% level, when this value was the highest for B. altitudinis PB46. The strain B. megaterium PB50 also exceeded the other studied strains in the production of GA at all stress levels, followed by B. endophyticus PB3 at 11% PEG 6000 and B. altitudinis PB46 at 21 and 32.6% PEG 6000.



TABLE 4 Mean and standard deviation values of indole-acetic acid (IAA) and gibberellic acid (GA) production (μg ml−1) by each rice phyllosphere bacterial strain (number of replicates, n = 3) measured under three different osmotic stress conditions and a non-stress condition.
[image: Table4]

All studied strains showed a gradual increase in proline and GB production from non-stress to stress conditions at 21% PEG 6000, but at 32.6% PEG 6000, the production dropped below the non-stress level for both osmolytes (Table 5; Figures 2D,E). Nevertheless, substantial differences were observed for the different strains in osmolyte production at different stress levels. Bacillus pumilus PB18 accumulated the highest proline content under non-stress conditions, whereas B. megaterium PB50 accumulated the lowest amount under these conditions. Furthermore, under 11, 21, and 32.6% PEG 6000 concentrations, the bacterial strains B. pumilus PB18 and B. safensis accumulated the maximum amount of proline, with no significant difference between them. The strains B. australimaris PB17 and B. altitudinis PB37 accumulated the lowest amount of proline at all three stress levels, with no significant differences between them. Different strains showed different GB production patterns under variable stress conditions. Under non-stress conditions, the bacterial strain B. australimaris PB17 produced the highest GB, whereas B. altitudinis PB46 and B. megaterium PB50 produced the highest GB at 11 and 21% PEG 6000 levels. Bacillus megaterium PB50 produced the maximum GB at 32.6% PEG 6000. Under non-stress conditions as well as 11, 21, and 32.6% PEG 6000 levels, B. altitudinis PB37 had the lowest GB.



TABLE 5 Mean and standard deviation values of proline and glycine betaine (GB) accumulation (μg ml−1) by each rice phyllosphere bacterial strain (number of replicates, n = 3) measured under three different osmotic stress conditions and a non-stress condition.
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Two-way MANOVA revealed the significance of the interaction effect (strain–osmotic stress interaction) and the main effects (strains and osmotic stress level) in the examined parameters (Supplementary Table S3). The results of one-way MANOVA revealed that the impact of bacterial strains on microbial parameters was statistically significant at each stress level (Supplementary Table S4), except for bacterial growth, which was not significant in the non-stress conditions (Supplementary Tables S6–S9). The two-way ANOVA results showed significant (p < 0.05) differences in all traits tested among bacterial strains and osmotic stress levels, as well as their interaction effects (Supplementary Table S5).

The response pattern of the studied strains based on biochemical properties and growth under various osmotic stress levels was revealed by the PCA plot (Figure 3). The PCA first (PC1) axis captured 68.4% of the overall data variation, and all variables significantly contributed to the PCA first axis (Supplementary Table S11). All strains had a generally similar response pattern that consisted of a gradual change along the PCA second (PC2) axis in the case of 11 and 21% stress levels of PEG 6000, followed by a shift in the same direction along the PC1 axis when strains were exposed to 32.6% PEG 6000 (Figure 3C). The gradual change along the PC2 axis was related mainly to the increase in GB and proline production with the increase in PEG 6000 level to 21%, while the application of 32.6% PEG 6000 was characterized by a reduction in strain growth values (Figure 3D).
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FIGURE 3
 Results of principal component analysis (PCA) based on the plant growth-promoting (PGP) trait data of rice phyllosphere bacteria (number of replicates, n = 3). (A) Score plot and (B) loading plot of variables according to first two principal component axes. Bacterial strains are indicated by 95% confidence ellipses. The plots correspond to 79.2% of the total data variance and variance proportions are shown along each principal component axis. (C) Score plot and (D) loading plot of variables along first two principal component axes based on microbial dataset [indoleacetic acid (IAA), gibberellic acid (GA), proline, glycine betaine, and growth] of rice phyllosphere bacterial strains measured at different PEG 6000 concentrations (number of replicates, n = 3). The plots correspond to 89.9% of the total data variance, and variance proportions are shown along each principal component axis. Variables with asterisk in plot B and D are significant along the first principal component axis. Abbreviations used in plot (B) are, abscisic acid (ABA), hydrogen cyanide (HCN), Helminthosporium oryzae inhibition percentage (HO_IP), and Pyricularia oryzae inhibition percentage (PO_IP). The codes of the strains in plots (A,C) refer to the following strains: Bacillus endophyticus PB3, B. australimaris PB17, B. pumilus PB18, B. safensis PB23, Staphylococcus sciuri PB24, B. altitudinis PB37, B. altitudinis PB46, and B. megaterium PB50.


The heatmap based on PGP traits showed that the strains could be divided into two main groups based on their response to osmotic stress levels. At the 32% PEG 6000 level, the strains formed one group, and the strains at other stress levels formed another cluster (Supplementary Figure S4). The results of k-means clustering indicated four optimal clusters, of which two (stress levels 0 and 32.6%) were partially homogenous (Supplementary Figure S5
A). Moreover, these results indicated that B. altitudinis PB46 and B. megaterium PB50 were the most deviant in their responses to different stress levels. Spectral clustering identified two strain groups with similar response patterns to increasing PEG 6000 stress levels. The first group consisted of four strains (B. endophyticus PB3, B. pumilus PB18, B. altitudinis PB46, and B. megaterium PB50), and the second group consisted of three strains (B. australimaris PB17, B. safensis PB23, and S. sciuri PB24; Supplementary Figure S5
B). Bacillus altitudinis PB37 was not included in either group. The main difference between the response dynamics of the two groups was related to a more profound stress response in the first group than in the second group and the strain B. altitudinis PB37. This higher stress response was more reflected at the stress levels of 11 and 21% PEG 6000 when the relative stress response magnitude was 1.5–2-fold higher in the first group than in the second group.



Integration of different datasets


Early integration approach

A PCA was used to explore the variation among strains based on a joint dataset of direct and indirect PGP variables (Figure 3). The PC1 axis explained 54.6% of the data variance, and the statistically significant variables in PCA were siderophore, IAA, GA, GB, ABA production, and H. oryzae inhibition percentage (Supplementary Table S11). The PC1 axis separated B. megaterium PB50, B. altitudinis PB46, and B. endophyticus PB3 from the other strains (Figures 3A,B). The PC2 axis emphasized the variation among strains in P. oryzae inhibition percentage and HCN production ability, indicating that strain B. pumilus PB18 exhibited the highest P. oryzae inhibition percentage and HCN production potential among the studied strains. A heatmap based on direct and indirect PGP traits was used to assess similarities among the studied bacterial strains (Supplementary Figure S2). Based on the intensity of the PGP response, the strains were separated into one large group of seven strains with two subclusters, whereas the B. megaterium PB50 strain formed a separate cluster. The large cluster comprised two sub-clusters, with B. endophyticus PB3, B. pumilus PB18, and B. altitudinis PB46 grouped together as moderate-performance strains, and B. australimaris PB17, B. safensis PB23, S. sciuri PB24, and B. altitudinis PB37 grouped separately because of their poor performance in PGP activities. Furthermore, k-means clustering led to the identification of six optimal clusters in this dataset, with B. australimaris PB17 and B. altitudinis PB37 and B. safensis PB23 and S. sciuri PB24 clustered together, and both clusters were close to each other, as shown in the PCA ordination plot (Supplementary Figure S3).

In addition to PCA on the joint PGP trait dataset (Figures 3A,B), PCA was performed by combining all osmotic stress datasets (datasets 3–6; Supplementary Table S10) and all six datasets (datasets 1–6; Supplementary Table S10). The results for PCA on all osmotic stress datasets are provided in Supplementary Figure S6, and these data were used as input later in the congruence among the distance matrices approach. The PCA results for all six datasets are shown in Figure 4. PC1 was significant (p < 0.05), accounting for 56% of the total variance, whereas PC2 accounted for only 12.5% of the total variance. Most variables had a significant impact on PC1 (Supplementary Table S11). The maximum variance was attributed by the variables measured at a stress level of 32.6% PEG 6000 32.6%.
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FIGURE 4
 Results of principal component analysis (PCA) based on the integration of plant growth-promoting traits data and osmotic stress response parameters datasets. (A) Score plot and (B) loading plot of variables according to first two principal components. The plots correspond to 68.5% of the total data variance, and variance proportions are shown along each principal component axis. Variables with asterisk in the plot (B) are significant along the first principal component axis. Abbreviations used in plot (B) are, indoleacetic acid (IAA), gibberellic acid (GA), glycine betaine (GB), abscisic acid (ABA), hydrogen cyanide (HCN), Helminthosporium oryzae inhibition percentage (HO.IP), and Pyricularia oryzae inhibition percentage (PO.IP). The codes of the strains in plot (A) refer to the following strains: Bacillus endophyticus PB3, B. australimaris PB17, B. pumilus PB18, B. safensis PB23, Staphylococcus sciuri PB24, B. altitudinis PB37, B. altitudinis PB46, and B. megaterium PB50.




Multiple co-inertia analysis

Multiple co-inertia analysis was applied to jointly analyze the six datasets (Supplementary Table S10). The graphical outputs of this analysis are shown in Figure 5; Supplementary Figure S7. The MCIA first axis captured the highest variance (78.3%) in the datasets and separated three strains, B. endophyticus PB3, B. altitudinis PB46, and B. megaterium PB50, from the remaining strains (Figure 5A). The MCIA second axis, explaining 16.0% of the data variation, emphasized the distinction between the strains B. pumilus PB18 and B. altitudinis PB37 and the other studied strains. The pseudo-eigenvalue space of six datasets (Figure 5D) indicates that three datasets (direct PGP traits as well as stress at PEG 6000 levels of 0 and 11%) contributed the most to the MCIA first axis, while the contribution of indirect PGP parameters was small. The datasets of the stress at PEG 6000 levels of 21 and 32.6% contributed to the MCIA second axis. Correlations between datasets were the highest at the stress levels of 11, 21, and 32.6% PEG 6000 (RV = 0.71–0.76) and lowest in the case of the datasets of indirect PGP traits and stress levels of 0, 11, and 21% of PEG 6000 (RV = 0.35–0.51). Projections of all variables onto the first two MCIA axes space indicated that the strains B. altitudinis PB46 and B. megaterium PB50, and to a lesser extent, B. endophyticus PB3, were associated with higher IAA and GA values (Supplementary Figure S7). The concentration of GB was an important variable for the separation of strains under non-stress conditions, and it coincided with higher siderophore and cytokinin production. The dataset correlation plot based on the RV coefficient value showed that the dataset of intermediate stress level (21% PEG 6000) was highly positively correlated with the datasets of 11 and 32.6% PEG 6000 datasets (Supplementary Figure S8
A). The positive correlation of the stress and non-stress datasets of 11% PEG 6000 with the datasets of PGP traits was higher than that of the other two stress levels, indicating that the stress level influenced the function of all studied strains. Indirect PGP traits did not positively correlate with other dataset types.
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FIGURE 5
 Multiple co-inertia analysis (MCIA) results based on six datasets [direct plant growth-promoting (PGP) traits, indirect PGP traits, microbial parameters under osmotic stress at PEG concentrations 0, 11, 21, and 32.6%]. (A) A plot of the first two components in the sample space. Each sample is represented by a shape where lines connect the six datasets for each sample to a center point (MCIA global score). (B) Variable space for each dataset. (C) A scree plot of absolute eigenvalues (bars) and the proportions of variance for the eigenvectors (line). (D) A plot of data weighting space that shows the pseudo-eigenvalues space of all datasets indicating the variance of an eigenvalue contributed by each dataset. The codes of the strains in plot (A) refer to the following strains: Bacillus endophyticus PB3, B. australimaris PB17, B. pumilus PB18, B. safensis PB23, Staphylococcus sciuri PB24, B. altitudinis PB37, B. altitudinis PB46, and B. megaterium PB50.




Multiple kernel learning

The MKL technique was applied to the same six datasets (Supplementary Table S10), and the combined kernel principal component analysis (KPCA) was used in further exploratory analysis. The results of these analyses revealed that the majority of the overall variance in the data was captured by the first axis of KPCA, which clearly separated the two strains, B. altitudinis PB46 and B. megaterium PB50, from the rest of the strains (Figure 6A). To identify the influence of the variables on KPCA, an important variable plot was computed (Figure 6B), which showed that GA and HCN production were the most important direct and indirect PGP traits, respectively. The production of IAA and GA was important in the non-stress conditions, whereas GA was also relevant at the 11% PEG 6000 stress level. Proline production was found to be an important variable in both 21 and 32.6% PEG 6000 stress levels. The kernel correlation plot showed that the dataset correlation followed a pattern similar to that observed with the MCIA analysis, indicating that the dataset correlation was heavily influenced by stress levels (Supplementary Figure S8
A).
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FIGURE 6
 Results of multiple kernel learning analysis (MKL). (A) A plot of kernel principal component analysis (KPCA) based on six datasets (direct plant growth-promoting (PGP) traits, indirect PGP traits, microbial parameters under osmotic stress at polyethylene glycol (PEG) concentrations 0, 11, 21, and 32.6%). (B) A plot for important variables in each dataset assessed using the Crone-Crosby distance. The codes of the strains in plot (A) refer to the following strains: Bacillus endophyticus PB3, B. australimaris PB17, B. pumilus PB18, B. safensis PB23, Staphylococcus sciuri PB24, B. altitudinis PB37, B. altitudinis PB46, and B. megaterium PB50. Abbreviations used in plot (B) are indoleacetic acid (IAA), gibberellic acid (GA), abscisic acid (ABA), hydrogen cyanide (HCN), Helminthosporium oryzae inhibition percentage (HO_IP), and Pyricularia oryzae inhibition percentage (PO_IP).




Comparison of data analysis results

The CADM test indicated that some of the obtained distance matrices were similar (CADM global test, p < 0.001). The most congruent were strain groupings according to the PCA based on all datasets and the PCA based on osmotic stress data (Mantel r = 0.54, p < 0.001). In addition, the MCIA and KPCA results correlated (Mantel r = 0.46, p < 0.01). The similarities among the studied data integration methods were visualized using a dendrogram based on the Mantel test correlation values (Supplementary Figure S9). The posteriori test indicated that the strain distance matrices of the KPCA and PCA based on osmotic stress data were incongruent with the rest of the distance matrices.





Discussion


Estimating strains difference using univariate and multivariate analysis

Among the eight strains included in this study, seven were spore-forming gram-positive Bacillus strains that were generally resistant to the effects of dryness, heat, UV radiation, and various other environmental stressors (Nicholson et al., 2000; Tortora et al., 2019). However, the measured biochemical and microbiological indicators revealed significant differences in osmotic stress tolerance and PGP properties among the strains.

Based on the univariate analysis results, B. endophyticus PB3, B. altitudinis PB46, and B. megaterium PB50 stood out with their phytohormone production ability, with B. megaterium PB50 producing the highest amounts of all four phytohormones. The production of these phytohormones by B. megaterium species has been reported previously (Karadeniz et al., 2006), and this ability has been associated with the stimulation of growth and stress alleviation in plants (Shahzad et al., 2017; Sun et al., 2017; Kang et al., 2019; Zerrouk et al., 2020) by a direct effect on phytohormone levels (Vejan et al., 2016).

The production of HCN and siderophores in bacterial cells serves as a defense mechanism against other microbes. While known to be good siderophore producers that inhibit the growth of several plant pathogens, Bacillus species have been shown to possess moderate HCN production ability (Muthukumar et al., 2022). In this study, all Bacillus strains could produce siderophores; however, B. megaterium PB50 was the most effective siderophore producer among the studied strains and was the only strain that produced hydroxamate-type siderophores (Ferreira et al., 2019). Bacillus megaterium is a dominant rice phyllosphere bacterial species that has shown antagonistic activity against several predominant rice fungal pathogens in vitro (Islam and Nandi, 1985; Gowdu and Balasubramanian, 1988). Moreover, B. megaterium PB50 was among the three Bacillus strains that showed antagonistic activity against rice fungal pathogens in this study. However, another strain, B. pumilus PB18, also exhibited antagonistic activity against fungal pathogens and had the highest siderophore production activity among the strains examined in this study.

In all strains, a decrease in IAA and GA production was observed under more pronounced osmotic stress conditions; however, the production was again the highest in B. megaterium PB50 at different stress levels. Similarly, a higher production of IAA by B. megaterium at the 15% PEG level was detected by Armada et al. (2014). In addition, decreased IAA, GA, and cytokinin production under stress conditions (20% PEG 6000) compared to non-stress conditions was observed in Azospirillum brasilense and B. subtilis (Ilyas et al., 2020). In addition, to B. megaterium PB50, B. altitudinis PB46 stood out from the other strains in responding to stress levels. Similar to earlier reports for different Bacillus species (Paul et al., 2015; Lee et al., 2018), the growth of the two aforementioned strains was faster at 11% PEG 6000 than under non-stress conditions.

Bacterial growth and proline and GB accumulation increased with increasing osmotic stress levels of up to 21% PEG 6000 in all strains. Phytohormone production decreased with increasing proline and GB concentrations. In contrast to B. megaterium PB50, which showed the lowest proline accumulation and highest phytohormone production under stress, B. pumilus PB18 showed the highest osmolyte accumulation and lowest phytohormone production under stress. Although all studied strains were gram-positive bacteria that could synthesize endogenous proline under osmotic stress conditions by boosting the synthesis process and then degrading proline for another metabolism (Tempest et al., 1970; Deutch, 2019), and the GB is transported from an external source or converted from imported choline during stress (Onyango and Alreshidi, 2018), the results of this study suggest that osmolyte accumulation is balanced. Each bacterium uses a specific osmolyte synthesis mechanism to overcome abiotic stress (Bremer and Krämer, 2019). It has been shown earlier that under non-stress conditions, bacteria favor phytohormone synthesis rather than osmolyte accumulation, whereas the opposite occurs under stress conditions. Such a shift in metabolic activity is common in bacterial cells, allowing them to maintain homeostasis when there is an increase in osmotic pressure in the extracellular medium (Varela et al., 2004; Lahtvee et al., 2014; Cesar et al., 2020).



Integration of bacterial strain datasets

Complementary information from several types of datasets produced for microbial strains can be exploited to obtain better insights into microbial strain grouping and to elucidate factors behind strain clustering using machine-learning-based data integration methods. We applied three data-integration approaches to obtain microbial datasets: early, intermediate, and mixed integration.

In the early integration approach, several microbial datasets were combined into a single table and processed using PCA. This approach highlighted two strains, B. altitudinis PB46 and B. megaterium PB50, which were the most distinct from the other strains. At the same time, the PCA of the concatenated data did not clearly indicate the variables important for the separation of microbial strains in the PCA plot. Although the early integration approach is appealing owing to its simplicity and easy implementation, the complexity, data imbalance, and possible noise in the underlying matrix may complicate learning. As a linear dimension reduction method, PCA is the most commonly used approach for concatenated data, whereas nonlinear methods (t-distributed stochastic neighbor embedding, t-SNA; uniform manifold approximation, and UMAP) may provide better performance depending on the dataset properties (Xiang et al., 2021).

For mixed data integration, we utilized the MKL technique, in which a linear kernel was first computed for each microbial dataset and then the obtained kernels were combined to produce a global similarity matrix that describes microbial strains across all included datasets (Mariette and Villa-Vialaneix, 2018). The resulting similarity matrix was used as the input for the PCA. The results of this method also emphasized the separation of the two strains, B. altitudinis PB46 and B. megaterium PB50, from the other studied strains. In addition, the analysis outcome provided estimates of the variable importance. Direct PGP traits, such as GA and proline production at stress levels of 21 and 32% of PEG 6000, were highlighted by this analysis. The MKL technique has the advantage of preserving the original properties of the data and combining different data types by applying appropriate transformations (Zampieri et al., 2019). However, the MKL analysis results may be challenging to interpret because the interactions and correlations among different datasets are not always well determined.

The third method, MCIA, is an intermediate strategy of data integration, where multiple microbial datasets are jointly integrated without prior transformation. Similar to MKL, the MCIA reduces the dimensionality and complexity of datasets. The MCIA results clearly showed the distinction of strain B. megaterium PB50 from the other strains. The direct PGP trait data set (particularly GA and IAA production) and stress level 11% (GA production) were the most important indicators of the variation among the microbial strains. MCIA is considered one of the best-performing algorithms for the benchmarking of joint multi-omics dimensionality reduction approaches in the case of cancer datasets and provides an effective elucidation of relationships among the studied datasets (Cantini et al., 2021). Moreover, it can be considered a variation of the canonical correspondence analysis (CCA) method (Vahabi and Michailidis, 2022). The applicability of other CCA extensions could also be tested for simultaneous feature selection and classification in microbial datasets in the future.

The three applied data integration methods did not provide a similar grouping of the studied strains, except for the ordination of microbial strains based on the PCA of concatenated data. However, all three data integration methods indicated that the strains B. altitudinis PB46 and B. megaterium PB50 had high similarity in their biochemical properties and osmotic stress response. However, when applied together with B. endophyticus PB3 in a rice growth experiment under drought conditions, these two strains had variable effects on plant growth, biochemical properties, and gene expression (Devarajan et al., 2021). Strain B. megaterium PB50, and to a lesser extent B. altitudinis PB46, induced elevated drought tolerance in rice plants, while B. endophyticus PB3 had no effect. Simultaneously, the MCIA method placed the strain B. endophyticus PB3 close to B. altitudinis PB46 and B. megaterium PB50. Both MCIA and MKL indicate that GA production is one of the main features of microbial strains. In addition, MCIA emphasized IAA and MKL proline production at higher osmotic stress values. Several studies have reported the importance of microbial IAA, GA, and proline production in mitigating drought stress in crops (Ashry et al., 2022; Fadiji et al., 2022; Uzma et al., 2022).

One option for improving strain selection and feature identification in the future is to apply a combination of unsupervised and supervised data integration methods (Singh et al., 2019). In such cases, the outcome of plant inoculation experiments could be included in the process of data integration. It could also be that the microbial parameters included in the current data analysis did not completely cover the microbial traits required for successful plant application. In addition to biochemical properties, different omics (genome, transcriptome, proteome, and metabolome) datasets could be produced for microbial strains. The analysis of such datasets could be challenging, although there are several data integration methods specifically designed for the analysis of different omics layers.




Conclusion

Overall, our findings suggest that when selecting bacterial strains to improve crop resilience under field drought conditions, various aspects of the PGP activity and osmotic stress tolerance of microbial strains should be considered simultaneously. Data integration methods could complement the single-table data analysis approach and may provide better insight into the microbial strain selection process. In addition, data integration allows for the exploration of complex microbial strain datasets within a single analytical framework. Currently, there are no general rules for selecting the most efficient data integration method for biological datasets. Thus, additional benchmarking of different joint data analysis methods with larger microbial strain datasets is advisable for PGP microbial strains. Another aspect of the data integration of PGP microbial strains, which needs further exploration, is related to the joint analysis of microbial biochemical and omics datasets. The integration of microbial biochemical and omics datasets may provide better insights for producing mixtures of PGP microbes that perform better than a single strain.

In this study, we used only joint data analysis to combine diverse datasets related to microbial strain properties. In the future, supervised data integration methods could be applied to combine greenhouse experiments and field trial data with PGP strain characterization data to improve the strain selection process.
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Plant Growth-Promoting Bacteria (PGPB) are a promising alternative to conventional fertilization. One of the most interesting PGPB strains, among the spore-forming bacteria of the phylum Firmicutes, is Bacillus pumilus. It is a bacterial species that inhabits a wide range of environments and shows resistance to abiotic stresses. So far, several PGPB strains of B. pumilus have been described, including B. pumilus LZP02, B. pumilus JPVS11, B. pumilus TUAT-1, B. pumilus TRS-3, and B. pumilus EU927414. These strains have been shown to produce a wide range of phytohormones and other plant growth-promoting substances. Therefore, they can affect various plant properties, including biometric traits, substance content (amino acids, proteins, fatty acids), and oxidative enzymes. Importantly, based on a study with B. pumilus WP8, it can be concluded that this bacterial species stimulates plant growth when the native microbiota of the inoculated soil is altered. However, there is still a lack of research with deeper insights into the structure of the native microbial community (after B. pumilus application), which would provide a better understanding of the functioning of this bacterial species in the soil and thus increase its effectiveness in promoting plant growth.
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Introduction

Bacillus pumilus is a Gram-positive, spore-forming bacteria, which commonly occurs in various environments including marine water, deep-sea sediments, and soil (Priest, 1993; Shivaji et al., 2006; Liu et al., 2013; Pudova et al., 2022; Yakovleva et al., 2022; Zhang et al., 2022). This species exhibits significant resistance to environmental stresses, e.g., low or no nutrient availability, drought, irradiation, UV radiation, chemical disinfectants, or oxidizing enzymes (Nicholson et al., 2000). Previously, Bacillus pumilus was included in the Bacillus subtilis group. Currently, Bacillus pumilus belongs to the Bacillus pumilus group which also includes B. altitudinis, B. australimaris, B. safensis, B. xiamenensis, and B. zhangzhouensis (Chen et al., 2016).

Progressive climate change and environmental pollution are intensifying the development of eco-friendly fertilizers (Čimo et al., 2020; Dobrzyński et al., 2021; Kasperska-Wołowicz et al., 2021; Wierzchowski et al., 2021; Zielewicz et al., 2021; Heyi et al., 2022). One of the best solutions for safe fertilization appears to be fertilizers based on plant growth-promoting bacteria (Čimo et al., 2020). Due to its properties, Bacillus pumilus is classified as a plant growth-promoting bacteria (PGPB; Gutiérrez-Mañero et al., 2001; De-Bashan et al., 2010; Kaushal et al., 2017). PGPB can stimulate plant growth either directly or indirectly. Mechanisms of direct action are defined as the use of bacterial traits that result in the direct promotion of plant growth, including the production of auxins, e.g., indole-3-acetic acid (IAA), 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, cytokinins, gibberellins, atmospheric nitrogen fixation (nitrogenase production), phosphorus solubilization, and iron sequestration (by production bacterial siderophores). In contrast, indirect mechanisms relate to the properties of bacteria that inhibit the functioning of one or more plant pathogenic organisms. Indirect mechanisms include, e.g., the production of antibiotics (e.g., cyclic lipopeptides), enzymes that degrade the cell wall of fungi (including chitinases and β-1,3 glucanases), and production of hydrogen cyanide (HCN) inducing plant resistance (e.g., against fungal phytopathogens; Joo et al., 2005; Cuong and Hoa, 2021; Lipková et al., 2021; Shahid et al., 2021; Bessai et al., 2022; Mirskaya et al., 2022)

The mini-review aims to summarize the current state of knowledge on the Bacillus pumilus plant growth promotion properties and highlight the lack in the literature on this issue.


Overall potential of Bacillus pumilus

Bacillus pumilus is one of the most studied bacterial strains in terms of promoting the growth of bacteria from the genus Bacillus. So far, it has been found that B. pumilus is capable of producing several phytohormones. Gutiérrez-Mañero et al. (2001) detected a few gibberellins (GA1, GA3, GA4, and GA20) in the culture of B. pumilus using full-scan gas chromatography and mass spectrometry assays. Joo et al. (2005) found other gibberellins derived from this species (strain no. CJ-69), including a few new ones such as GA5, GA8, GA34, GA44, and GA5. B. pumilus is also able to produce other traits that directly promote plant growth. Isolated from the tea rhizosphere, B. pumilus TRS-3 showed the production of indole 3-acetic acid (IAA), siderophore, and phosphate solubilization (Chakraborty et al., 2013). Besides, B. pumilus JPVS11 is capable of producing ACC deaminase which contributes to decreasing ethylene levels in the plants by degrading ACC (Kumar et al., 2021). Importantly, B. pumilus is also capable of fixing atmospheric N2 by nitrogenase production which reduces this nitrogen form to ammonia (Masood et al., 2020). Other authors also detected these plant growth-promoting traits in B. pumilus (Hafeez et al., 2006; Murugappan et al., 2013; Upadhyay et al., 2019).



Promoting plant growth under different growing conditions

To date, several papers have been published on the effect of various B. pumilus strains on plant growth parameters. The inoculation efficiency of B. pumilus was studied in various conditions including in vitro, growth chambers, greenhouses, and in-field conditions. A lot of these studies focus on rice growth promotion and deal mainly with biometric parameters and chemical properties of shoots and roots (Win et al., 2018; Ngo et al., 2019; Liu et al., 2020) Importantly, both commercial strains and soil isolates are used to study on the effects of bacteria on the efficiency in promoting plant growth.

The research based on growing plants on Murashige and Skoog liquid medium has proven that the strain B. pumilus LZP02 is able to promote rice growth by increasing the root length, root surface area, number of nodes, root tips, forks, and chlorophyll content (Liu et al., 2020). In addition, the application of B. pumilus LZP02 also caused an increase in nitrogen, phosphorus, calcium, and magnesium contents in rice roots (Liu et al., 2020). Previously, it was proven that B. pumilus promotes rice growth under growth chamber conditions (Ngo et al., 2019) B. pumilus TUAT1 significantly enhanced growth, root development, and nutrient absorption in 21-day-old rice seedlings compared to the control. Interestingly, significantly better efficiency of the studied strain was obtained after inoculating plants with spores than vegetative cells (Ngo et al., 2019).

As well, it has been reported that B. pumilus may be a good growth promoter of other plants, including grasses, trees, and others. For instance, after the application of B. pumilus of Alnus glutinosa, higher values of parameters linked with root system (in both studied soil types) and an increase in shoot surface (in one of the studied soil types) was documented compared to control (Ramos et al., 2003). Subsequently, the application of B. pumilus caused an increase in plant height, number of leaves and branches in Chinese tea under in vivo conditions (Chakraborty et al., 2013). Moreover, after inoculation of lentils (Lens culinaris Medik.) by B. pumilus, Siddiqui et al. (2007) noted an increase in plant length and plant fresh weight. Ahmad et al. (2012) also noted that inoculation B. pumilus of Lollium multiflorum led to increased biomass and growth of plants. Inoculation of wheat (var. Orkhon) by B. pumilus led to increasing root length, root area, shoot dry weight, and P and N contents in aboveground plants (Hafeez et al., 2006).

Interestingly, B. pumilus can also be an endophytic bacteria. This species was isolated from tissue surfaces of Ocimum sanctum and its ability to colonize tissues was confirmed by scanning electron microscopy (SEM; Murugappan et al., 2013). Importantly, the inoculation of Octimum sanctum by this species also caused an increase in root and shoot length and leaves number compared to non-inoculated treatment (Murugappan et al., 2013).

Recently it has been suggested that B. pumilus promotes plant growth better in combination with nitrogen fertilizers (Win et al., 2018; Masood et al., 2020). Strain B. pumilus TUAT-1 with added nitrogen fertilization increased the height, biomass, and chlorophyll content of 21-day-old rice seedlings); (what is important, this study was conducted under field conditions (Win et al., 2018). Next, Masood et al. (2020) carried out a study to determine the main mechanisms relating to PGPB-improved N nutrition in tomatoes under greenhouse conditions. The authors recorded an interesting pattern, namely B. pumilus improves tomato growth and N uptake only under N fertilization. Moreover, B. pumilus inoculation under nitrogen fertilization increased leaf chlorophyll contents, plant height, shoot fresh weight, and shoot dry weight in comparison with only bacteria inoculation treatment.

It was also documented that Bacillus pumilus is able to enhance the activity of a few antioxidant enzymes from the oxidoreductase class, including peroxidase, ascorbate peroxidase, superoxide dismutase, catalase, glutathione reductase, and adenosine triphosphatase in inoculated plants (Liu et al., 2020); (Shahzad et al., 2021). Besides, B. pumilus may cause an increase in soil enzyme activity such as alkaline phosphatase, acid phosphatase, urease, and β-glucosidase (Kumar et al., 2021).



Promoting plant growth under plant stress conditions

Bacillus pumilus has also been shown to promote plant growth under abiotic stress conditions (Kumar et al., 2021; Shahzad et al., 2021). Recently, it was found that B. pumilus can promote plant growth under salinity stress (Kumar et al., 2021). Positive effects of rice inoculation by B. pumilus JPVS11 (pot experiment) such as the enhancement of plant height, root length, and plant fresh weight were observed at the various values of NaCl concentration (0, 50, 100, 200, and 300 mM). Furthermore, B. pumilus also may promote plant growth in conditions of Cd contamination; maize seeds inoculation with B. pumilus contributed to an increase in the germination percentage, shoot length, leaf length, number of leaves, and plant fresh weight at different concentrations of CdSO4 (Shahzad et al., 2021). In addition, Khan et al. (2016) conducted a study on plant growth-promoting properties of rice seedlings by B. pumilus under saline and high boron (B) conditions. In non-inoculated treatment, they observed high values of B and salt toxic ions in leaves. On the other hand, there are also studies that show the lack of plant growth promotion by B. pumilus under abiotic stress conditions. This phenomenon was found in a study on several plants of the Brassica genus under caesium-contaminated conditions (Aung et al., 2015).



Mechanisms of promoting plant growth

Importantly, inoculation of plants by B. pumilus may affect the expression of genes related to root development, for instance, this bacteria increased transcript abundance CRL5 (Murugappan et al., 2013), which regulates crown root formation by expression activation of the OsRR1. It is a gene of rice which encodes a negative regulator of cytokinin signaling (Radhakrishnan et al., 2017). Moreover, B. pumilus may decrease transcript abundance WOX11 (Ngo et al., 2019), which contributes to the repression of OsRR2 (Cheng et al., 2016). This fact indicates that the impact of B. pumilus on the expression of previously mentioned rice genes may be one of its mechanisms of plant growth promotion (Ngo et al., 2019).



Plant growth promotion by Bacillus pumilus in co-inoculation

There are also results describing the potential to promote plant growth in consortia with other microorganisms. A consortium composed of B. pumilus EU927414, Pseudomonas medicona EU927412, and Arthrobacter sp. EU927410 led to a 24% increase in wheat yield compared to the control under field conditions (Upadhyay et al., 2019). In addition, it has been documented that the application of the consortium of B. pumilus and Bacillus subtilis increased values of crude protein, dry matter, fat, and carbohydrate in amaranth grains. Besides, in this study, a significant increase in a few amino acid values including methionine lysine and tryptophan was recorded in the studied sample (Pandey et al., 2018). Also dos Santos et al. (2018) used a combined application of B. pumilus and B. subtilis, however, in sugarcane cultivation. There, together with mineral fertilization and filter cake compost, the solution improved shoot and root growth, as well as increased phosphorus content in soil up to 13% compared to untreated control. Another example of co-inoculation is the application of B. pumilus CECT 5105 in combination with Bacillus licheniformis CECT 5106 and mycorrhizal fungus Pisolithus tinctorius to enhance Pinus pinea seedlings growth (Probanza et al., 2001). In this study, authors did not observe a synergic effect with mycorrhizal infection, however, the inoculation by various consortiums showed an increase in a few biometric parameters of the studied plant. For example, B. pumilus and Pisolithus tinctorius combination led to an increase in aerial and root system parameters.



Effect of Bacillus pumilus on native soil microbiota and post-inoculation tracking of its abundance

A very important aspect related to the application of PGPB is their impact on the indigenous microbiota of the inoculated soil or rhizosphere. Assessing the impact of plant growth-promoting bacteria on the soil microbiota can be crucial to its effectiveness. So far, there are several papers considering the B. pumilus effect on the formation of native microbial communities. For instance, (De-Bashan et al., 2010) revealed that inoculation with B. pumilus may shift the bacterial community over 60 days under greenhouse conditions and documented that B. pumilus prefers to colonize the roots tips and root elongation area (FISH analysis). Besides, using denaturing gradient gel electrophoresis (PCR-DGGE), Kang et al. (2013) conducted a study on the reaction of soil bacterial community soil under fava beans to B. pumilus WP8 and its post-inoculation monitoring in soil. Their results indicated that the studied strain survived in large numbers up to 40 days in bulk soil and shifted the bacterial community, especially dominant taxon populations. However, despite the short-lived studied strain in soil, it exhibits the ability to promote fava bean seedlings for at least 90 days; the inoculation of B. pumilus WP8 enhanced shoot length, aboveground dry weight, root length, and root dry weight. Interestingly, in the case of another Bacillus strain, Bacillus amyloliquefaciens NJN-6, using the qPCR technique, (Fu et al., 2017) recorded its stable abundance in the rhizosphere soil of banana plantation within 3 years of inoculation (in the range of 2.5–3.0 log copies of 16S rRNA gene per gram of soil). Also, it is worth mentioning that the survival rate of bacterial inoculants in the soil largely depends on the indigenous soil microbiota; the survival of PGPB in the soil is high when the diversity of native microbiota is low and vice versa (Mallon et al., 2015; Manfredini et al., 2021). In addition, (Bueno et al., 2022) carried out an interesting study on the persistence of B. subtilis in the endosphere of soybean roots, showing that after the application of concentrations of 1 × 104 CFU ml−1 and 1 × 1010 ml−1, a higher abundance of this strain was recorded a few weeks after inoculation compared to B. subtilis abundance in treatment: B. subtilis + mineral fertilization (the study based on transformed B. subtilis with ampicillin resistance gene).

The PLFA (phospholipid fatty acid) technique was also used to assess the response of native soil microbiota to B. pumilus application. The introduction of a consortium composed of B. pumilus and B. licheniformis shifted the rhizosphere microbiota, despite the low abundance of both strains in the final phase of the study (Probanza et al., 2001). Another example of using PLFA to evaluate native microbiota reaction to B. pumilus inoculation is a study conducted by (Ramos et al., 2003). The authors observed changes in the rhizosphere microbial community in one of the studied soil types from Alnus glutinosa cultivation (Ramos et al., 2003).

The only study assessing the status of the native microbiota following the application of B. pumilus (strain TUAT-1) was conducted by (Win et al., 2020) using Next-Generation Sequencing (NGS). The researchers studied B. pumilus TUAT-1 effect on the microbiota of bulk soil, rhizosphere, and root endosphere in forage rice 2 and 5 weeks after transplantation under greenhouse conditions. B. pumilus TUAT-1 shifted the microbial community of rhizosphere and roots endosphere, e.g., this bacterial strain significantly contributed to an increase in the Desulfuromonadales abundance and a decrease of the abundance of Xanthomonadales 5 weeks after transplantation of rice. While in the bacterial community of root endosphere, B. pumilus TUAT-1 significantly enhanced the relative abundance of Acidobacteriales, Saprospirales, and Alteromonadales 2 weeks after transplanting in comparison with control treatment. However, in bulk soil, the author did not note such a significant alteration in native microbiota after the introduction of the above-mentioned PGPB. Moreover, compared to the control, B. pumilus TUAT-1 enhanced bacterial biodiversity, including Shannon diversity in the rhizosphere and root endosphere 2 weeks after transplanting. Importantly, using qPCR techniques, the researchers also demonstrated that B. pumilus TUAT-1 persisted in the rhizosphere soil 2 and 5 weeks after transplanting of rice (Win et al., 2020). Different patterns after the introduction of B. subtilis into the soil were noted by dos (Dos Santos et al., 2022). The authors showed that B. subtilis application did not affect the root endophytic microbial community of soybean (greenhouse conditions), which was also evaluated by alpha diversity metrics. Importantly, it is still unclear whether the PGPB effect on native microbiota can be long-term. This phenomenon may depend on many factors, including the soil’s chemical properties, the stage of plant development, plant root exudates, or indeed the biodiversity and composition of the native microbial community. Hence, there is a need for further studies on the effects of PGPB on indigenous endophytic microbiota and soil microbiota, both for B. pumilus and other strains of the Bacillus genus (Manfredini et al., 2021).




Conclusion

Bacillus pumilus is a very interesting PGPB strain that has already been incorporated into the commercial circuit. Despite that, there are deficiencies in the literature in several areas. There is still a lot to be understood about the reaction of various plants to the inoculation of B. pumilus. The need for further research in this field is determined by the specificity of the plant rhizosphere microbiome, which can interact differently with B. pumilus strains and vice versa. In addition, it is vital to test the effectiveness of this bacterium on different soil types with different physicochemical properties. Importantly, there is a very small number of studies assessing the impact of B. pumilus on the native microbiota using NGS (only one paper to date). NGS offers the possibility of a more detailed analysis of the bacterial community structure than DGGE or PLFA. Hence, it is possible to find the abundance of important taxa involved in biochemical changes in the soil. e.g. whether the abundance of oligotrophic bacteria, including Acidobacteria, decreased after inoculation with the B. pumilus strain. Also, in order to test the effect of alterations in the native microbiota under the influence of PGPB, studies of this type should be conducted over a long period of time (even up to several years) and under field conditions. Finally, it is worth mentioning that there is also a lack of studies on the tracking of B. pumilus strains in soil (bulk and rhizosphere soil) or plant tissues after its introduction, especially in the long term aspect.
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Soil salinization and acidification seriously damage soil health and restricts the sustainable development of planting. Excessive application of chemical fertilizer and other reasons will lead to soil acidification and salinization. This study focus on acid and salinized soil, investigated the effect of phosphate-solubilizing bacteria, Aspergillus niger MJ1 combined with nitrogen-fixing bacteria Pseudomonas stutzeri DSM4166 or mutant Pseudomonas fluorescens CHA0-nif on crop quality, soil physicochemical properties, and microbial communities. A total of 5 treatments were set: regular fertilization (T1), regular fertilization with MJ1 and DSM4166 (T2), regular fertilization with MJ1 and CHA0-nif (T3), 30%-reducing fertilization with MJ1 and DSM4166 (T4), and 30%-reducing fertilization with MJ1 and CHA0-nif (T5). It was found that the soil properties (OM, HN, TN, AP, AK, and SS) and crop quality of cucumber (yield production, protein, and vitamin C) and lettuce (yield production, vitamin C, nitrate, soluble protein, and crude fiber) showed a significant response to the inoculated strains. The combination of MJ1 with DSM4166 or CHA0-nif influenced the diversity and richness of bacterial community in the lettuce-grown soil. The organismal system-, cellular process-, and metabolism-correlated bacteria and saprophytic fungi were enriched, which were speculated to mediate the response to inoculated strains. pH, OM, HN, and TN were identified to be the major factors correlated with the soil microbial community. The inoculation of MJ1 with DSM4166 and CHA0-nif could meet the requirement of lettuce and cucumber growth after reducing fertilization in acid and salinized soil, which provides a novel candidate for the eco-friendly technique to meet the carbon-neutral topic.
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 phosphate-solubilizing, biological nitrogen fixation, fertilizer reduction, bacterial community, green


Introduction

Soil salinization and acidification are commonly seen as soil barrier that breaks soil health and restricts the sustainable development of planting. According to the statistical data, the area of global saline-alkali land has reached 9.55 × 108 hm2, and the area in China is about 9.91 × 107 hm2. The micropores of the saline-alkali soil are large containing a variety of soluble salts, including chloride, sulfate, carbonate, calcium, magnesium, potassium ions, etc. Meanwhile, insufficient drainage would result in the accumulation of salt ions. High concentrations of salt ions could affect the soil structure, reduce the penetration of water into the soil pores, and therefore induced soil compaction. In addition, high concentrations of salt ions in the soil will reduce the relative activity of mineral elements, thereby reducing their uptake by plants and affecting plant growth. On the other hand, soil acidification is also a challenging problem for global agriculture. The long-term and excessive application of chemical fertilizers, especially the excessive application of nitrogen, has become one of the important reasons for the aggravation of soil acidification. Studies have found that long-term NPK fertilizers can improve soil comprehensive fertility and economic yield, but at the same time led to soil acidification (Zhu et al., 2018; Bai et al., 2020; Yan et al., 2020; Aasfar et al., 2021). Soil acidification results in a series of hazards. First, the uneven distribution of soil nutrients leads to poor growth of above-ground crops during planting, which reduces the productivity and economic benefits. Meanwhile, great damages were exerted in soil micro-ecosystems and other functions. There was a lack of scientific guidance for the application of organic fertilizers, which is also another fatal factor resulting in the large difference in the fertilizer effects. Exploring novel fertilizer strategies to improve the productivity of barrier soil and the production of crops is of urgent need.

Phosphorus in the soil is easily integrated with metal ions, such as calcium, iron, and aluminum, and formed insoluble metal minerals, which results in the reduced availability of phosphorus and further limits its uptake by plants (Wu et al., 2019). The level of total phosphorus in the soil is always found to be much higher than available phosphorus, and in order to improve the yield, a huge number of phosphate fertilizer was applied to the soil. According to previous data, less than 20% phosphate fertilizer can be used by crops, therefore leading to the increasing accumulation of phosphorus in the soil (Li et al., 2015). Excessive phosphorus in the soil could enter the aquatic system through runoff, inducing eutrophication and aggravating non-point pollution. Moreover, excessive phosphorus is also a major inducing factor of soil acidification, due to the fact that some kinds of phosphate fertilizer like calcium superphosphate, could produce free acid into the soil, which results in the decreasing soil pH. Therefore, the conversion of insoluble phosphorus into soluble forms and reducing excessive accumulation of phosphorus in soil are of urgent need to be solved.

Phosphate-solubilizing microorganisms (PSMs) in the soil could transform the insoluble P into the form that can be utilized by plants. Hitherto, numerous PSMs have been isolated from different kinds of soil, and the number of fungi was larger than that of bacteria. The mechanism of phosphate solubilization by PSMs varies from different strains, including the secretion of phytases, nucleases, phosphatases, and organic acid (Rawat et al., 2021). Aspergillus niger MJ1 is a PSM isolated from alkaline soil, which was demonstrated to improve the content of available phosphorus through dissolving organic and inorganic phosphorus (Schneider et al., 2010; Xiao et al., 2015; Klaic et al., 2021). Therefore, the application of A. niger MJ1 might ameliorate the deficiency of phosphorus in the soil and benefit crop production.

With the increasing food requirement, the amount of nitrogen fertilizers applied in agriculture also grew rapidly. However, the utilization of nitrogen fertilizers is unsatisfactory. According to recent data, only 30–50% of the applied fertilizers can be utilized, and the residuals were left in the soil (Xu et al., 2012; Wang et al., 2018). Excessive nitrogen would induce a series of soil degradation problems, such as soil acidification and compaction. Biological nitrogen fixation is one of the major sources of soil nitrogen, where N2 was reduced to ammonia by nitrogen-fixing microorganisms. The nitrogen-fixing (nif) gene cluster is a typical nitrogen fixing-correlated gene that encodes the components of the nitrogenase enzyme and catalyzes the biological nitrogen fixation process (Curatti and Rubio, 2014; Thiel, 2019). Previous studies have identified a series of diazotrophs with various genetic components and arrangements of nif genes, such as Paenibacillus brasilensis PB24, Klebsiella oxytoca M5a1, and Azotobacter vinelandii AvOP (Mahmud et al., 2020; do Carmo Dias et al., 2021). Increasing studies have been devoted to investigating the genetics and regulation of nif genes in some functional bacteria that play roles in the circulation of other elements. For instance, in Leptospirillum ferrooxidans, an acidophile iron-oxidizing bacteria, a variety of nitrogen fixation-correlated genes were identified, including the specific member of the nif family, nifA, indicating its potential in biological nitrogen fixation (Parro and Moreno-Paz, 2004). Pseudomonas stutzeri DSM4166 was identified as a diazotroph isolated from the rhizosphere of a Sorghum nutans cultivar (Yu et al., 2011). In our previous work, we have established a mutant strain of Pseudomonas fluorescens CHA0 through integrating a nif cluster with a length of 49 kb from P. stutzeri DSM4166 into the genome of P. fluorescens CHA0 by biparental conjugation, which makes P. fluorescens CHA0 possess the potential ability of nitrogen fixation (Yu et al., 2019; Jing et al., 2020).

Soil microorganisms play vital roles in regulating the physiochemical properties and biophysical processes of the soil, which would indirectly influence plant growth. The structure of the soil microbial community could disclose the mechanism of fertilization application and indicate the healthy condition of the soil. In previous studies, the soil bacterial community was suggested to be sensitive to the soil nutrients as well as some exogen pollutants and fertilization, such as biochar, chemical fertilizers, and organic fertilizers (Balkhair, 2016; Zhang et al., 2019, 2021). Hence, the addition of PSMs or diazotrophs might affect the composition and structure of soil bacteria, which could provide more functional bacteria and reveal the mechanism underlying the applied bacteria.

This study aimed to clarify the following questions: (1) evaluating the effect of the combination of Aspergillus niger MJ1, P. stutzeri DSM4166, and P. fluorescens CHA0-nif mutant strain on the quality of lettuce and cucumber and the properties of barrier soil; (2) revealing the response of soil bacteria to the application of modified fertilization strategies; (3) exploring the optimal strain combination to provide the theoretical basis for improving production and quality of lettuce and cucumber.



Materials and methods


Field experiment

The field experiment was conducted in Haofeng base, Jimo District, Qingdao, Shandong Province, China (36.38°N, 120.33°E). The acid field was grown with lettuce (pH 5.5–6.1) and the salinization field was grown with cucumber (pH 7.6–7.9, soluble salt 0.14–0.19%). The lettuce (Lactuca sativa L. planting density 3,300 trees per mu) was transplanted at the four-leave stage on 21st, August 2020, while the cucumber (Cucumis sativus L. planting density 3,500 trees per mu) was seeded on 22nd, June 2020. The quality and production of the plants were added up on the 9th, October 2020, and 20th, August 2020, respectively. The soil samples were also collected at different layers (0–20 and 20–40 cm) at the same time.

The completely randomized block design was applied with five treatments and three triplicates of each. Each block possessed an area of 30 m2 (length of 6 m and width of 5 m). The specific application fertilization and strains of each treatment were summarized in Table 1. Regular fertilization was composed of 675 kg/ha. The microbial inoculants were used with a concentration of 600 L/ha. No fertilization in other periods.



TABLE 1 The fertilization and strain application of each treatment.
[image: Table1]

Earthworm surveys were conducted using cubes of soil (length 1.0 m, width 2.0 m, and height 0.3 m) excavated manually in the field after harvest, all earthworms were counted.



Strains

The A. niger MJ1 was isolated from the from alkaline soil, which had been deposited in CCTCC (China Center for Type Culture Collection) on 5th, January 2015 (CCTCC No: M2015004), routinely solid cultivated with aeration at 30°C in the PDA medium (pH 7.0, Potato 200 g/L, Dextrose 20 g/L, and Agar 20 g/L). The wild-type strain P. stutzeri DSM4166 (deposited in DSMZ: Deutsche Sammlung von Mikroorganismen und Zellkulturen, No: DSM4166) and its derived strain CHA0-nif (deposited in CGMCC: China General Microbiological Culture Collection Center on 31st, July 2017, No: CGMCC 14476) used in this study were routinely cultivated with aeration at 30°C in the KB medium (pH 7.0, K2HPO4 1.5 g/L, MgSO4·7H2O 1.5 g/L, peptone 20 g/L, glycerin 10 ml/L). At least 200 million colony-forming units per ml (CFU/ml) of P. stutzeri DSM4166 or CHA0-nif were added to the soil during the sowing of the crop’s seeds. While 5 million CFU/ml of A. niger MJ1 spore powder was applied to the soil.



Soil and plant analysis

The major physicochemical properties of collected soil samples, including pH, organic matter (OM), hydrolysis nitrogen (HN), total nitrogen (TN), available phosphorus (AP), available potassium (AK), soluble salt (SS), microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), and microbial biomass phosphorus (MBP) were analyzed with regular methods according to previous reports.

The total weight of the cucumber and lettuce was evaluated after the harvest and converted to the yield per hectare. The weight and height of lettuce heads and the characteristics of the lettuce vanes (length and width) were measured to estimate the lettuce quality. The soluble protein, sugar, and nitrates in lettuce were analyzed according to reported methods (Aasfar et al., 2021). The content of vitamin C was assessed according to Li et al. with a UV-spectrophotometer (Sánchez-Rangel et al., 2013).



DNA isolation and sequencing

DNA extraction was carried out with the E.Z.N.A. soil kit (Omega Bio-Tek, United States) according to the manufacturer’s protocols. After evaluating the purity and concentration of isolated DNA with NanoDrop 2000 (Thermo Fisher, United States), the amplification process was conducted by PCR system. The primer sequences are as follows: 338F 5′-ACTCCTACGGGAGGCAGCAG-3′ and 806r 5′-GGACTACHVGGGTWTCTAAT-3′ for bacterial V3–V4 region of bacterial 16S rRNA gene, ITS1F 5′-CTTGGTCATTTAGAGGAAGTAA-3′ and ITS2R 5′-GCTGCGTTCTTCATCGATGC-3′ for fungal ITS hypervariable regions. The Illumina Miseq sequencing process was performed on an Illumina Miseq platform (Illumina, United States) by Novogene Bioinformatics Technology Co. (Beijing, China) according to the standard protocols. The quality control of raw data was conducted with Trimmomatic and merged by FLASH.

The Illumina sequencing was performed with a MiSeq PE250 sequencer (Illumina, United States). The USEARCH method (Edgar et al., 2011) was applied for the stitching, filtering, deduplication, and clustering of the data. With the help of the UPARSE algorithm, the sequences with similarity of over 97% were classified into the same OTU. Then, the sequences were classified and annotated to establish the taxonomic tree and phylogenetic tree. The alpha- and beta-diversity indexes were calculated with the rarefied OTUs. The alpha-diversity index includes Chao1, species, Shannon, Simpson, Faith, Pielou, and coverage, which were calculated by the R-package in QIIME2. For the further beta-diversity analysis, the principal coordinate analysis (PCoA) was conducted with four distance algorithms.



Statistical analysis

The obtained data were represented as mean value ± SD and analyzed by SPSS 26.0 software. The difference between groups was evaluated with one-way ANOVA followed by the Duncan post-hoc test. The microbial data were analyzed with the R software (Version 2.15.3) including the following parts. The alpha-diversity was estimated by the Ace and Shannon index and compared with the ANOVA. The beta-diversity was assessed through the principal coordinate analyses based on weighted and unweighted unifrac distance algorithms. The Lefse analysis was performed to identify differential microbial communities or species between different treatments. The correlation between soil physicochemical properties and microbial community was analyzed with RDA analysis. The function analysis was also performed to further predicted the potential functional role of identified microorganisms. PICRUSt is a bioinformatics tool that uses marker genes to predict the functional content of microorganism. In this study, this method was employed to predict the potential functions of each sample based on 16S rRNA sequencing data. We used the KEGG database and performed closed reference OTU picking using the sampled reads against a Greengenes reference taxonomy (Greengenes database Version). The 16S copy number was then normalized, molecular functions were predicted and final data were summarized into KEGG pathways. p < 0.05 indicates statistical significance.




Results


Effect of inoculated strains on barrier soil properties

Compared with regular fertilization, the inoculation of the studied strains dramatically influenced the OM, HN, TN, AP, AK, and SS contents in the barrier soil with various depths. The detailed soil physiochemical properties are summarized in Table 2.



TABLE 2 Basic physicochemical properties of soil at different depths grown with cucumber or lettuce.
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Specifically, in the 0–20 cm of the salinized soil with cucumber, the MJ1 significantly improved the content of TN, AP, and AK. Meanwhile, the co-inoculation of CHA0-nif showed a significant promoted effect on TN in comparison with the co-inoculation of DSM4166. After reducing 30% of the regular fertilization, the inoculation of MJ1 with DSM4166 or CHA0-nif increased the soil content of TN, AP, and AK relative to treatment with regular fertilization, and no significant difference was observed between the DSM4166 and CHA0-nif. For the 20–40 cm soil, the contents of HN, TN, AP, and AK were found to elevate in the presence of MJ1 co-inoculated with DSM4166 and CHA0-nif, and the enhanced effect of CHA0-nif was significantly stronger than DSM4166 in the content of HN and AK. The TN in the soil with co-inoculation of MJ1 and DSM4166 or CHA0-nif was significantly higher than the regular fertilization, and the difference between the co-inoculations was insignificant. While MJ1 and DSM4166 could increase the HN content after reducing 30% of fertilization, the co-inoculation with DSM4166 or CHA0-nif after 30%-reducing fertilization showed no significant effects.

In the acid soil grown with lettuce, compared with the regular fertilization, the co-inoculation of MJ1 with CHA0-nif significantly improved OM, HN, TN, AP, and AK in the 0–20 cm of soil, while only the contents of HN and AP were elevated by MJ1 with DSM4166 and the promoted effect of CHA0-nif was stronger than that of DSM4166 in soil AP. After reducing 30% of fertilization, the combination of MJ1 and DSM4166 could improve soil SS, while MJ1 with CHA0-nif was found to improve soil AP. DSM4166 inoculating with MJ1 dramatically enhanced the HN and AP in 20–40 cm soil, while the soil treated with CHA0-nif with MJ1 possessed a higher content of HN, TN, and AK than DSM4166, p < 0.05. For the treatment with 30%-reducing fertilization reduction, the combination of DSM4166 or CHA0-nif with MJ1 could keep the soil content of TN, AP, and AK from reducing, and DSM4166 could improve HN and AK content.



Effect of inoculated strains on crop quality

For the yield production of cucumber, all treatments showed significantly enhanced effect even the treatments with a 30% reducing regular fertilization, the treatment of MJ1 and CHA0-nif combination showed the maximum production of 5542.36 ± 14.60 kg/acre. For the content of protein and vitamin C in cucumber, MJ1 combined with DSM4166 or CHA0-nif showed a dramatically promoted effect in the presence of regular fertilization. Interestingly, after reducing 30% fertilization, the treatments of MJ1 and CHA0-nif combination showed the maximum contents of protein (0.737 ± 0.021%) and vitamin C (4.287 ± 0.032 mg/kg) in all treatments (Table 3).



TABLE 3 The quality indexes of cucumber and lettuce in different groups.
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The production of lettuce was increased by the combination of MJ1 and CHA0-nif under regular fertilization, and no significant difference was observed between different strain combinations. The quality of lettuce was assessed from two aspects, including growth indexes and physiological indexes. The lettuce that grew under the fertilization combined with MJ1 and CHA0-nif possessed the highest head weight of 0.269 ± 0.046 kg but was insignificantly different from other inoculated treatments. For the other growth indexes, no significant difference was observed in the lettuce vanes’ width, length, and the height of lettuce heads. Physiologically, the content of vitamin C, nitrate, soluble protein, and crude fiber of lettuce was significantly improved in the presence of MJ1 and CHA0-nif, while the combination of MJ1 with DSM4166 was only found to enhance the content of nitrate, which was insignificantly different from CHA0-nif (Table 3).



Effect of inoculated strains on microbial biomass of barrier soil

In salinized soil, the co-inoculation of MJ1 with DSM4166 or CHA0-nif significantly increased the MBC and MBN in 0–20 cm depth and the MBN in 20–40 cm in the presence of regular fertilization, and there was no significant difference in the effect between DSM4166 and CHA0-nif. In the presence of 70% of regular fertilization, the combination of MJ1 and DSM4166 or CHA0-nif markedly improved the MBN of 20–40 cm soil, and their effects on the MBC, MBN, and MBP in 0–20 cm soil were not obvious (Table 4).



TABLE 4 Biomass soil grow with cucumber or lettuce in the presence of different inoculated strains.
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According to the data, the co-inoculation of MJ1 with DSM4166 or CHA0-nif exerted an enhanced effect on the MBP level of 0–20 cm acid soil under regular fertilization. While only MJ1 inoculating with CHA0-nif was found to improve the level of MBC and MBN of 20–40 cm soil, the effect of DSM4166 was insignificant. After reducing regular fertilization, the combination of MJ1 with DSM4166 or CHA0-nif could protect the MBC, MBN, and MBP levels from declining (Table 4).



Effect of inoculated strains on the alpha-diversity of barrier soil microbial community

Among the critical alpha-diversity indexes, there were no significant changes were observed in the bacterial richness and diversity between different groups of salinized soil (Supplementary Figure S1A). For the fungal community, the co-inoculation of MJ1 with DSM4166 or CHA0-nif was found to reduce the number of observed species and Shannon indexes, but the differences were not significant (Supplementary Figure S1B). Although there was no significant effect of inoculated strains was observed on the microbial diversity and richness, an increasing number of earthworms was found in the cucumber-grown soil (Supplementary Figure S2).

While in the acid soil, in the treatments with regular fertilization, the co-inoculation of MJ1 and DSM4166 or CHA0-nif significantly improved the number of bacterial species and the Shannon indexes, indicating the improving bacterial richness and diversity. After reducing 30% of regular fertilization, the combination of MJ1 and CHA0-nif showed a markedly promoted effect on the bacterial richness and diversity, but the effect of DSM4166 was insignificant (Supplementary Figure S1C). For the fungal community, the inoculation of MJ1 with DSM4166 or CHA0-nif slightly elevated the observed species number and Shannon index, but the changes were not of statistical significance (Supplementary Figure S1D).



Effect of inoculated strains on the beta-diversity of barrier soil microbial community

Based on two distance algorithms, the microbial community structure of soil with different treatments were evaluated (Figure 1). In the bacterial community of salinized soil, the combination of MJ1 with DSM4166 or CHA0-nif under 30%-reducing regular fertilization was found to significantly separate from the regular fertilization group in the results of weighted unifrac (total explanation rate of 56.69%) and unweighted unifrac (total explanation rate of 37.05%; Figure 1A). The fungal community structure of the soil with the MJ1-CHA0-nif combination was found to separate from the regular fertilization from the results of weighted unifrac (total explanation rate of 48.85%) and unweighted unifrac (total explanation rate of 22.86%; Figure 1A).
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FIGURE 1
 PCoA based on the weighted and unweighted unifrac distance algorithm. (A,B) The bacterial and fungal community of salinized (A) and acid (B) soil. The left rows of each part represented the results of unweighted unifrac distance and the right rows represented the results of the weighted unifrac distance algorithm.


While the bacterial and fungal community structure of the acid soil showed a stronger response to the inoculated strains. Specifically, both the weighted unifrac (total explanation rate of 60.53%) and unweighted unifrac (total explanation rate of 20.25%) demonstrated the clear separation between the regular fertilization treatment and the other treatments with different co-inoculations. The combination of MJ1 with CHA0-nif under regular fertilization and the combination of MJ1 with DSM4166 in the presence of 70% regular fertilization was found to be more different from the regular fertilization (Figure 1B). Meanwhile, a clear separation was also observed in the fungal community between the fertilization group and the various combinations of MJ1 and DSM4166 or CHA0-nif through the weighted unifrac (total explanation rate of 59.90%) and unweighted unifrac (total explanation rate of 23.69%). MJ1 combined with CHA0-nif was found to mostly affect the fungal community structure under regular or reduced fertilization (Figure 1B).



The enriched differential microorganisms

In the acid soil, two bacterial and three fungal biomarkers were identified between different treatments. Moreover, in the presence of regular fertilization, five fungal biomarkers were screened under the combination of MJ1 with DSM4166 or CHA0-nif. After reducing 30% of fertilization, three bacterial biomarkers were screened (Supplementary Figures S3A, B). For different strain combinations, five bacterial biomarkers and six fungal biomarkers were identified in the presence of MJ1 with DSM4166, while seven fungal biomarkers were identified under the combination of MJ1 with CHA0-nif. No microbial biomarker was observed between DSM4166 and CHA0-nif in the presence of 70% fertilization with MJ1 (Supplementary Figures S4A, B).

In the salinized soil, one bacterial biomarker were screened between different treatments. Additionally, in the presence of regular fertilization, one differential bacterium was identified, while two differential bacteria were observed after a 30% reduction of the fertilization (Figures 2A, B). One fungal biomarker was identified between DSM4166 and CHA0-nif in the presence of regular fertilization with MJ1, and one bacterial biomarker was screened after reducing 30% fertilization (Supplementary Figures S5A, B).
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FIGURE 2
 Lefse analysis to identify microbial biomarkers in each treatment of acid soil. (A,B) The results of bacterial (A) and fungal (B) communities. The yellow node represents that the species is not significantly enriched, and the nodes of other colors represent that the species are enriched in the corresponding treatment.




Function prediction of enriched microorganisms

The top 10 most abundant functions of enriched bacteria or fungi in the soil with different treatments were predicted and annotated. It was revealed that the functions of bacteria in both the salinized (Figure 3A) and acid (Figure 3B) soil were mainly associated with metabolism, genetic and environmental information processing, cellular processes, and a small part of human disease and organismal systems. The abundance of involved functions was relatively average between different treatments (Supplementary Figures S6A, B). The functions of the fungi community in both salinized (Figure 3C) and acid (Figure 3D) soil were mainly enriched as saprotrophs, especially the wood saprotroph-correlated function, such as plant and animal pathogen (Supplementary Figures S6C, D).
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FIGURE 3
 Heatmap of bacterial and fungal function prediction. (A,B) Function prediction of abundant bacteria in the salinized (A) and acid (B) soil. (C,D) Function prediction of abundant fungi in the salinized (C) and acid (D) soil.


The PCA analysis on bacterial function enrichment of salinized soil showed that there was a clear separation of fertilization reduction treatments (MJ1 with DSM4166 or CHA0-nif) from the regular fertilization (Supplementary Figure S7A), while the difference in the fungal function was not obvious (Supplementary Figure S7B). Similarly in the acid soil, the bacterial functions of the reduction fertilization with MJ1 combined with DSM4166 or CHA0-nif were obviously separated from other groups (Supplementary Figure S7C). The fungal function under the regular fertilization with MJ1 combined with DSM4166 and the 30% reducing fertilization with MJ1 combined with CHA0-nif were separated from the other treatments (Supplementary Figure S7D).



Association of soil physicochemical properties and microbial community

In the salinized soil, the interpretation rates of RDA1 for the bacterial and fungal communities were 54.51 and 47.58%, respectively, while the interpretation rates of RDA2 were 26.24 and 25.39%, respectively (Figure 4A). pH, HN, TN, and OM were demonstrated as the major affected factors associated with the bacterial and fungal community. The total interpretation rates of RDA were 85.79 and 82.93% for the bacterial and fungal communities in lettuce-grown soil, respectively (Figure 4B). The most correlated factors were also revealed as pH, HN, TN, and OM.
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FIGURE 4
 Evaluation of the association between soil physicochemical properties and microbial communities. (A,B) Effect of soil physicochemical properties on bacterial (left rows) and fungal (right rows) in the salinized (A) and acid (B) soil.


Using the CCA and RDA functions in the vegan package, we can calculate the r2 and p values of each environmental factor’s impact on species distribution through the envfit function, and then use the selected environmental factors with significant impact to do CCA and RDA analysis. In the salinized groups, pH was positively correlated with the Bacillus and negatively related to the Caldicoprobacter, Sedimentibacter, Tissierella, Syntrophomonas, and Fastidiosipila genus. The Lactobacillus was positively correlated with OM, while TN and HN showed no significant correlation with abundant bacterial genus (Figure 5A). pH showed a significantly negative correlation with the fungal genus, including Cylindrocarpon, Lophotrichus, and Preussia. The OM-correlated genus involved Macroventuria, Lysurus, and an unidentified Mortierellales genus. The correlation of TN or HN with fungal genera was consistent, where the Pseudogymnoascus, Melanospora, Stagonosporopsis, Trichoderma, and Asepergillus genera were all positively correlated with TN and HN (Figure 5B).

[image: Figure 5]

FIGURE 5
 Association of soil physicochemical properties with microbial genera in the barrier soil. (A,B) The correlation of soil properties with bacteria (A) and fungi (B) genera in the salinized soil. (C,D) The correlation of soil properties with bacteria (C) and fungi (D) genera in the acid soil.


In the acid soil, Pseudoxanthomonas, Arthrobacter, and Massilia genus were positively correlated with soil pH, while the Bryobacter genus showed a significant negative correlation. OM was found to be positively correlated with an unidentified Gemmatimonadaceae genus, and HN was negatively correlated with Gemmatimons genus, which was also negatively correlated with TN as well the Rhodanobacter, Flavisolibacter, and Pseudomonas (Figure 5C). For the fungal genus, pH was found to be positively correlated with the Dixhotomophthora and Plectosphaerella, while OM showed significant correlation with a variety of genera, such as Olpidium, ideriella, Trichocladium, and several unidentified genera. Both TN and HN were negatively correlated with the Pseudogymnoascus genus, and TN also showed a positive correlation with the Microidium genus (Figure 5D).




Discussion


Effect of inoculated strains on barrier soil properties and crop quality

Due to the diversity of microbial function, the inoculated strains could ameliorate the soil environment and benefit the cycles of nutrients. For example, the inoculation of nitrogen-fixing microorganisms could fix the nitrogen elements in the air to meet the requirement of nitrogen and promote its uptake by plants (Reis and Teixeira, 2015; Dellagi et al., 2020; Aasfar et al., 2021). Phosphorus-solubilizing microorganisms could decompose a variety of organic acids, which can react with insoluble phosphates to convert them into available phosphorus (Alori et al., 2017). Consistently, although the inoculation of MJ1 with DSM4166 or CHA0-nif showed insignificant effect on soil pH, it dramatically elevated the contents of HN, TN, AP, and AK in shallow and deep soil layers.

Under regular fertilization, the combination of MJ1 with CHA0-nif was found to show a stronger enhancement than DSM4166. Additionally, after reducing 30% of regular fertilization the inoculated strains could keep or even elevated the nutrient contents in different soil layers, the difference in the effect of DSM4166 and CHA0-nif was not significant, indicating that the inoculation of MJ1 with DSM4166 or CHA0-nif could help reduce the application of regular fertilization and meet the requirement of carbon-neutral and environment friendly of the current status of agriculture. It is worthy to note that the effect of inoculated strains was distinct in different barrier soil. The combination of MJ1 with CHA0-nif was more effective to improve the content of nitrogen of salinized soil and the content of phosphorus in acid soil. Low availability of phosphorus is the typical barrier of acid soil due to the formation of precipitation with metal ions. Although there were no significant changes in pH of acid soil, the improved availability of soil nutrients also suggested the potential of inoculated strains in barrier soil remediation.

Microorganisms could produce a variety of metabolites, which could regulate plant growth and improve their ability to pest resistance. For example, it was reported that the inoculation of Azospirillum brasilense DSM-1843 could improve the content of chlorophyII and biomass, increase Fe in the cucumber leaves, and therefore promote the recovery of cucumbers from the Fe-deficiency (Pii et al., 2015). The application of microbiological fertilization significantly improved the content of nitrate and vitamin C in Lactuca sativa L. (Stojanovic et al., 2020). The production, protein content, and Vitamin C content of cucumber were promoted by the inoculated strains, meanwhile, the cucumber under 30%-reduction fertilization with MJ1 combining CHA0-nif showed the maximum contents of protein and Vitamin C. Therefore, this combination could benefit the target of “reducing fertilization and increasing production.” Although the effect of inoculated strains on lettuce production was not significant, the contents of Vitamin C, nitrate, soluble protein, and crude fiber of lettuce were dramatically improved by the combination of MJ1 with DSM4166 or CHA0-nif, especially the combination of MJ1 with CHA0-nif under regular or reducing fertilization. The increasing content of nitrate suggested that the fertilization can be reduced over 30% in the presence of inoculated strains, or the engineering bacteria can be established by knockout related regulator genes.



Effect of inoculated strains on barrier soil microbial community

The secretion and metabolites of microorganisms play critical roles in affecting the microbial community (Tyc et al., 2017). Yuan et al. (2017) reported that Bacillus amyloliquefaciens NJN-6 released volatile organic compounds that dramatically affected soil bacterial and fungal communities and decreased the alpha-diversity of soil microbial community. The exogenous strains have also been revealed to affect the microbial community. For instance, in a cucumber-planting soil, the myxobacterium Corallococcus sp. strain EGB could regulate soil microbial community and further control cucumber Fusarium wilt (Ye et al., 2020). The application of the Trichoderma hamatum strain MHT1134 in the soil with continuous cropping obstacles could alleviate the reducing microbial diversity and abundance and improve microbial community structure (Mao and Jiang, 2021).

The application of fertilization could also affect the soil microbial community, and the fertilization amount is a critical factor associated with its effect. A recent study demonstrated that the long-term application of chemical fertilization would dramatically destroy the soil microbial community, which resulted in reduced bacterial diversity and increased soil healthy problems (Xu et al., 2020). Herein, the inoculation of MJ1 with DSM4166 or CHA0-nif was found to improve soil microbial biomass C, N, and P, especially in the deeper soil layers. It was observed that the reduction of regular fertilization did not affect the bacterial and fungal diversity of soil grown with cucumber. The inoculation of MJ1 with DSM4166 or CHA0-nif significantly affected the bacterial community of acid soil, where the inoculated strains improved the richness and diversity of soil bacteria. Although the effects were not significant, the inoculation of MJ1 with DSM4166 or CHA0-nif could also slightly improve fungal diversity and richness of acid soil. Additionally, the protective effect of inoculated strains on soil ecology was revealed in the salinized soil, where an increasing number of earthworms was observed even reducing the application of fertilization. The inoculated strains could keep or improved the microbial diversity after reducing fertilization application.

The weighted and unweighted unifrac distances were employed in the present study to evaluate the microbial community structure of the soil with different treatments, which could represent the kinship and the abundance of different species (Lozupone and Knight, 2005). The effect of exogenous strains on soil microbial beta-diversity has been previously reported. For example, Rhizobium alamii was revealed to improve significantly modified the beta-diversity of water stress soil and improved the tolerance of rapeseed (Tulumello et al., 2021). The inoculation of Pigmentiphaga sp. D-2 dramatically affected the bacterial community structure of an acetamiprid-contaminated area and improved the activity of acetamiprid degradation-related bacteria (Yang et al., 2021). The inoculated trains dramatically changed the microbial community structure of salinized soil, especially in the presence of 30%-reducing fertilization. Similarly, in acid soil, the response of bacterial and fungal community structure to inoculated strains was stronger than the cucumber-grown soil. Both the weighted unifrac and unweighted unifrac results showed significant changes in the bacterial and fungal community structure of lettuce-grown soil, indicating that the inoculation of MJ1 with DSM4166 or CHA0-nif could affect the relationship and abundance of bacteria and fungi.

Interestingly, except for the effect of inoculated strains, it was found that the reduction of regular fertilization significantly influenced the structure of the microbial community in cucumber-grown and lettuce-grown soil. Previously, the application of nitrogen fertilization was illustrated to drive the beta-diversity of soil archaea, bacteria, and fungi, and affected the microbial abundance (Li et al., 2020). The bacterial and fungal beta diversity in the soil was also found to be influenced by the application of biofertilizer (Yang et al., 2022). Therefore, the changes in the beta-diversity of soil bacteria and fungi after reducing fertilization also indicated the response of soil bacteria and fungi to fertilization, and the differential microorganisms might help explain the mechanism.



Potential functions of enriched microorganisms

According to the Lefse analysis, several microbial biomarkers were identified in different treatments. Pyrinomonadaceae and Blastocatellia were enriched in the combination of MJ1 with DSM4166 in salinized soil. A previous study observed the relatively high abundance of these two genera, and Blastocatellia was demonstrated to be sensitive to soil pH, carbon, nitrogen, and drought (Wust et al., 2016; Ivanova et al., 2020; Huber et al., 2022). The enriched fungi were Motiereallaes and Mortierellomycetes, which were reported to be enriched in the shallow soil layers and negatively correlated with nitrogen in the soil (Zhou et al., 2021; Wang et al., 2022). For the different combinations of MJ1 with DSM4166 or CHA0-nif, Mortierellomycetes and plectosphaerellaceae were found to play vital roles in the inoculation of CHA0-nif and DSM4166, respectively, in the presence of regular fertilization. Interestingly, the identified biomarker microorganisms were significantly different between DSM4166 and CHA0-nif combined with MJ1 after reducing fertilization, indicating the different mechanism of the combinations of MJ1 with DSM4166 or CHA0-nif to meet the nutrients requirements of cucumber after reducing fertilization.

In the acid soil, Bacilli was identified as a major biomarker of different treatments, which plays a critical role in the combination of MJ1 with DSM4166 in the presence of regular fertilization or 30%-reducing fertilization. Bacilli have been widely applied as a nitrogen-fixing engineering bacteria and biopesticides due to its outstanding ability to fix nitrogen and antibacterial (Perez-Garcia et al., 2011). While Sordariales and Burkholderiales were enriched in the combination of MJ1 with DSM4166 under regular fertilization and 30%-reducing fertilization, respectively. Although few studies have reported the function of Sordariales and Burkholderiales in soil microbial communities, the function of enriched microorganisms was evaluated in the present study. Similar functions of enriched microorganisms were observed between salinized and acid soil, which were mainly associated with metabolism, genetic information processing, cellular processes, and human disease, and fungi were mainly related to the saprotroph process. The inoculated strains MJ1, DSM4166, and CHA0-nif were able to solubilize phosphorus and fix nitrogen. The different functional role of inoculated strains was considered the major reason for different enriched microorganism. Moreover, the regulatory effects of inoculate strains on correlated genes or procedures also contributed to the response of various functional microorganisms to the inoculations.



Effect of soil properties on soil microbial community

A recent investigation focused on the effect of fertilization patterns on soil microbial community revealed that the fertilization patterns could affect the nutrient status, which further affected the soil microbial biomass and microbial community structure (Li et al., 2022). In the present study, pH, OM, HN, and TN were identified to be the major factors correlated with the soil microbial community, which were found to strongly respond to the inoculated strains.

Although no significant changes were observed in the presence of different inoculated strains, pH was revealed to be the major effect factor in the salinized soil bacterial community, which correlated with several genera, including Bacillus. Bacillus was previously demonstrated to be alkaliphilic and possess the ability to solubilize phosphorus (Krulwich et al., 1999; Saeid et al., 2018). In terms of the fugal community, Aspergillus, Pseudogymnoascus, Melanospora, Stagonosporopsis, and Trichoderma were found to be more sensitive to soil properties, which were correlated with HN, TN, AP, AK, and SS. Aspergillus was also found to respond to soil biomass C, N, and P. These identified fungi have also been reported to play various functions in plant growth, including serving as pathogens and promoting crop production (Marin-Felix et al., 2018; Dou et al., 2019; Dong et al., 2021; Urbina et al., 2021). In the inoculated strains, MJ1 is a typical phosphorus-solubilizing bacteria, and the other strains DSM4166 and CHA0-nif were able to fix nitrogen, which improves the nutrient provision for the parasitic fungi. The acid soil properties-correlated bacterial genus was reported to play role in the rhizosphere, and the fungal genus was mainly involved in the plant diseases (Cho et al., 2017; Huq, 2019; Lee et al., 2019; Al-Sadi, 2021), which are consistent with the results of function prediction. Previously, Ren et al. (2021) tried to use organic fertilizer to replace chemical fertilizer and found that the effect of organic fertilizer on soil physicochemical properties influenced the microbial community and directly or indirectly affected the activity of soil enzymes. Therefore, it was speculated that the inoculated strains might affect the microbial community via regulating soil physicochemical properties.



Outlook

This study focused on the growth and development of cucumber planting on salinized soil and lettuce on acid soil, which lacks negative controls. There have been some intolerant plants of salinized, acid, or other barrier soils identified in previous studies. Therefore, investigating the optimized fertilization or other management strategies would be beneficial and of urgent needs to improve the growth and development of sensitive plants on barrier soil.




Conclusion

The cucumber (yield production, protein, and vitamin C) and lettuce quality indexes (yield production, vitamin C, nitrate, soluble protein, and crude fiber) and soil properties (OM, HN, TN, AP, AK, and SS) showed a significant response to the inoculation of phosphorus-solubilizing bacterium MJ1 with nitrogen-fixing bacteria DSM4166 and CHA0-nif. The combination of MJ1 with DSM4166 or CHA0-nif influenced the diversity and richness of bacterial community in the acid soil and showed no significant effects on the salinized soil microbial community and the fungal community of acid soil. The organismal system-, cellular process-, and metabolism-correlated bacteria and saprophytic fungi were enriched, which were speculated to mediate the response to inoculated strains. pH, OM, HN, and TN were identified to be the major factors correlated with the soil microbial community. The inoculation of MJ1 with DSM4166 and CHA0-nif could meet the requirement of cucumber and lettuce growth after reducing fertilization, which provides a novel candidate for the eco-friendly technique to meet the carbon-neutral topic.
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Name D/d(organic) D/d(inorganic) Name D/d(organic) D/d(inorganic)

X-4 3.6la 2.13c X-35 = 1.27f
X-8 — 2.60bc X-38 2.41bc 1.93¢
X-11 3.06ab 4.54a X-42 — 1.57d
X-14 3.47a 2.81b X-43 2.83b —
X-17 2.22¢ — X-44 1.42e —
X-19 2.09cd 2.60bc X-45 3.95a 1.67d
X-25 2.49 1.53d X-48 2.25¢ —
X-27 2.50b 2.00c X-53 1.79d —
X-30 . 1.69d X-55 2.22¢ 1.37f
X-33 — 1.50d X-58 2.17c —
X-34 . 1.44df

D/d indicates the phosphate-dissolving effect of the strain: the larger the proportion, the better the effect of the dissolving phosphorus. Different letters in the columns indicate significant
differences (P < 0.05).
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Estimate  Std.error  tvalue  pvalue

(Intercept) 0.663 0.020 32826 <0001
Log copy number -0010 0.007 ~1425 0.155
Chitinophaga -0008 0.028 -0282 0778
Terrabacter -0.046 0.028 ~1655 0.099
Direct coating 0.038 0.038 0991 0323
Alginate coating 0.071 0.030 2378 0018
12h coating 0.028 0.026 1.089 0277
Seeding priming 0.298 0.120 2478 0014
Soil drench 0117 0.055 2132 0.034
Time Week 6 0.400 0017 23553 <0.001
Time Week 8 0719 0018 41.001 <0.001
Log copy numberDirect  0.016 0014 1.133 0258
coating

Log copy 0.006 0012 0537 0592
number Alginate coating

Log copy number'12h 0.025 0011 2261 0.025
coating

Log copy -0034 0.025 ~1.367 0473
number'Seeding priming

Log copy number'Soi -0.005 0013 -087 0712
drench

Chitinophaga'Direct -0.047 0.034 ~1397 o.164
coating

Terrabacter Direct 0.069 0.035 1.994 0.047
coating

Chitinophaga’Alginate 0018 0.036 0484 0629
coating

Terrabacter Alginate 0.007 0.034 2848 0.005
coating

Chitinophaga’12h 0.000 0.041 0009 0.993
coating

Terrabacter 12h coating 0105 0.035 2995 0.003
Chitinophaga’Seeding 0.008 0.035 0242 0.809
priming

Terrabacter Seedling -0083 0.076 -1.09 0277
priming

Chitinophaga'Soil drench ~ ~0.019 0.034 -0554 0580
Terrabacter Soil drench 0.029 0.042 0698 0.486
Chitinophaga'\Week 6 0.021 0.024 0872 0384
Terrabacter Week 6 0.098 0.024 4143 <0.001
Chitinophaga'Week 8 0.020 0.025 0802 0424
Terrabacter Week & 0012 0.024 0483 0630

Backward selection was performed and the non-significant interactions (log copy
number'strain, log copy number'sampling time, and treatment'sampling time) were.
removed from the model.
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Estinate  Std.emor  tvalue  pvalue
(intercept) 0.760 0025 30299 <216
Log copy number -0014 0009 -1.541 0125
Chitinophaga 0000 0034 0002 0998
Terrabacter -0011 0035  -0.308 0758
Direct coating 0025 0047 0527 0599
Alginate coating 0.107 0087 2885 0004
12h coating 0042 0032 1.295 0197
Seeding priming 0331 0150 2214 0028
Soil drench 0073 0068 1.063 0289
Week 6 0478 0021 22660 <216
Week 8 1.192 002 54715 <216
Log copy number Direct

coating 0022 0017 1.282 0201
Log copy

numberAlginate coating  ~0.003 0015 -0.181 0857
Log copy number'12h

coating 0026 0014 1.842 0067
Log copy

number*Seediing

priming -0.040 0081 -1.310 0192
Log copy number'Soil

drench 0003 0017 0203 0840
Chitinophaga'Direct

coating -0028 0042 -0671 0503
Terrabacter Direct

coating 0025 0043 0575 0566
Chitinophaga’ Alginate

coating 0044 0045 0974 0331
TerrabacterAlginate

coating 0065 0042 1546 0123
Chitinophaga'12h

coating 0012 0050 0248 0805
Terrabacter'12h coating 0.077 0.044 1.773 0.077
Chitinophaga'Seediing

priming 0038 0043 0882 0379
Terrabacter” Seeding

priming -0115 0094 -1.221 0223
Chitinophaga'Soil

drench 0001 0042 0014 0989
Terrabacter'Soi drench 0,020 0052 0388 0699
Chitinophaga'Week 6 0023 0030 0790 0431
Terrabacter Week 6 0000 0029 0.003 0996
Chitinophaga'Week 8 ~0.001 0030  -0024 0981
Terrabacter Week 8 -0006 0030  -0210 0834

Backward selection was performed and the non-significant interactions (log copy
number'strain, log copy numbersampling time, and treatment sampling time) were.

removed from the mode.
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Primer sequence (5-3)

Chitinophaga pinensis

1204_1F TICCGTGCCTCATAGTCAGA
1204_1R CCTCAGGAGCAAGTCCATTC
Caulobacter rhizosphaerae

3260_2F GCTTCAACTTAGGCCTGTCG

3260_2R GGGCGGTCTACTAAACATCG
Terrabacter sp.

3264_2F ATTCAAGTGCATGGTGAACG

3260_2R GTCAAAGCCACAGTCGATGA

Amplicon size
(bp)

157

150
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Locus tag
RHE_RS10550
RHE_RS20405
RHE_RS22160
RHE_RS23500
RHE_RS23525
RHE_RS24485
RHE_RS27640
RHE_RS27665
RHE_RS03080
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RHE_RS03250

RHE_RS26805

RHE_RS17965

RHE_RS05785
RHE_RS05785
RHE_RS28700
RHE_RS03755
RHE_RS26910
RHE_RS27660
RHE_RS03065
RHE_RS07055
RHE_RS19830
RHE_RS22155
RHE_RS14280
RHE_RS24230
RHE_RS24500
RHE_RS25825
RHE_RS27625
RHE_RS20420
RHE_RS28270
RHE_RS18905
RHE_RS24515
RHE_RS02500
RHE_RS28605
RHE_RS17960
RHE_RS22570
RHE_RS10863
RHE_RS04240
RHE_RS22680
RHE_RS05045
RHE_RS28210
RHE_RS18990
RHE_RS24270
RHE_RS18920
RHE_RS11150
RHE_RS12750
RHE_RS13090
RHE_RS13735
RHE_RS14395
RHE_RS18920
RHE_RS24935
RHE_RS12630
RHE_RS12655
RHE_RS07375
RHE_RS10850
RHE_RS06685
RHE_RS07363
RHE_RS05335
RHE_RS25095
RHE_RS19755
RHE_RS00470

RHE_RS28200

RHE_RS29885

RHE_RS09475

RHE_RS25710

RHE_RS01105

RHE_RS11460
RHE_RS26150
RHE_RS26195
RHE_R:
RHE_R:
RHE_RS05863
RHE_RS06130
RHE_RS06230
RHE_RS11855
RHE_RS01425
RHE_RS07560
RHE_RS12380
RHE_RS25110
RHE_RS05070
RHE_RS30905
RHE_RS29140
RHE_RS30730
RHE_RS19480
RHE_RS30550
RHE_RS06810
RHE_RS23940

RHE_RS08930
RHE_RS24440
RHE_RS01780
RHE_RS22750
RHE_RS19645
RHE_RS14795
RHE_RS27505
RHE_RS10605
RHE_RS25965
RHE_RS02080
RHE_RS02690
RHE_RS03220
RHE_RS03580
RHE_RS03585
RHE_RS04470
RHE_RS04590
RHE_RS04920
RHE_RS05950
RHE_RS06430
RHE_RS17763
RHE_RS17980
RHE_RS17990
RHE_RS27980
RHE_RS02065
RHE_RS27360
RHE_RS18950
RHE_RS22575
RHE_RS23370
RHE_RS26890
RHE_RS28085
RHE_RS29410
RHE_RS12563
RHE_RS24950
RHE_RS28400
RHE_RS24520
RHE_RS06125
RHE_RS06125

RHE_RS0;
RHE_RS10660
RHE_RS00955
RHE_RS24420
RHE_RS30295
RHE_RS12615
RHE_RS17825
RHE_RS02563
RHE_RS23870
RHE_RS15425
RHE_RS28670
RHE_RS22400
RHE_RS27555
RHE_RS30010
RHE_RS30060

RHE_RS09135
RHE_RS29863
RHE_RS01805
RHE_RS01805
RHE_RS11125
RHE_RS11125

Annotation from BlastKoala*

ABCPES; peptide/nickel transport system substrate-binding protein
peptide/nickel transport system substrate-binding protein
peptide/nickel transport system substrate-binding protein
peptide/nickel transport system substrate-binding protein
peptide/nickel transport system substrate-binding protein
peptide/nickel transport system substrate-binding protein

peptide/nickel transport system substrate-binding protein

peptide/nickel transport system substrate-binding protein

ABC.PE.S; peptide/nickel transport system substrate-binding protein
ABCPES; peptide/nickel transport system substrate-binding protein

ABC.PES; peptide/nickel transport system substrate-binding protein

ABCPES; peptide/nickel transport system substrate-binding protein
ABC.PES; peptide/nickel transport system substrate-binding protein

ABC.SPA; putative spermidine/putrescine transport system ATP-binding protein
ABC.SPA; putative spermidine/putrescine transport system ATP-binding protein
ABC.SPA; putative spermidine/putresci
ACADM, acd; acyl-CoA dehydrogenase [EC:1.38.7)
ACADM, acd; acyl-CoA dehydrogenase [EC:1.38.7)
ACAT, atoB; acetyl-CoA C-acetyltransferase [EC:23.1.9]
ACAT, atoB; acetyl-CoA C-acetyltransferase [EC:23.1.9]
ACAT, atoB; acetyl-CoA C-acetyltransferase [EC:23.1.9]
ades adenine deaminase (EC:3.5.4.2]

transport system ATP-binding protein

ade; adenine deaminase [EC:3.5.4.2]

afu, fbpA; iron(IID) transport system substrate-binding protein

afu, fbpA; iron(IID) transport system substrate-binding protein
APRT, apt; adenine phosphoribosyltransferase [EC:2.4.2.7]
APRT, apt; adenine phosphoribosyltransferase [EC:2.4.2.7]
bglX; beta-glucosidase [EC:3.2.1.21]

belX; beta-glucosidase [EC:3.2.1.21]

CARP, pepA; leucyl aminopeptidase [EC:3.4.11.1]

CARP, pepA; leucyl aminopeptidase [EC:3.4.11.1]

c00; eytochrome ¢ oxidase cbb3-type subunit I

c00; eytochrome ¢ oxidase cbb3-type subunit I
cheB; two-component system, chemotaxis family, protein-glutamate methylesterase/glutaminase

11,61 35.1.44]

cheB; two-component system, chemotaxis family, protein-glutamate methylesterase/glutaminase.

11,61 35.1.44]

cheB; two-component system, chemotaxis family, protein-glutamate methylesterase/glutaminase

cysH; phosphoadenosine phosphosulfate reductase [EC:1.8.4.8 1.8.4.10]
cysH; phosphoadenosine phosphosulfate reductase [EC:1.8.48 1.8.4.10]
dadA; D-amino-acid dehydrogenase [EC:1.4.5.1]

dadA; D-amino-acid dehydrogenase [EC:1.4.5.1]

dapA; 4-hydroxy-tetrahydrodipicolinate synthase [EC:4.3.3.7]

dapA; 4-hydroxy-tetrahydrodipicolinate synthase [EC:4.3.3.7]

dapA; 4-hydroxy-tetrahydrodipicolinate synthase [EC:4.3.3.7)

dapA; 4-hydroxy-tetrahydrodipicolinate synthase [EC:4.3.3.7]

dapA; 4-hydroxy-tetrahydrodipicolinate synthase [EC:4.3.3.7)

dapA; 4-hydroxy-tetrahydrodipicolinate synthase [EC:4.3.3.7)

dap:
ddp
ddp
ddp
ddp
ddp
ddp
dgoD; galactonate dehydratase [EC:4.2.1.6]
dgoD; galactonate dehydratase [EC:4.2.1.6]

4-hydroxy-tetrahydrodipicolinate synthase [EC:4.33.7)
eptide/nickel transport system ATP-binding protein
eptide/nickel transport system ATP-binding protein
eptide/nickel transport system ATP-binding protein
eptide/nickel transport system ATP-binding protein
eptide/nickel transport system ATP-binding protein

eptide/nickel transport system ATP-binding protein

EL1.1.122; D-threo-aldose 1-dehydrogenase [EC:1.1.1.122

EL1.1.122; D-threo-aldose 1-dehydrogenase [EC:1.1.1.122

E3.1.3.25, IMPA, suhB; myo-inositol-1 (or 4)-monophosphatase [EC:3.1.3.25]
E3.1.3.25, IMPA, suhB; myo-inositol-1 (or 4)-monophosphatase [EC:3.1.3.25]
E3.1.3.25, IMPA, suhB; myo-inositol-1 (or 4)-monophosphatase [EC:3.1.3.25]
E3.1.3.25, IMPA, suhB; myo-inositol-1(or 4)-monophosphatase [EC:3.1.3.25]
E3.1.3.25, IMPA, suhB; myo-inositol-1(or 4)-monophosphatase [EC:3.1.3.25]
E3.8.1.2; 2-haloacid dehalogenase [EC:3.8.1.2]

-haloacid dehalogenase [EC:3.8.1.2]

E4.6.1.1; adenylate cyclase [EC:4.6.1.1]

E38.1

E46.1.1; adenylate cyclase [EC:4.6.1.1]

E46.1.1; adenylate cyclase [EC:4.6.1.1]

E46.1.1; adenylate cyclase [EC:4.6.1.1]

E46.1.1; adenylate cyclase [EC:4.6.1.1]

E46.1.1; adenylate cyclase [EC:4.6.1.1]

E46.1.1; adenylate cyclase [EC:4.6.1.1]

E46.1.1; adenylate cyclase [EC:4.6.1.1]

E46.1.1; adenylate cyclase [EC:4.6.1.1]

E46.1.1; adenylate cyclase [EC:4.6.1.1]

fabE, OXSM, CEML; 3-oxoacyl-{acyl-carrier-protein] synthase If [EC:23.1.179)
fabE, OXSM, CEML; 3-oxoacyl-[acyl-carrier-protein] synthase If [EC:23.1.179)
fabE, OXSM, CEML; 3-oxoacyl-{acyl-carrier-protein] synthase If [EC:23.1.179)
fabE, OXSM, CEML; 3-oxoacyl-{acyl-carrier-protein] synthase If [EC:23.1.179)
fabG, OARI; 3-0x0acyl-[acyl-carrier protein] reductase [EC:1.1.1.100]

1
1
1
1

fabG, OARI; 3-0x0acyl-[acyl-carrier protein] reductase [EC:1.1.1.100]
fabG, OARI; 3-0x0acyl-[acyl-carrier protein] reductase [EC:1.1.1.100]
fabG, OARI; 3-0x0acyl-[acyl-carrier protein] reductase [EC:1.1.1.100]
fabG, OARI; 3-0x0acyl-[acyl-carrier protein] reductase [EC:1.1.1.100]
‘gabD; succinate-semialdehyde dehydrogenase / glutarate-semialdehyde dehydrogenase

[EC:1.2.1.16 1.2.1.79 1.2.1.20]

gabD; succinate-semialdehyde dehydrogenase / glutarate-semialdehyde dehydrogenase
[EC:1.2.116 1.2.1.79 1.2.1.20]

‘gabD; succinate-semialdehyde dehydrogenase / glutarate-semialdehyde dehydrogenase
[EC112.1.16 1.2.1.79 1.2.1.20]

gat, QRSLI; aspartyl-tRNA(Asn)/glutamyl-tRNA(GIn) amidotransferase subunit A [EC:6.3.5.6
6357)

gat, QRSLI; aspartyl-tRNA(Asn)/glutamyl-tRNA(GIn) amidotransferase subunit A [EC:6.3.5.6
6357)

gat, QRSLI; aspartyl-tRNA(Asn)/glutamyl-tRNA(GIn) amidotransferase subunit A [EC:6.3.5.6
6357)

gevT, AMT; aminomethyltransferase [EC:2.1.2.10]

gevT, AMT; aminomethyltransferase [EC:2.1.2.10]

gevT, AMT; aminomethyltransferase [EC:2.1.2.10]

glgF; starch synthase (maltosyl-transferring) [EC:2.4.99.16]

glgF; starch synthase (maltosyl-transferring) [EC:2.4.99.16]

GST, gst: glutathione S-transferase [EC:2.5.1.18]

GST, gst: glutathione S-transferase [EC:2.5.1.18]

GST, gst; glutathione S-transferase [EC:2.5.1.18]

GST, gst glutathione S-transferase [EC:2.5.1.18]

GST, gst glutathione S-transferase [EC:2.5.1.18]

GST, gst glutathione S-transferase [EC:2.5.1.18]

GST, gst; glutathione S-transferase [EC:2.5.1.18]

GST, gst glutathione S-transferase [EC:2.5.1.18]

GST, gst; glutathione S-transferase [EC:2.5.1.18]

hemN, hemZ; oxygen-independent coproporphyrinogen III oxidase (EC:1.3.98.3]
hemN, hemZ; oxygen-independent coproporphyrinogen III oxidase [EC:1.3.98.3]
hemN, hemZ; oxygen-independent coproporphyrinogen III oxidase (EC:1.3.98.3]
hisG; histidinol-phosphate aminotransferase [EC:2.6.1.9]

hisG; histidinol-phosphate aminotransferase [EC:2.6.1.9]

hi

stidinol-phosphate aminotransferase [EC:2.6.1.9]

HPD, hppD; 4-hydroxyphenylpyruvate dioxygenase [EC:1.13.11.27]

HPD, hppD; 4-hydroxyphenylpyruvate dioxygenase [EC:1.13.11.27)

hutH, HAL; histidine ammonia-lyase [EC:4.3.1.3]

hutH, HAL; histidine ammonia-lyase [EC:4.3.1.3]

lacK; lactose/L-arabinose transport system ATP-binding protein

lacK; lactose/L-arabinose transport system ATP-binding protein

malK, mtK, thuk; multiple sugar transport system ATP-binding protein [EC:7.5.2.-

malK, mtK, thuk; multiple sugar transport system ATP-binding protein [EC:7.5.2.-

malK, mtK, thuk; multiple sugar transport system ATP-binding protein [EC:7.5.2.-]

malK, mtK, thuk; multiple sugar transport system ATP-binding protein [EC:7.5.2.-

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

mep; methyl-accepting chemotaxis protein

memX, msmK, malK, sugC, ggtA, msik; multiple sugar transport system ATP-binding protein
memX, msmK, malK, sugC, ggtA, msiK; multiple sugar transport system ATP-binding protein
memX, msmK, malK, sugC, ggtA, msik; multiple sugar transport system ATP-binding protein
msmX, msmK, malK, sugC, ggtA, msiK; multiple sugar transport system ATP-binding protein
msmX, msmK, malK, sugC, ggtA, msiK; multiple sugar transport system ATP-binding protein
msmX, msmK, malK, sugC, ggtA, msiK; multiple sugar transport system ATP-binding protein
msmX, msmK, malK, sugC, gatA, msiK; multiple sugar transport system ATP-binding protein
msmX, msmK, malK, sugC, ggtA, msiK; multiple sugar transport system ATP-binding protein
msmX, msmK, malK, sugC, gatA, msiK; multiple sugar transport system ATP-binding protein
msmX, msmK, malK, sugC, ggtA, msiK; multiple sugar transport system ATP-binding protein
nadE; NAD+ synthase [EC:6.3.1.5]

nadE; NAD+ synthase [EC:6.3.1.5]

ned2, npd; nitronate monooxygenase [EC:1.13.12.16]

ned2, npd; nitronate monooxygenase [EC:1.13.12.16]

nupA; general nucleoside transport system ATP-binding protein

nupA; general nucleoside transport system ATP-binding protein

occT, nocT; octopine/nopaline transport system substrate-binding protein

occT, nocT; octopine/nopaline transport system substrate-binding protein

PGD, gnd, gntZ 6-phosphogluconate dehydrogenase [EC:1.1.1.44 1.1.1.343]

PGD, gnd, gntZ 6-phosphogluconate dehydrogenase [EC:1.1.1.44 1.1.1.343]

ppk2; polyphosphate kinase [EC:2.7.4.1]

ppk2; polyphosphate kinase (EC:2.7.4.1]

proG; pyrroline-5-carboxylate reductase [EC:1.5.1.2]

proG; pyrroline-5-carboxylate reductase [EC:1.5.1.2]

rbsB; ribose transport system substrate-binding protein

rbsB; ribose transport system substrate-binding protein

rbsB; ribose transport system substrate-binding protein

rbsB; ribose transport system substrate-binding protein

rbsB; ribose transport system substrate-binding protein

tbsB; ribose transport system substrate-binding protein

RP-520, rps’Ts small subunit ribosomal protein $20

RP-520, rps’T; small subunit ribosomal protein $20

trpCs indole-3-glycerol phosphate synthase [EC:4.1.1.48]

trpC; indole-3-glycerol phosphate synthase [EC:4.1.1.48]

*Annotation of genes in the program BlastKoala (Kanchisa et al. 2016), based on the orthology assigns a K number.
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Logarithm of 10 of concentrations of W10-Spl protein was used as abscissa and
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MBSA-MJ1
Control

Potassium

Phosphate solubilization* okiblltion

Solubilized PO,

pH (mg/L) M
4320 150408 4660
6082 11.33b 689a

Iron chelation” Copper chelation’
Solubilized K
Chelation (%)
(ma/L) 4
407a 62.17 63.36
1.74b - -

“The pH and concentration (mg/L) of solubilized PO, and K were measured in defined media containing insoluble forms of phosphorus and potassium, respectively, and inoculated

with MBSA-MJ1 or the uninoculated control.
Iron and copper chelation percentages were calculated from the CAS assay using absorbance values of samples inoculated with MBSA-MJ1 and the negative control.
Values in each column with different letters indicate statistically significant differences.
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Strains
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P. amygdali
M. fructicola
G. cingulata

R. stolonifer

Spore germination rates (%)"

CK

59.7 £3.5%
52.7 + 4.8%
50.7 £:2:9%
54.3 +3.8°
62.0 £ 4.6*

W10-Spl

24.7 £2.9°
18.8+1.8°
13.7 +£3.1°
17.3 £ 2.4P
22.0+3.2b

Inhibitory
rates (%)*

58.6 £5.0
64.3+34
729 +6.0
68.1+44
64.5+5.1

TSpore suspensions with the concentration of 1.0 x 10° spores/ml of different fungi
were treated with sterile water (CK) or W10-Sp1 protein with a final concentration of
50 mg/L, separately. Inoculated 40 wl on the concavity slides, and spore germination
rates were observed at 12 hours post-inoculation (hpi). Germination rates = (number

of spore germination observed/number of total spores observed) x 100%. Lowercase
represents significant difference. Experiments were repeated three times with similar
results. Duncan’s new multiple range test, p < 0.05.

Hnhibitory rates = [(spore germination rates of control — spore germination rates of
treatment with Sp1 protein)/spore germination rates of control] x 100%.
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Hormone TCK (ng/g) TSpl (ng/g)

SA 0.3106 4 0.0148 2.2312 % 0.0990**
JA 0.0183 4 0.0049 0.0879 £ 0.0192**

The content of each hormone component in the sample (ng/g) = The concentration
of each component in the test solution (ng/ml) x Sample extraction liquid volume
(ml)/The sample quality (g). Asterisks represent a significant differences. Experiments
were repeated three times with similar results. Duncan’s new multiple range test, p < 0.01.
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Pathway DEGs genes with
pathway
annotation (6880)

Metabolic pathways 1709
(24.84%)
Biosynthesis of secondary metabolites 995
(14.46%)
Plant hormone signal transduction 407
(5.92%)
Plant-pathogen interaction 364
(5.29%)
MAPK signaling pathway-plant 308
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Protein processing in endoplasmic 261
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Starch and sucrose metabolism 235
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RNA transport 213
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(2.63%)

All genes with
pathway annotation
(51507)
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1965 (3.82%)
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2313 (4.49%)
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1853 (3.6%)
1762 (3.42%)

1845 (3.58%)

P-value

0.967253

0.01668

0.93336

0.05460

0.99901

0.00326

0.99337

0.98720

1.0

Q-value

1.0

0.09789

1.0
0.26321
1.0
0.02591
1.0
1.0

1.0

Pathway ID

ko01110
ko01110
ko04075
ko04626
ko04016
ko04141
ko00500
Ko03013
k000940

ko04144





OPS/images/fmicb-13-903467/cross.jpg
3,

i





OPS/images/fmicb-13-903467/fmicb-13-903467-g001.jpg
BECKeN=MuMN

ECK mN =M =MN

(@] (@] o o (@)
(@») (@») (@] (@]
<t ™ AN -~
(;w g/b) jo1d/spIBIA
(@] (@] (@] o ©
o (@) (@) (@)
< (4p) (q\] -~
(;w g/b) 101d/SpIBIA

WD28
Yangluo

ZD63

WD28
Jingmen

ZD63





OPS/images/fmicb-13-903467/fmicb-13-903467-g002.jpg
10000;
8000-

DEGs number

1.5+

TPM value
Q

O
i

0.0-

TPM value

6000
4000+
2000+

=3 up

CKvsN CKvs M CKvs MN

CK

=3 down

N

Glyma.18G259400

dxe anljejay

S|A9| UOISSal

Glyma.14G178300

CK

M

|
o
dxa aAnejoy

o o=
TPM value
o
i

& DO
S
|AS]| UOISSa

_0.00%

Glyma.13G099100

| |
— -—
o o
9|A9| uolissaldxe anle|ey

J
e
o

I
O
o

D

TPM value

G
159

D

2

TPM value
T

Up-regulator genes

Glyma.03G062600

CK

Glyma.12G071167

CK

CK vs MN

CKvs N

N

M

CKvs M

-2.0

9|A9| UoIssaldxe aAle|oy

-1.5

-1.0

-0.5

9|A9| UoIssaldxa aAle|oy

-0.0

Glyma.17G252200

-1.5

-1.0

J
O
&)

| UoIssaldxa aAle|ey

ll
& L2
© o
= N
A3 UO

| 0.00°

- N
i

TPM value
I}J

Down-regulator genes

CKvs N

Glyma.08G284000

CKvs MN CKvs M

|
=
o

9|A9| UoIssaldxa aAlje|oy

T
2
o

TPM value

P

CK

Glyma.13G037000

i
O
o

oo

|
ki N NS
NEEY

1
o
(o)}

(S]

TPM value

CK M

Glyma.07G254900

|
=
(6)}

o
9JA9| UoIssaldxae aAlje|oy

-1.0

J
O
&)

CK MN

I
S
o





OPS/images/fmicb-13-903467/fmicb-13-903467-g003.jpg
A

regulation of salicylic acid biosynthetic process-
regulation of salicylic acid metabolic process-
sulfur compound transport-

response to nitrogen compound-

response to chitin-

regulation of cellular ketone metabolic process-
response to organonitrogen compound-
cell recognition-

recognition of pollen-

amino acid transport-

organic anion transport-

response to oxygen-containing compound-
anion transport-

regulation of small molecule metabolic process-
protein phosphorylation-

carboxylic acid transport-

organic acid transport-

phosphorylation-

plasma membrane-

polysaccharide binding-

GO term

GO enrichment analysis (CK vs N upregulated DEGs)

P adjust
[¢]
o
o
& 0.000416
o
(o)
o
O
6]
o)
o
@
O
[¢)
. Number
® o 1
° ® 71
P @ 130
‘ ‘ 192
o

0.050 0.050.1 0.150.2 0.250.3 0.35 0.4 0.45 0.5 0.55 0.6

Rich factor
B GO enrichment analysis (CK vs N downregulated DEGs)
protein-chromophore linkage- 0 i adgj.gt00392
photosynthesis, light harvesting in photosystem |- o 0.000390
photosynthetic electron transport chain- o 8'838222
fatty acid biosynthetic process- O 0.000384
cellular response to unfolded protein- o 0.000382
perinuclear region of cytoplasms- o 0.000380
plastoglobule- o
photosystem |- ®)
c cell surface- o
s photosystem- @)
8 structural constituent of cytoskeleton- ¢}
chlorophyll binding- Q
peptidase inhibitor activity- (@)
endopeptidase inhibitor activity- 0
response to unfolded protein- o Number
auxin-activated signaling pathway- O o 6
monocarboxylic acid biosynthetic process- ®) ® 1°
generation of precursor metabolites and energy- @ @ 3
photosynthesis, light harvesting- o @ 45
photosystem I+ O
01 0 01 02 03 04 05 06 07 08

Rich factor





OPS/images/fmicb-13-891245/fmicb-13-891245-g003.gif
=






OPS/images/fmicb-13-891245/fmicb-13-891245-g004.gif





OPS/images/fmicb-13-891245/fmicb-13-891245-g005.gif
hexanodioi acid diburyl ester






OPS/images/fmicb-13-891245/fmicb-13-891245-t001.jpg
Gene ID

Up-regulated genes
Niben101S¢f00107g03008
Niben1015¢{02349903003
Niben101Scf00661g00002
Niben101Scf08670g00020
Niben101S¢{07123g01015
Niben101Scf01463908009
Niben101Scf01942904001
Niben1018cf02188g00002
Niben101Sc{08526902006
Niben101Scf12084g00003
Niben101Scf01400900014
Niben1018¢f02116g04004
Niben101S¢f12266909001
Niben101Sc{02406900002
Niben101Scf07589901006

Niben101Scf06916g01011
Niben101Scf13429g04019
Niben101Scf0505704016
Niben10150f00892g00003
Niben101S¢f0630101003
Niben10150f00096g00004
Niben101S¢{04894g00006
Niben101S¢f0835101002
Niben1018¢f02041g00002
Niben101Scf15327g00001
Niben101S¢f08921902023
Niben101Scf11071g04005
Niben101S¢f0033206012
Niben10180f0494405002
Niben101S¢f0241100015
Niben10150f02175g06008
Niben101Scf11182g00003
Niben101Scf00149g12021
Niben10150f0486903002
Niben101S¢{0226406032
Niben101Scf07058g04002
Niben101S¢f0509901002
Niben101Scf06603g03002
Niben1015¢f01444g00001
Niben101S¢f0213202012
Niben101S¢f01001g00003
Niben101Scf00526g00018
Niben101S0f03374g06002
Niben10150f00870g16006
Niben101S¢f02877g02005
Niben101S0f1624402026
Niben101S¢f03773g00009
Niben101Scf10126g00007
Niben101S¢f12102g01006
Niben10180f03595g10007
Niben101Scf13920g00005

Niben1018¢f01094g03014
Down-regulated genes

Niben1018cf00495g00003
Niben101S0104839900020
Niben101Scf04040g08015
Niben101Scf06977g00014
Niben101S¢f04040g09011
Niben101Scf10384g00015
Niben101Scf08675g00002
Niben101Scf03114g03011
Niben101Sc100298g00001
Niben101Sc{05878903025
Niben1018cf02175g06018
Niben101Scf04040909016
Niben101Scf10806g00005
Niben101Scf02552g00013
Niben1018cf10384g00016
Niben101Scf02124g01003
Niben101Scf07780g00006
Niben101Scf04410g09016
Niben101Sci02267g00013
Niben101Scf01412g00015
Niben101Sc/02913600028
Niben101Scf09552901024
Niben1018¢f00117g02017

Log2 fold change

12.33288866
11.07906488
8.319303503
8.139389486
7.759232431
7.667222902
7.576358542
7.509948729
7.503570319
7.382594655
7.377702267
7.269910522
7.039494994
7.031384344
7.006395689

6.949992145
6.919290018
6.905727119
6.885022202
6.687192872
6.612642405
6.58495066

6.490137969
6.447680321
6.323748925
6.32181607

6.293992449
6.191447348
6.134053016
6.088949822
6.088739476
6.021299925
5.991619167
5.988250289
5.929632692
5.880166829
5.873047764
5.867685439
5.851494959
5.848879214
5.843684467
5.814028502
5.777012957
5.709724282
5.681180326
5.600478878
5.67985346

5515465694
5.441617826
5.436938026
5.405652462

5.380520892

—7.742771091
~7.269929829
—~5.793913087
—5.659566414
~5.597721532
—5.479676566
—5.47869793
-5.377817272
~5.316649482
—5.236085551
—-5.185219051
~5.028860367
—4.968344447
—4.659113231
—4.602974453
—4.593158829
—4.426069226
—4.419070022
—4.344794817
—4.328083756
—4.256421593
—4.24630503
—4.1759724

Gene description

Cysteine-rich venom protein
Peroxidase 4

UDP-glycosyltransferase 74 F1 LENGTH = 449

Glutamate receptor 2.9

Leucine-rich repeat receptor-like protein kinase family protein LENGTH = 1,045
Calmodulin binding protein-like LENGTH = 494

WRKY transcription factor 44

WRKY transcription factor 1

WRKY transcription factor 1

WRKY transcription factor 1

Thaumatin-ike protein

Eukaryotic aspartyl protease family protein LENGTH = 474

Tetratricopeptide repeat (TPR)-like superfamily protein LENGTH=305

GDSL esteraselipase

conserved hypothetical protein (Ricinus communis) gblEEF44100. 1| conserved hypothetical protein (Ricinus
communis)

NAC domain-containing protein 2
Llactate dehydrogenase A-like 68

WRKY transcription factor 1

V@ motif protein (Medicago truncatula)

Aspartic proteinase A1

Myb family transcription factor APL.

UDP-glucose 4-epimerase

Tumor susceptibilty gene 101 protein

Chitinase 8

Calcium-binding protein CML39

Cathepsin B-like cysteine proteinase 6

Calmoduiin binding protein-ike LENGTH = 451
Pyrophosphate-energized vacuolar membrane proton pump
WRKY transcription factor 18

Receptor kinase 3 LENGTH = 850

Alkaline/neutral invertase LENGTH = 617

Endonuclease 2

Pyruvate decarboxylase 4

Glucan endo-1,3-beta-glucosidase

receptor kinase 2 LENGTH = 847

P-loop containing nuceoside triphosphate hydrolases superfamily protein LENGTH = 500
Mitochonciial import inner membrane translocase subunit Tim 1 7/Tim22/Tim23 family protein LENGTH = 178
WRKY transcription factor 55

Inositol-1,4,5-trisphosphate 5-phosphatase 1

2-aminoethanethiol dioxygenase-like protein (Vedicago truncatuia)
Glucan endo-1,3-beta-glucosidase

NAC domain-containing protein 86

Non-specific lipid transfer protein-iike 1

ATP-dependent RNA helicase elF4A

Strictosidine synthase 1

308 ribosomal protein $19

Ethylene-responsive transcription factor 9

Arogenate dehydrogenase LENGTH = 640

VQ motif protein (Medicago truncatula)

60S acidic ribosomal protein P1

Acyl-CoA N-acyltransferases (NAT) superfamily protein (Arabidopsis thaliana) putative alanine acetyl
transferase (Arabidopsis thaliana) gbJAAD15401.1] putative alanine acetyl transferase (Arabidopsis thaliana)
gblABDBOT717.1| (Arabidopsis thaliana) gblAEC08624. 1| GONS-related N-acetyltransferase-lie protein
(Arabidopsis thaliana)

Ethylene-responsive transcription factor 18

Chaperone protein ClpB
myb-like transcription factor family protein LENGTH = 233
17.3 kDa class Il heat shock protein

Chaperone protein ClpB:

17.3 kDa class Il heat shock protein

17.6 kDa class | heat shock protein

BAG family molecular chaperone regulator 6

Chaperone protein HipG:

Ethylene-responsive transcription factor 1

ATP-dependent zinc metalloprotease FisH

BAG family molecular chaperone regulator 6

17.3 kDa class Il heat shock protein

17.3 kDa class Il heat shock protein

Subliisin-lie serine protease 2 LENGTH = 764

17.6 kDa class | heat shock protein

Heat shock 70 kDa protein

COBRA-like protein 10

Chaperone protein ClpB:

17.3 kDa class Il heat shock protein

17.7 kDa class Il heat shock protein

Alpha-galactosidase

Protein kinase superfamily protein with octicosapeptide/Phox/Bem1p domain LENGTH = 1,054
Octic, putative isoform 1 (Theobroma cacac)
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Cucumber Lettuce

MBC (mg/kg) ~ MBN (mg/kg) ~ MBP (mg/kg) MBC (mg/kg) MBN (mg/ MBP (mg/kg)

kg)
0-20cm C/L-1 41833 £ 28.71b 46.91 £3.75¢ 46.58 + 0.71a 345.38 + 31.20b 46.76 + 6.44a 51.36 + 5.54b
C/L-2 500.11 + 36.67a 7117 £691a 51.63 +5.66a 371.20 £ 21.09ab 47.88 + 4.66a 62.85 +5.00a
C/L-3 495.38 + 11.50a 66.94 + 5.86ab 49.84 + 1.90a 394.56 +9.35a 50.84 +4.81a 58.27 + 4.90ab
L4 42691 £ 2350 55.75 507 16942457 36996 + 12.85ab 182625500 5748+ 6053
CIL-5 452.92 + 24.76ab 57.80 +7.91bc 48.80 +5.18a 335.87 £ 25.07b 45.68 + 4.88a 54.76 + 6.93ab
20-40cm C/L-1 32898 1 34.04a 38.85 + 4.86b 37.86 + 2.34abc. 287.65 + 26.87b 36.03 +5.54b 46.14 £ 6.18ab.
o2 367.43 £ 4464 479123500 41722 152 31035+ 19.24b 3349 4630 51182373
C/L-3 37898 + 4239 50.84 +4.81a 40.97 £ 0.72ab. 378.98 £ 42.39% 48.71+453% 40.97 £ 0.72b.
C/L-4 347.97 £ 42.84a 4858 £4.12a 37.77 £ 1.53bc 310.53 £ 30.09b 36.29+5.29 47.89 + 6.79ab
L5 33104+ 2889 49622635 3481355 32245392 3547 £ 473 539323450

The difference is marked with a leter.If the difference is not significant, the same letter a will be marked untilthe average number with significant difference is met, followed by the letter b and so
on. p < 0.05 indicates statistical significance.
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Protein
(%)
C/L- | 0487 +0012d
1
CL- 0610+0010b
2
CIL- 0570+ 0026¢
3
CL- | 061740015b
4
C/L- | 073740021
5

Crops

Cucumber Lettuce

Vitamin C
(mg/kg)

2057 £0.021e
2227 +0012d
2,963 +0.045b
2337 £0023¢

428740032

Yield
production
(kg/acre)

355595 + 13.97¢

4679.59 £ 6.13b

5542.36 + 14.602

407355 £ 73.01d

457146 + 44.84c

Head
weight
(kg)
021000270
0240 £ 0.026ab
0269+ 0.046a

0.231£0017ab

0242 + 0.036ab

Vanes

width

(cm
13.93 40508
[TRIFSREY
14414055

140140742

1407 £ 0,55

Vanes
length
(cm)

1403+ 057

1495+ 141a

1471+ 048

1409 + 1.10a

1453 + 1102

Head

height

(cm)
11530508
12534154
12234064

1161+ 1662

1190 +0.40a

Vitamin C
(mg/kg)

5833+ 254
66.67 +2.30bc
833321043
5833+ 1.84c

75.66+ 3.01ab.

Nitrate
(mg/kg)

40471+ 13.42d
53653 +3.98

55537+ 1322
480,88 + 14.18¢

502,64+ 1.61b

Soluble

protein

mg/kg)
284242+ 153.884
2947.72:4 73.06cd
3090.64+ 196bc

3617.15 ¢ 135.61a

323355+ 92.000

Soluble
sugar
(mg/kg)
8.10+0.05
880+ 171
97240161

1029:+2.09

1060 +2.78

Crude
fiber (%)

1217 +0.064c

1,663 +0.258bc

2207 +0.1462b

2,583 +0.947ab

2,980 +0.580

The difference is marked with a letter. If the difference is not significant, the same letter a will be marked until the average number with significant difference is met, followed by the letter b, and so on. p < 0.05 indicates statistical significance.

Yield
production
(kg/acre)

1005.97 + 134.03b.

120000 + 132.29ab

1342.60 + 231902

1208.33 + 180.42ab
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Depth OM (g/kg)  HN(mg/  TN(g/kg) AP (mg/kg) AK (mg/kg) SS (%)
kg)

Cucumber 0-20cm cl 77540108 2028+054a  15007+41la | 107:010c | 4908079  27870+1106c 0.183£0012a
c2 7714006 2043+203a 155079302 1534004b | 6150£7.30a  417.10£1210a  0.173:0017
c3 77140080 2097+123% 159866040  17401% | 632455l 43933£274% | 0.168+0.005
ca 76740108 | 2047£075 150363102 141£005b = 4955£050b | 341.80%1533b  0.176£001%
cs 77040120 2032£022 15076569 = 142£012b | 5056%177b | 34870£3425b  0.1730.004a

20-40cm cl 78640092 | 1212£024a  10327+374c  094004c | 2850£678b  23620£1620c | 0.167 0018
c2 78240108 1285+163% 11904158  119£0.10ab = 3970+4dla  335.10£1162b  0.142£0010a
&} 77640108 | 1320£076a 12824505 = 127005 | 3753£209 387002200 | 0.14100l4a
et 78540140 1256£052  11424%528b  112£011b | 2824443b | 24337£3100c | 0.147£0018a
cs 78440050  1280£025  10416+462c  110£006b = 2837+50lb | 256251445 | 0.145%0.020a

Lettuce 0-20cm L1 5534010 1371£047b  10992£630b 098002  6784+365c | 20897+1055b | 0.061+0.006a
12 5744029 1366£037b 12381648  101£005b  9129+243a  18480£1355b 0057 0.00lab
13 56040170 1484£057a 12124398 112012 | 7800£448b  38700£220a 0057 0.004ab
14 58740240 1378£061b  10957+638b  096+003b | 7572+528bc  20562%2532b  0.053£0001b
5 5784010 1394£033b  10549£345b  095£003b  7730£564b  19277£1354b 0054 0.004ab

20-40em Ll 5954009  1174+060a  8694£430d = 087£002b = 6797£750b | 16600£257b | 0.050+0.003
L2 60040120 1215£08%  9499:404bc  100£017b  83.09+53la  16417£1191b 0,049 +0.006a
13 60840050  1320£076a 12824505 = 127005  6753£209b  19503%91la | 0.048%0.002
4 60340140 1182£076a  9581+316b  087£002b = 67.25£332 19305£075 | 0.045£ 00052
5 6064009 | 1182£109%  8776+457cd = 0874003 = 75.42£657b 16053+ 1435b | 0.045%0.007a

indicate significant difference.
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Characteristic 1 2 3

Habitat Soil Sediment  Rhizosphere
Temperature range (optimum) (0C) ~ 4-32 (25-28) 4-30 (20-25)* 5-35 (30)*
pH range (optimum) 6-11.5 (8.0-8.5) 6-10 (ND)* 5.0-10.0 (\ND)®
NaCl range (optimum) 0-1.50%) 0-3.0(ND)* 0-3.0(ND)
Assimilation of 20NE

Glucose - w +
Mannitol + — —
N-Acetyl-glucosamine . - +
Enzyme activity (API ZYM)

Cystine arylamidase — w —
a-chymotrypsin - - w
Acid phosphatase w - w
Acid production from APl 50CH

D-ribose — + #+
Methyl-a-D-glucopyranoside o = +
D-mannose + w w
N-acetyl-glucosamine + = ot
Inulin — — +
Mannitol + + —
D-melezitose w w —
D-turanose + + -

Nitrogenase activity [(nmol CoHg) 19.7 £ 1.6ab 1565+24b 254 +1.7a
(mg protein) =" h=1]
DNA G + C content (mol%) 46.0 53.1* 44.0*

Strains: 1, LC-T2"; 2, Paenibacillus donghaensis KCTC 13049, 3, Paenibacillus
odorifer JCM 21743". Data for those strains are from this study, except as
labelled. All strains were positive for motility, reduction of nitrate to nitrite,
catalase, alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylami-
dase, valine arylamidase, naphthol-AS-BIl-phosphohydrolase, a-galactosidase,
B-galactosidase, o-glucosidase, and B-glucosidase activities. Hydrolysis of
aesculin, assimilation of: maltose. All strains were negative for lipase (C14), trypsin,
B-glucuronidase, N-acetyl-B-glucosaminidase, a-mannosidase, and a-fucosidase
activities and oxidase, hydrolysis of: DNA, Tween 80, and cellulose, assimi-
lation of: mannose, arabinose, gluconate, citrate, adipic acid, capric acid,
and phenylacetic acid. +, positive; —, negative; w, weakly positive; ND,
no data available.

*Data from Choi et al. (2008) and Jung et al. (2017).

#Data from Berge et al. (2002).

$Data from Liu et al. (2018).
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Paenibacillus thiaminolyticus DSM 7262" (AY728285)

) — Paenibacillus wooponensis WPCB018 " (HQ596203)
E Paenibacillus massiliensis 2301065" (AY728294)

99 Paenibacillus daejeonensis KCTC 37457 (AY728293)
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